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PREFACE

Tt is a great pleasure to present this volume which contains the
papers and discussions of the Study Week on “Cosmology and Funda-
mental Physics”, held at the Casina Pius IV, seat of the Pontifical
Academy of Sciences.

The Academy traces its origin back to 1603, the date of the foun-
dation hy Federico Cesi of the “Accademia dei Lincei”, an institution
which harbored among its members Galileo Galilei. In 1847 the Academy
was reformed by Pius IX and became an official part of the Roman State.
[n 1936 Pope Pius XI transformed the “Accademia dei Nuovi Lincei”,
established by Pope Pius IX, into the Pontifical Academy of Sciences
and its membership became a roster of international scientists elected

without any discrimination of religion or race.

One of the activities of the Pontifical Academy of Sciences consists
in the organization of Study Weeks, 18 of which have already been held.
The Annals of the present Study Weck will certainly go far heyond the
limits of our walls, as the words pronounced by His Holiness Pope John
Paul 1I, during the Audience he gave to the group of Academicians and
scientists gathered in Castelgandolfo on the 3rd of October 1981 will
resound throughout the world scientific community.

The present Study Week was organized by the Pontifical Acade-
micians Hermann A, Briick and Father G. V. Coyne, 8. J., together with
Prof. Martin Rees of Cambridge and Prof. Malcolm Longair of Edinburgh.
They were able to bring together some of the most important contributors
to this extraordinary, interesting, exciting and active field of the astro-
nomical sciences. I wish to express to them my gratitude and hope that
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this volume will create as much interest and work as have the Annals
of the two previous Study Weeks on topics of astronomy.,

It is my pleasure also to acknowledge and to thank the members of
the Specola Vaticana for the help given during the organization and
the realization of the Study Week. I wish to extend my thanks also to Mis.
Briick of the University of Edinburgh.

I am very much indebted to the Specola Vaticana for the important
collaboration and responsibility they have taken in the diffusion of the
present Proceedings.

My thanks are also due to Mrs. Massa for the excellent transcription
of the tape records.

It is my desire also to emphasize the work done and the assistance
given to the organization of the meeting by Father Enrico di Rovasenda,
Director of the Chancellery, by Mrs. Michelle Porcelli-Studer, Secretary
of the Academy and Mr. Silvio Devoto, which permitted the perfect
development of this arduous task.

Carnos CHAGAS
President of the Pont. Academy of Sciences
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PAPAL AUDIENCE

On October 3, 1981 His Holiness John Paul II graciously received
the patticipants in the Study Week on Cosmology and Fundamental
Physics during an audience granted to the Pontifical Academy of Sciences
in the Hall of the Swiss in the Apostolic Palace at Castel Gandolfo.

On that occasion the following addresses were delivered.



ADDRESS OF PROFESSOR CARLOS CHAGAS
PRESIDENT OF THE ACADEMY

Sainteté,

Liandience que vous accordez aujourd’bui 4 P Académie Pontificale
des Sciences se réalise dans un climat de joie profonde, qui sunit oux
sentiments d'admiration et de vespect [ilial qui marquent FOujours les
occasions solennelles au cours desquelles vous recevez les Académiciens
Pontificanx et les scientifiqgues qui viennent participer 4 nos lravauyx.
Nowus tous nous avons suivi avec anxiéié et espérance Votre longue
maladie, et maintenant nous nous semtons heuredx de pouvoir jouir de
Votre présence et Vous exprimer notre pleine véjounissance.

Cos beaux moments, sans ombrage, que nous passons dans le calnie de
Castelgandolfo, nous font oublier ceux de profonde angoisse éprouvés
aprés Dacte de barbarie dont Vous avex été victime. Nous sommes
beureux de pouvoir — dans un monde perturbé par la violence, Uin-
comprébension, les égoismes et les inégalités — venir écouter @ mouveat
auprés de Vous la bonne parole qui nous donnera Uencouragement né-
cessaive pour renforcer et guider Uaction qui anime oS vies.

Nowus croyons tous que la science et la technique ont un role signi-
ficatif & jouer pour le progrés de la socibté. Science et techmigue mises
sy service de Phumanité pewvent alléger la condition humaine de ses
pesanteurs. Elles le feront en abordant les problemes de UUnivers inor-
ganique ou vivant — du microcosnzos et du macrocosmos — lesquels
suscitent la curiosité de chague étre vivant depuis l'aube de notre civili-
sation et dont la connaissance pourra permeltre unc dmélioration de son
sort. Blles créeront aussi des procédés qui donneront aux travgilleurs
des outils plus propres 4 leur dignité personnelle et & leur position au
cein de la collectivitd. Vous nous avex enseigné, Sainteié, dans votre
trés récente Encycligue « Laborem exercens » que « les actions accoms-
plies par chaque travailleur doivent toutes servir & la réalisation de sa
personne, & Uachévement de la vocation comme Gtre bumain qui lui est
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propre en raison de sa personnalité ». Clest aussi le devoir de la science
et de la technigue dassurer en particulier aux plus dépourvus les con-
ditions de nutrition, d’babitation, de communication et de transport gue
le simple fait d'exister exige. Science et technique pourvoient les moyens
pour prévenir et guérir les maladies et assurer la multiplication indispen-
sable de la production agricole. Elles créeront en outre un espace plus
grand pour le loisir, espace dans lequel trouveront plus de place la
priere, la méditation spirituelle ou philosophigue, les arts, la poésie,
Vinvocation créatrice, la fantaisie et le sport.

Science et technique, éprises du progrés bumain, pewvent contribuer
au réve d’établiv un réseau de vraie solidarité entre les peuples el un
langage commun de paix et de compréhension,

Clest & cette fin que Volre prédécesseur Benott XV 4 congn 'idée
de Uinternationalisation de Pancienne « Accademia dei Nuovi Lincei »,
que Pie XI a bien voulu rendre effective. Votre Académie I'a poursuivie,
et depuis la trés généreuse décision de Paul VI de me nommer Président,
jessaie de la réaliser, en suivant les pas de ceux qui m'ont précédé grice
@ Vappui de Paul VI et de Vous-méme, Sainteté, et ¢ Paide de mes
confrérves et de mes collaborateurs.

Tache en méme temps hardie et pleine de récompenses, parce gu’elle
nous met au service de Ubomme, done une tdche culturelle et chrétienne.

En réunissant autour de nos tables de travail des scientifiques pro-
venant de tous les borizons disciplinaires et géographiques, nous pouvons
aborder les problémes les plus variés dans le but d’accroitre les connais-
sances et perfectionner la condition existentielle de Ibhumanité.

Clest en reconnaissant unité du cosmos et Punité de Ibumanité
que nos travaux se déroulent,

La Semaine d’Etude qui vient de se terminer a é16 voude & une
réflexion sur « La cosmologic et la physigue fondamentale ». Permetior-
moi, Saint-Pére, de rendre hommage & ce propos & la mémoire de I'Abbé
Lemaitre, Président de 'Académic Pontificale des Sciences de 1960 4
1966, un des responsables de la création du concept de Uexplosion de
Vatome  primaire, dont les travaux marguent Ubistoire de la science
moderne.

Simultanément, un Groupe de travail $'est occupé des « Perspectives
d'tmmunisation des maladies parasitaires » Sujet plein d’attirance, non
seulement parce qu'il intéresse fortement les pays du tiers monde, mais
aussi parce qu'il démontre Uimportance de la science fondamentale pour
la solution des problemes pratigues et nous fait reconnabive la vérité des
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propositions de Pasteur, lorsqu'il affirmait que «la science et ses appli-
cations ne font qu'un lout ».

Aujourd’bui méme, nous commengons & traiter en Séance pléniére
le théme « Limpact de la biologie moléculaire sur la société ». Théme
d’actualité, plein de promesses mais aussi de difficultés. Dans quelques
jours, un autre Groupe de travail traitera les « Effets conséquents a un
bombardement atomique ». Les paroles que Vous aver prononcées d
diverses occasions, Trés Saini-Pére, concernant les dangers d'une guerre
atomique, suffisent a expliqguer l'intérél que nous lous porions au sujet
qui sera traité,

Lamplenr de nos desseins se justifie par les arguments les plus
divers, e citerai seulement Uintérét que Vous-méme, Sainteté, poriez 4
Pintégration de la science d la culture qui refléte l'image de chague peuple,
ainsi que Vous Paver dit a PUNESCO il y a un peu plus d’une année.

Te vous annonce avec joie, Trés Saint-Péve, que les nouveanx mein-
bres de I Académie que Vous avex nommés sont présents a cetle Audience.
Je me permets de citer leurs noms: Anatole Abragam de la France,
Christian Anjinsen des Etats-Unis, Werner Arber de la Suisse, Ennio
De Giorgi de Iltalie, Manfred Eigen de I'Allemagne, André Lichunero-
wicz de la France, Mambillikalathil Menon des Indes, Thomas Odbiambo
dy Kenya, Max Perutz de U'Angleterre, Bernard Pullman de la France,
Stanley Runcorn de UAngleterre, Abdus Salam du Pakistan, [anos Szen-
tégothai de UHongrie et I'Académicien Honoraire Silvio Ranzi de Ultdlie.
En se joignant & notre Académie, je suis sér qu’'ils rendront le plus grand
service @ [oenvre que nous devons accomplir.

Te désire encore Vous demander Sainteté, avec Votre bienveillance,
de remetire au Prof. Jean-Marie Lebn de Strasbourg la médaille d’or
Pie XI. En le choisissant parmi d’auires candidats, jeunes comme lui ct
comme lui trés valables, le Conseil de U'Académie a voulu couronner
Poewvre d'un scientifigue qui, aprés des travaux remarguables dans le
domaine de la Chimie organique, s’est dédié & Pétude de la pbotochimie
gui se présente comme une passerelle par laguelle la science pourra passcr
pour utiliser Pénergic solaire.

Sainteté, en Vous remerciant de nous avoir vecus et en Vous de-
mandant la Bénédiction Aposioligue, je ne peux wm’empécher de Vous
exprimer & nouwveau notre joie el de Vous dire que Votre sérénité au
cours de ces longues semaines qui se sont écoulées, nous a enseigné d
vivie plus prés des étres bumains et d'une fagon plus chrétienne.



ALLOCUTION OF HIS HOLINESS
JOHN PAUL TII

Monsieur le Président,
Messieurs les Académiciens,
Mesdames, Messieurs,

1. Le programme des travaux que votre Président a pré-
senté, et dont j avais déja connaissance avant cette rencontre,
montre la grande vitalité de votre Académie, son intérét pour
les problemes les plus aigus de la science contemporaine et
pour le service de 'humanité. I'ai déja eu l'occasion de vous
dire, lors d'une autre séance solennelle, combien U'Eglise
estime la science pure: elle est — disais-je — « un bien, digne
d'étre trés aimé, car elle est connaissance et donc perfection
de 'honume dans sown intelligence... Elle doit étre honorée
pour elle-méme, comme une partic intégrante de la culture »
(Discours a U'Académie Pontificale des Sciences, 10 novent-
bre 1979).

Avant d'aborder les problémes dont vous avez déja dis-
culé ces jours-ci et ceux que vous vous proposez maintenant
d'étudier, permetiez-moi de remercier chaleureusement votre
illustre Président, le Professeur Carlos Chagas, des félicita-
tions qu'il a bien voulu ni'exprimer au nom de toute votre
Assemblée, pour avoir retrouvé mes forces physiques, grdce
a la miséricordieuse Providence de Dieu et a la compéience
des médecins qui m'ont soigné. Ei je suis heureux de profiter
de cette occasion pour dire ma particuliére gratitude a Mes-
sieurs les Académiciens gui, de toutes les parties du monde,
m'ont adressé leurs voeux et m'ont assuré de leurs prieres.
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2. Pendant cette Semaine d’études, vous vous penchez
sur le probléme de la « Cosmologie et physique fondamen-
tale », avec la participation de savanis du monde entier, de-
puis les deux Amériques jusqu'a I'Europe et & la Chine. Ce
sujet se ratiache a des thémes déja traités par I'Académie
Pontificale des Sciences au cours de son histoire prestigicuse.
Je veux parler ici des sessions sur les micro-séismes, sur les
populations stellaives, sur les radiations cosmiques, sur les
noyaux des galaxies, sessions qui se sont déroulées sous la
présidence du Pére Gemelli, de Monseigneur Lemaitre, et aussi
du Pére O'Connell auguel jadresse mes voeux les plus fervents
en demandant au Seigneur de l'assister dans son épreuve
de santé,

La cosmogonie et la cosmologie ont toujours susciié un
grand intérét chez les peuples et dans les religions. La Bible
elle-méme nous parle de l'origine de l'univers et de sa con-
stituiion, non pas pour nous fournir un lraité scientifique
mais pour préciser les justes rapports de 'homme avec Dieu
et avec 'univers. L'Ecriture Sainte veut simplenent déclarer
que le monde a éié cvéé par Dieu, et pour enseigner cette
vérité elle s'exprime avec les termes de la cosmologie en
usage au temps de celui qui écrit. Le livre sacré veut en outre
faire savoir aux hommes que le monde wn'a pas été crée
comme sicge des dieux, comme Uenseignaient d'autres cos-
mogonies el cosmologies, mais gu'il a été créé au service
de l'homme et a la gloire de Dieu. Tout autre enseignement
sur l'origine et la constitution de Uunivers est étranger aux
intentions de la Bible: celle-ci ne veul pas enseigner comt-
ment a été fait le ciel, mais comment on va au ciel.

Toute hypothése scientifique sur Uorigine du monde,
comme celle d'un atome primitif d'oi dériverait 'ensemble
de l'univers physique, laisse ouvert le probléme concernant
le commencement de U'univers. La science ne peut par elle-
méme résoudre une telle question: il y faut ce savoir de
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Uhomme qui s'éléve au-dessus de la physique et de lastro-
physique et que Uon appelle la métaphysique; il y faut sur-
tout le savoir qui vient de la révélation de Dieu. Il y a trenie
ans, le 22 novembre 1951, mon prédécesseur le Pape Pie X11,
parlant du probléme de Uorigine de l'univers lors de la Se-
maine d'études sur le probleme des micro-séismes organisée
par 'Académie Pontificale des Sciences s'exprimail  ainsi:
« En vain attendrait-on une réponse des sciences de la na-
ture, qui déclarent au contraire loyalement se trouver devant
une énigme insoluble. Il est également certain que Uespril
humain versé dans la méditation philosophique pénétre plus
profondément dans le probléme. On ne peut nier qu'un esprit
dclairé et enrichi par les comnaissances scientifiques mo-
dernes, et qui envisage avec sérénité ce probleme, est conduit
a hriser le cercle d'une matiere totalement indépendante et
autonome — parce qie ou incréée ou §'étant créée elle-méme
_ et & remonter jusqu'a un Esprit créateur. Avec le méme
regard limpide et critique dont il examine el juge les faits,
il y entrevoit et reconnait loeuvre de la Toute-Puissance
créatrice, dont la vertu, suscitée par le puissant “fiat” pro-
noncé il y a des milliards d'années par U'Esprit créateur,
s'est déployée dans U'univers, appelant a l'existence, dans un
geste de généreux amour, la maticre débordante d'énergie ».

3. Je me réjouis vivement, Messieurs les Académiciens,
du theme que vous avez choisi pour volre Session pléniére
qui commence aujourd hui méme: « L'impact de la biologie
moléculaire sur la socidté ». Japprécie les avantages qui
résultent — et qui peuvent résulter encore — de l'étude et
des applications de la biologie moléculaire, compléiée par
d'autres disciplines comme la génétique et son applicalion
technologique dans Uagriculture et dans Uindustrie, et aussi,
comme on l'envisage, pour le traitement de diverses mala-
dies, dont certaines de caractére héréditaire.
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J'ai une ferme confiance dans la communauté scientifi-
que mondiale, et d'une maniére toute particuliére dans
I'Académie Pontificale des Sciences, certain que grice & elles
les progrés et les recherches biologiques, comme du reste
toute autre recherche scientifique et son application techno-
logique, s’accomplivont dans le plein respect des normes
moruales, en sauvegardant la dignité des hommes, leur liberté
et leur égalité. Il est nécessaire que la science soit accom-
pagnée et conirdlée par la sagesse qui appartient au patri-
moine spirituel permanent de Uhumaniié et qui s'inspire du
dessein de Dieu inscrit dans la création avant d’'étre ensuite
annoncée par sa Parole.

Une réflexion qui s'inspire de la science et de la sagesse
de la communauté scientifique mondiale doit éclairer 'hu-
manité sur les conséquences — bonnes et mauvaises — de la
recherche scientifique, et spécialement de celle qui concerne
Phomme, afin que, d'une part, on ne se fixe pas sur des
positions anticulturelles qui retardent le progrés de I'huma-
nité, et que d'autre part on woffense pas ce que 'homme
a de plus précieux: la dignité de sa personne, destinée d un
vrai progrés dans U'unité de son étre physique, intellectuel
et spirituel,

4. Un autre sujet a rvetenu ces jours-ci l'attention de cer-
tains d’entre vous, savants éminents de diverses parties de
la terre convoqués par I'Académie Pontificale des Sciences:
c'est celui des maladies parasitaives qui frappent les pays
les plus pauvres du monde et sont un grave obstacle a la
promotion de Uhomme dans le cadre harmonieux de son
bien-étre physique, économique et spirituel. Les efforts en
vue d'éliminer le plus possible les fléaux provoqués par les
maladies parasitaires dans une bonne partie de I'humanité
sont inséparables de ceux qu'il faut faire en faveur du dé-
veloppement socio-économique des mémes populations. Les
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homumes ont normalement besoin d'une santé suffisante et
d'un minimum de biens matériels pour pouvoir vivre digne-
ment selon leur vocation humaine et divine. C'est pour cela
que le Christ Jésus s'est tourné avec un amour infini vers
les malades et les infirmes, et qu'il a guéri miraculeusement
quelques-unes des maladies dont vous vous étes occupés ces
jours derniers. Que le Seigneur inspire et assiste lactivité
des savants et des médecins qui consacrent leur recherche
et leur profession a l'étude et au besoin des infirmités hu-
maines, spécialement des plus graves et des plus humiliantes!

5 A c6té du théeme des maladies parasitaires, IAcadémie
a abordé le probléeme d'un fléau d'une ampleur et d'une
gravité catastrophiques qui pourrait atieindre la santé de
P hwmanité si un conflit nucléaire venait a éclater. Outre la
mort d’une bonne partie de la population mondiale, un con-
flit nucléaire pourrait provoquer des effets incalculables sur
la santé des générations présentes et fulures.

L'étude pluri-disciplinaire que vous vous appréfez a ac-
complir ne pourra pas ne pas constituer pour les Chefs d'Etat
un rappel de leurs immenses responsabilités et susciter dans
Phumanité entiére une soif toujours plus ardente de con-
corde et de paix: cette aspiration vient du plus profond du
coeur humain, et aussi du message du Christ qui est venu
apporter la paix aux hommes de bonne volonté.

En vertu de ma mission universelle, je veux me faire
encore une fois Uinterpréte du droit de homme a la justice
et & la paix, et de la volonié de Dieu qui désire voir tous les
hommes sauvés. Et je renouvelle l'appel que je langais a
Hiroshima le 25 février dernier: « Engageons-nous solennel-
lement, ici et maintenant, a ne plus jamais permettre (et en-
core moins rechercher) que la guerre soit un moyen de ré-
soudre les conflits. Promettons & nos fréres en humanité de
fravailler sans nous lasser au désarmement et a la condamna-
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tion de toutes les armes atomiques. Remplacons la domina-
tion et la haine par la confiance mutuelle et la solidarité ».

6. Parmi les efforts a accomplir pour la paix de I'huma-
nité, il y a celui qui vise & garantir & tous les peuples I'énergie
nécessaire a leur développement pacifigue. L' Académie s'est
occupée de ce probléme durant la Semaine d'études de Uannéde
derniére. Je suis heureux de pouvoir remettre aujourd hui
la Médaille d’or de Pie XI & un savant qui a contribué d'une
maniére notable, par sa recherche dans le domaine de la
photochimie, a lutilisation de I'énergie solaire. Il s'agit du
Professeur Jean-Marie Lehn, du Collége de France et de
PUniversité de Strasbourg, auquel j'exprime mes vives féli-
citations.

A vous tous, Messieurs, jadresse mes sinceres compli-
ments pour le travail que vous accomplissez dans la recher-
che scientifique. Je prie le Dieu Tout-Puissant de vous bénir,
vous, vos familles, ceux qui vous sont chers, vos collabora-
teurs, el toute 'humanité pour laguelle, par des roules di-
verses mais convergentes, vous et moi accomplissons la
mission qui nous a é1é confide par Dieu.
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H. A, BRUCK

This conference has been opened by Professor Chagas, the President
of the Pontifical Academy, who has spoken to you about the Academy’s
work and in particular about the institution of its Study Weeks.

T should fike to join him first of all in welcoming this distinguished
body of scientists. We are very happy that so many of you have been able
to come. We arc extremely sorry that none of our Soviet colleagues could
accept the Academy’s invitations, but we are pleased to have received a
paper from Professor Zeldovich which will be read to us by Professor
Martin Rees. We much regret that Professor Freeman Dyson who intended

to take part was taken il on his journey here and cannot be with us.

Peshaps 1 may be allowed to say a few words about the way in which
this particular Study Week has come about. You have heard from Professor
Chagas that Study Weeks devoted to a variety of topical scientific subjects
were started by the Pontifical Academy in 1948 as a major part of its
activities, Two of them were directly concerned with astronomy. In 1957
we had a Study Week on the problem of Stellar Populations, and in 1970
we had a second one in which Nuclei of Galaxies were discussed. Both

of these arose from the initiative of Father O’Connell, the former Director
of the Vatican Observatory, who, you will be sad to hear, is unfortunately

too ill to be here with us this morning. Several of you have attended one
or both of those earlier Study Weeks which, I believe it would be right

to say, have been eminently successful.
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It seemed to me that the time had come for a third astronomical Study
Week, and the field of Cosmology appeared to present a particularly ap-
propriate subject for this Academy. Apast from its ohvious topical interest,
a Study Week on present-day cosmology would be 2 tribute to one of the
earliest members of this Academy and its President from 1960 until his
death six years later. I am speaking, of course, of George Lemaitre who
has been called by one of our participants in this Study Week “the Father
of Big-Bang Cosmology”.

When the Council of the Academy had formally agreed to hold this
particular Study Weck, I thought it best, not being an expert in the field,
to consult with Sir Martin Ryle, an old friend and fellow member of the
Academy. Martin Ryle suggested that I should discuss the project with
Malcolm Longair, his close colleague who at the time was still in Cambridge.
1 also approacbed Martin Rees at the Institute of Astronomy in Cam-
bridge, and it was he who made the important suggestion that it would be
interesting and useful if the proposed subject of cosmology would be linked
with that of fundamental physics. Our small group was joined by Father
George Coyne, the present Director of the Vatican Observatory, who under-
took to look after many of the practical problems including the recording
of the scientific discussions in the course of this week. Father Coyne has
also agreed to be responsible for the important task of the eventual printing
of the proceedings.

Since February of this year when Coyne, Longair, Rees and myself
met in Edinburgh, the major part of the preparation and planning of the
actual scientific programme has heen in the hands of Malcolm Longair,
and a look at the programme in front of you shows you how splendidly he
has performed his task.

Here in Rome the innumerahle detailed preparations necessary for the
smooth running of our Study Week have been most ably carried out by
Father Enrico di Rovasenda, O.P., the Director of the Academy’s Chan-
cellery and Mme. Michelle Posceili-Studer and their staff. I am certain
that we shall all be very well looked after during the week.

You see from the scientific programme that you will be fairly hard
worked in nine sessions during four and a half days. There will be a break
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on Wednesday afternoon when you will have a chance to visit the Vatican
Muscums. On Saturday morning there will be an audience of Pope
John Paul IT for both the participants in the Study Weel and the members
of the Pontifical Academy who will later start their biannual Plenary
Session. The audience will be at the Pope’s summer residence at Castel
Gandolfo in the Alban Hills where vou will also have a chance to visit
the Vatican Observatory.

We are now probably ready to start the scientific programme and
I ask Malcolm Longair to take the Chair for the first Session.
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INTRODUCTORY SURVEY

MARTIN J. REES

Tnstitute of Astronomy
Madingley Road, Cambridge

The theme of this Study Week, Cosmology and Fundamental Physics,
is a timely one. Hopes are high that we are starting to understand how
the universe evolved; and the key physical processes, particularly during
the earliest and densest stages, involve high energy particle physics (as well
as, of course, gravitational theory). But the title of this conference can be
interpreted also in a second sense: the initial conditions of the universe,
the boundaty conditions of our physical world, are i themselves a crucial
part of fundamental physics.

Let us first recal! that it is only because the universe, in its large-scale
structure, is specially simple and symmetrical that cosmology is feasible
at all. Figure 1 shows a schematic space-time diagram to illustrate this:
the regions of space-time about which we have direct evidence lie either
close to our own world line (where we have inferences on the chemical
and dynamical history of our Galaxy) or along our past light cone (where
we have astronomical evidence). It is only because of the overall homo-
geneity that we can assume any resemblance berween the distant galaxies
whose light is now reaching us and the early history of our own Galaxy.
If cosmology is more than a descriptive science, the reason for this
simplicity is something we must try to understand.

Tust how good is the evidence for large-scale homogeneity and iso-
tropy? How did galaxies form, and what determines their present morpho-
logy?  Quantitative attempts to answer these questions, by studying
galaxies, the distribution of galaxies and the background radiation, will be
the main aim of our discussions. But let me offer now a sketchy overview,
starting with recent epochs and wotking back as far as the threshold of
quantum gravity at 10~* secs (or our threshold of credulity, if that comes.
sooner),
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Fre. 1. Schematic space-time diagram showing world line of our Galaxy and our past light
cone. The only regions of space-time concerning which we have direct evidence are those
shaded in the diagram, which lie either close to our own world line (inferences on the
chemical and dynamical history of our Galaxy, ‘geological’ evidence, ete.) or along our past
light cone (asironomical evidence). It is onfy because of the overall homogencity that we
can assume any resemblance between the distant galaxies whose light is now reaching us
and the early history of our own Galaxy. In homogeneous universes we can define a natural
time coordinate, such that all parts of the universe are similar on hypersurfaces corresponding
to a given value of /.

1 - GALAXIES

To the cosmologist, or at feast to the cosmographer, entire galaxies
are just “markers” or test particles scattered through space which indicate
how the material content of the universe is distributed and how it is
moving. But it is these “small-scale” deviations from homogeneity, gtoups
of galaxies and their constituent members, which constitute the main
subject matter of asttonomy. And it is a prime goal of our subject to under-
stand how the universe has evolved from an initial dense fireball 10® yrs
ago to its present state, where galaxies dominate the large-scale cosmic
scene.

At the TAU Symposium in Tallin in 1977 Zeldovich said “It will only
be a few years before the origin and evolution of galaxies is undetstood.”
What has happened since 1977 may have tempered his optimism. But
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there have certainly been tremendous observational improvements in our
data on galaxies, along with some progress in understanding their present
state. A few years ago we were worse than ignorant about some crucial
points. We “knew” some things that were not so. Let me mention two
such things in particular. It used to be tacitly accepted that elliptical
galaxies owed their shape to rotational flattening. But the observations
now show that the rotation rates ate often too slow. The internal dynamics
are more complex. Some elliptical galaxies may be triaxial —— bars spinning
end over end — and the random component of the stellar velocities may
generally be anisotropic. A second tacit assumption was that the luminous
content of galaxies dominated their dynamics, ie. that the total gravitating
mass is distributed in the same way as the stars we see. But we are now
told that the luminous content of galaxies may be swamped by ten times
as much dark matcer. This material forms a halo around massive isolated
galaxies and provides the virial mass in rich clusters.

Progress in understanding the structure, dynamics, and morphology
of individual galaxies depends on quantifying the processes summarized
in the simple flow chart in Figure 2. There is cbviously a gradual con-
version of gas into stats over the lifetime of a galagy, Our poot under-
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Fic. 2. The key processes involved in galactic evolution {illustrated by this flow diagram)

are the “efficiency” of gas — star conversion and the initial mass {unction. These are both

ancertain, but are crucial determinants of morphological type and of evolution in the colours
and luminosity of galaxies.



G MARTIN J. REES

standing of star formation is the main stumbling-block preventing us from
quantifyiag this. We do not know what determines the initial mass func-
tion (IMF); still less do we know how the IMF depends on physical
conditions. Nor do we know much about the efficiency of star formation:
this determines how much gas can be turned into stars on the free fall
timescale, and bow efficiently enviched gas can be recycled into new stars.

There has been less progress in understanding how galaxies first
formed. Galaxy formation straddles the interface between cosmology and
astrophysics. It occurred at a cosmic epoch very different from the present,
and thus falls in the cosmologist’s province. On the other hand, once
galaxies have formed, the phenomena within them that interest astro-
physicists proceced more or less regardless of the broader cosmie context.
(At least this is truc unless the universe eventually collapses on top of
them). We do not know why the most conspicuous luminous entities in
the universe are aggregates of 10 stars, with dimensions ~ 10* parsecs,
Even worse, we do not know whether the explanation we are seeking lies
within the province of the astrophysicist or the cosmologist. Are these
characteristic dimensions a direct consequence of initial conditions? Or
is there a physical reason for this preferred scale, just as we now know
there is a physical reason why all stars have a mass within an order of
magnitude of the Chandrasekar mass? There are some straightforward
physical ideas, based on the cooling, collapse and fragmentation of massive
gas clouds, that predict a characteristic mass and radius which secem
relevant to galaxy formation. If these ideas indeed have something in
them, there is no more need to relate the masses of galaxies to a preferred
scale of initial cosmic irregularities than to invoke a preferred fluctuation
scale in the interstellar medium to explain the masses of stars. (But the
characteristic scales of the biggest palaxies must to some extent be a
function of cosmic epoch. If we came back in 10" years, we should find
that our Galaxy and Andromeda would have merged into a single elliptical
system, and that the entire content of a cluster like Coma would be an
amotphous ¢D galaxy).

It is thus not clear whether galaxies are permanent structures manifest-
ing some “magic mass” for which we should seek a physical explanation
{maybe this is so for spirals and disc systems, even if not for ellipticals).
Even if so, it is unclear whether this mass scale, and the corresponding
length scale, stem from local physics, or are consequences of selective
growth or damping mechanisms in the carly universe.
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2 - INITIAL SPECTRUM OF FLUCTUATIONS

Scenarios for galaxy formation all postulate that the early universe
was not completely smooth. Some initial irregularities must have given
rise to bound systems, which then either themselves turned into galaxies,
or triggered the formation of galaxies by an indirect route.

Two classes of perturbation can be envisaged: isothermal (or entropy)
perturbations, in which the radiation pressure is unaltered; or adiabatic
(isentropic) perturbations in which the photon/baryon ratio is unperturbed.
Isothermal perturbations are essentially “frozen in” before recombination;
adiabatic perturbations oscillate before recombination, and all scales below
~ 10" Mo are attenuated. A general perturbation whose oscillatory
component is damped by viscosity can Jeave behind an isothermal com-
ponent. The oscillatory behaviour and damping of these various modes
prior to recombination has been extensively discussed in the literature.
After recombination, when the gravitational instability of the matter is
opposed only by gradients in the gas pressure (less than radiation pressure
by a factor ~ 10° 8 “varven), all scales of 2 10°Mo grow, at least until
bound systems form and generate enough energy to heat and reionise the
gas. To obtain a bound system by the present time, the necessary amplitude
At recombination must stilf be at least 107, The growth of perturbations
on the mass scales of galaxies is inhibited before recombination by the
effects of radiation pressure and viscosity; this means that amplitudes of
> 107 may be necessary even at the {earlier) epoch when such scales are
first encompassed within the particle horizon. (In models involving mas-
sive neutrinos, when growth can occur before recombination, one can get
by with perturbations whose amplitude on entering the horizon is some-
what smaller).

The two basic “scenarios” for galaxy (and cluster) formation, which
are certain to come up tepeatedly during the Study Week, are summarized
in Figure 3. These pictures are very different: they contrast most starkly
if we compare what the universe would have been lilke at, say, z = 20.
In the hierarchical picture (requiring entropy perturbations) bound
systems would already exist. Indeed, ncatly all the initial mass could
have been incorporated in pregalactic stars and Population III objects,
which could have already augmented or distorted the microwave back-
ground spectrum. These pregalactic objects may amplify perturbations on
large scales, giving rise to galaxies by secondary effects. On the other hand,
in the adiabatic picture essentially nothing of interest has happened by
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z = 20. Density contrasts are still less than order unity, and the universe
would still be in the form of expanding neutral gas.

The details of the large-scale distribution of galazies, and the issue of
whether there is a preferred scale, may offer some clues to which picture
is the right one. The universe undoubtedly looks smoother on larger scales:
no-one is gainsaying this general trend. Recent redshift surveys suggest,
however, that the fluctuations on scales of 10 to 100 Mpc are larger than
previously thought. The key question is whether the data are consistent
with gravitational clustering of individual (galactic) masses or whether
there is evidence for gas-dynamical dissipative processes, leading to giant
sheetlike or filamentary structures, and to a preferred mass on supercluster
scales. Everyone would agree that on scales of galaxies and below dissipa-
tion has been crucial, but on sufficiently large scales any observed inhomo-
geneities must have been induced by gravitational instability alone. DBut
what is the transition scale between these regimes? s it individual galaxies,.
clusters, or still larger? The papers by Davis, Oort and Peebles will help:
to clarify this.

3 - HIDDEN MASS

The evidence is now strong that 90% of the material in the universe:
is in some form, not stars and not gas, which is less dissipative and less
centrally condensed than the stellar distribution. One would like to know
how universal is this ratio of 10:1 between dark and luminous matter.
Does this ratio prevail over all scales exceeding, say, 1 megaparsec? Are
the voids empty of all matter or just of Juminous galaxies?

One must of course be cautious about inferring the distribution of
4l mass from observations of Juminous objects which may comprise only
10% of the total amount of gravitating material ~— the more so because
within individual galaxies the dark material is less centrally concentrated
than the visible stars and gas. However, while it is easy to envisage how
such segregation could have occurred in the course of an individual galaxy’s
formation and evolution, it is less easy to envisage how the two kinds of
matter could be segregated on scales exceeding a few megaparsecs. Thus
on large scales it is probably justifiable to regard galaxies as valid tracers
for the mass distribution. If large “voids” really exist, which cannot be
explained by gravitational clustering, one’s mind should be open to more
radical possibilities: Could galaxy formation from primordial gas have
been inhibited in some Jarge regions? Could the carly universe have split
into “domains” with different baryon/photon ratios?
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It needs no great ingenuity to invent possible forms of hidden mass-
“massonium”.  Among them are these:

a) Neutrinos of rest mass ~ 10 ev. If neutrino rest masses are non-
zero, then it is a straightforward consequence of the hot Big Bang model
that they contribute a density parameter 9, = 0.04 (Ho/50 km/sec/Mpc)~
{#mv)ev. This is hecause their number density is comparable to that of the
pbotons in the microwave background; i.e. they outnumber the baryons by
a factor ~ 10° Q@ "o, These primordial neutrinos would have cooled
adiabatically with the expanding universe, and would become sufficiently
slow-moving that they could participate in gravitational clustering. We
shall hear more about this from Sciama later in the week,

b) Low-mass stars (“Jupiters”) of mass < 0.1 Mo. Such objects in
our own halo might be discernible as faint red or infrared stars with high
proper motion.

c) Remnants of massive stars., Black holes could in principle have
formed as the endpoint of the evolution of now-defunct massive stars which
formed ecither in the early history of galaxies or at a possible pregalactic
era of activity (10 £ z £ 10°). There are then some other constraints.
Limits on the extragalactic night sky brightness imply that any stars with
masses (say) 5 to 100 Mo must bave formed and completed their bright
evolutionaty phases at z 2 10 (unless their optical and ultraviolet emission
is absorbed hy dust and re-emitted in the infra-red). Such considerations
do not, however, constrain « “Population 111" of massive stars that formed
at z == 104,

d} Rewmanis of supermassive stars. Here the background light
constraint is more ambiguous, because supermassive stars may collapse
before having gone through a prolonged phase of hydrogen burning. How-
ever there are other ways of detecting them. For instance, there would he
conspicuous accretion effects in our galaxy if individual masses exceeded
~ 10° Mo. Also, dynamical friction would he important for = 10" Me.
(This would cause the dark objects to concentrate towards the centres of
galaxies, contrary to the aim of the game which is that they should be
predominant outside the Juminous material). A new possibility is that
gravitational lensing may have detectable effects if the hidden mass is in
massive black boles — the characteristic angular scale of the images, for a
path length of the order of the Hubble radius, is ~ 103 (M/10° Mg)"”?
arc sec.

Among these options, which obviously are not exhaustive, my
favourites are numbers a} or d). We shall hear a good deal from other
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speakers about the remarkable possibility that the universe is neutrino-
dominated, and that all the baryons studied by astronomers, in stars,
galaxies and gas, amount to no more than a trace of “sediment” in a
neutrino-dominated cosmos. I hope to say a bit more later in the week
about supermassive objects and pregalactic stars. In the meantime, it
should quench hopes of rapid progress to note that more than 909% of
the universe may be in unknown entities whose individual masses are
uncertain by 70 orders of magnitude.

4 - DiscreTE OBJECTS AT HIGH Z

Crucial in clarifying our ideas on galactic evolution are abservations
of galaxies out to z = 1, a look-back time > 509% of the time since the
Big Bang. These observations are crucial also for classical cosmology and
the measurement of the deceleration parameter 4. The evolutionary cot-
rection will only be understood when we have better data on high-z galaxies,
and only then will there be any progress in “geometrical” cosmology. The
emphasis among cosmologists seems to have shifted, owing to the realization
that evolutionary corrections are large and uncertain, towards attempts to
determine € rather than g, However in the long run one would like to
determine both of these quantities, because it is only in the standard Fried-
mann models that one can assume £ == 2 4. Tdeally, one could test general
relativity on a cosmic scale by seeing if this relation is indeed fulfilled.

To probe back to earlier epochs, one must utilize active galactic
nuclei, detectable out to redshifts of order 5. If quasars are indeed active
galactic nuclei, one can infer that galaxies must have been assembled, at
least to the extent of already having well-defined centres, by the epoch
corresponding to z = 3. Quasars and radio galaxies display a strong evo-
lutionary trend, indicating that young nuclei had a greater propensity to
give rise to active outbursts. This could mean that there is more un-
condensed gas in a young galaxy available for fuelling a central compact
object.

Even if quasars are not properly understood, their optical spectta
provide valuable probes for the intervening gas. Most of the absorption-
line systems displaying large velocities relative to the quasar are due to
intervening clouds apparently unrelated to the quasar. The amount of
material needed to give absorption features is rather small. They could
be due to cool filaments in the halos of young galaxies, or to clouds
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embedded in a hot galactic medium. The distribution of absorption lines
in quasar spectra thus provides, in principle, evidence on the process
whereby gas gradually condenses into galaxies or is ejected from galaxies.

The most remote quasars so far observed are at distances such that
we are looking back 80% of the time to the Big Bang when we study
them. Even so, we remain completely ignorant about the whole range of
redshifts between 5 and 1000, (or, equivalently, the range of times between
10° years and 10° years) as illustrated in Figure 4. During this era the
contents of the universe must have gradually transformed from the almost
homogeneous gas decoupling from the fireball at recombination into bound
galaxies or dark discrete objects {cf. Figure 3). This era has received dis-
proportionally little attention from theotists compared to that lavished on
the first million years, or even the first minutes or microseconds.

I have mentioned that one might distinguish the scenarios for galaxy
formation by studying the details of clustering at the present epoch. But
a more direct method would be to probe redshifts greater than 5. One
would like to know whether discrete objects, such as quasars, or maybe
young galaxies in the infrared, may be detectable at these redshifts.

5 - THE EARLY UNIVERSE

Whete the initial fluctuations come from is still a mystery. There is
still no fully plausible idea which egplains why our universe contains
inhomogeneities of large enough amplitude to yield the presently-observed
structure, yet is not so “chaotic” that the overall “Robertson-Walker”
geometry is invalid. We can make direct inferences about the amplitude
of fluctuations on the scale of galaxies and clusters; but it might offer
some clues to the underlying mechanism if we had evidence about the
spectrum beyond this mass range. The angular structure of the microwave
background can in principle reveal Doppler shifts and gravitational pes-
turbations at the epoch of last scattering, which may be at a redshift as
large as 1000. In any theory these perturbations would be linear on scales
exceeding 10° solar masses; they may extend up to much larger scales even
to those of superclusters. These fluctuations could have been imprinted as
initial conditions or via exotic processes at very eatly times. Any quadrupole
dependence (or indeed any fluctuations on angles exceeding a few degrees)
corresponds to scales exceeding the horizon size at last scattering. These are
therefore “acasual” fluctuations, in the context of a classical Friedmann
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sources in the infrared or Xway band. Further evidence on this region would help to
distinguish between the two scenarios for galaxy formation shown in Figure 3.

model. Microwave background measurements are now tantalizingly close
to the level of precision where a wealth of positive anisotropy measure-
ments may become available,

The mictowave background is, of course, out main observational link
with the physics of the early universe. The microwave photons do not
provide such direct evidence of redshifts » 1000, In the standard
picture the close equilibrium between photons and electrons, and the large
scattering optical depth, would have erased all traces of events at catlier
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epocbs. But there are other processes where equilibrium breaks down at
early stages. The most familiar example is the way in which the neutron-
proton ratio “freezes out” at a temperature of about 1 MeV. As is well
known, the most compelling reason for being serious about extrapolating
the hot Big Bang model back to # = 1 second is that the simplest assump-
tions {i.e. homogeneity, isotropy, no new physics, Einstein’s relativity, etc.)
yield a calculated helium abundance in gratifying accordance with observa-
tions. Most cosmologists are so convinced of the tenets of primordial
nucleosynthesis that they feel some confidence in constraining Qvaryen 0N
the basis of abundance data on *He and D, and even in drawing conclusions
about particle physics, such as limits on the number of neutrino species.

6 - THE VERY EARLY UNIVERSE INDEED

The success of primordial nucleosynthesis has emboldened some
physicists to extrapolate the hot Big Bang back to still carlier times, where
the physics is more uncertain, The only mandatory stopping-place for such
extrapolations is the Planck time, where quantum gravity effects are crucial.
If the expansion had indeed followed a Friedmann model ever since the
threshold of classical cosmology, kT would exceed 1 GeV for the first
microsecond. During the initial stages the particle enexgies would sweep
down through the entire range of interest to theoretical high energy
physicists, including of course the ultra-high energies unattainable by any
feasible terrestrial accelerator. In effect the universe provides us with a
giant but cheap accelerator {or at least one which is not being charged to
us). However, it shut down ten billion years ago. The only surviving fos-
sils of the high energy era will be related to processes which fell out of
equilibrium at that stage. For the first 10°® seconds the thermal energies
were high enough that the massive X-boson postulated in GUT theories
would have existed. Following a prescient suggestion of Sacharov, many
people have recently explored the exciting possibility that the baryon
content of the universe the ratio of the number of photons to the
number of baryons — can be explained in terms of GUT theories.

To generate a non-zero baryon number requires three things:
a) Temperatures such that kT exceeds mic®. This happens for 15107
seconds in a hot Friedmann cosmology;

b) C and CP must be violated. This is permitted in GUTs, and is

necessary in order that baryons be favoured over anti-baryons;
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c) Thermal equilibriume must be violated, 'This happens because the
rates are slower than the expansion rate of the universe, and is an essential
requirement (just as the slowness of the weak interactions at the nucleo-
synthesis era causes the matter to emetge as hydrogen and helium rather
than being transmuted all the way into iron).

The value of the net baryon excess can be computed, given a specific
GUT, and given also the CP-violation parameter. This work is not yet on
the same footing as the nucleosynthesis of helium and deuterium. It is
perhaps at the same level as nucleosynthesis was in the pioneering days
of Gamow and Lemaitre. But if it could he firmed up it would represent
an extraordinary triumph. The mixture of radiation and matter charac-
terizing our universe would not be “ad hoc” but would be a consequence
of the simplest initial conditions. Also, as well as vindicating a GUT, it
would vindicate an extrapolation in one bound, based on a Friedmann
model, right back to the threshold of classical cosmology —— almost back
to the Planck time. On a logarithmic scale, this is a bigger extrapolation
from the nucleosynthesis era than is involved in going to that era from
the present time (see Figure 5). It would also place constraints on dis-
sipative processes arising from viscosity, phase transitions, black hole
evaporation etc., which might occur as the universe cools through the
“desert” between 10" and 100 GeV. Although these ideas are still
speculative, one could perhaps be more assertive and claim the “prediction”
of the photon/baryon ratio as one of the few likely observational tests
of GUTs.

'The Robertson-Walker hypersurfaces of our universe are smooth only
in the sense that the oceans are smooth: superposed on a well-defined
mean curvature there are small “ripples”, whose origin is entirely unknown.
In some people’s mind it is however not the small-scale roughness, but the
large-scale smoothness, of the universe which poses the main mystery. Why
should the universe have been set up at the Planck time with hypersurfaces
whose radius of curvature was at least 30 orders of magnitude larger than
the horizon then was? We can rather feebly say that this was essential
for astrophysical evolution, in that the universe would otherwise
have recollapsed quiclly, without ever departing from thermal equilibrium,
or else expanded so fast that gravitational clustering never occurred. But
that seems an inadequate explanation. Moreover, we do not know why the
universe Is quite accurately “Robertson-Walker”. Why did it not avail it-
self of the other degrees of freedom open to it?
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At first sight it might seem odd to seck an explanation for the global
homogeneity in terms of the physics at very early times. The mass en-
compassed within the Friedmann horizon (proportional to #) was then very
small, so as one extrapolates baclk one seems further and further away from
being able to offer a causal explanation. But there are two reasons why
this may be wrong. The first stems from the possibly drastic consequences
of phase transitions at the grand unified era; the second, still more
speculative, involves quantum processes at the Planck time.

In GUT schemes there is a first-order phase transition at a temperature
of order 10" GeV. This transition could occur via the formation of
“bubhles” whose walls eventually collide with others; alternatively the phase
change (though delayed) may occur homogeneously. The differing encrgy
densities of the two vacua would be equivalent to different values of the
cosmical constant, or A-term. A is now very small, corresponding to a mass
energy density of less than 10°% gms/cm’® (or, in other units, to 107* GeV?).
One would expect the change in the effective A associated with symmetry
breaking to be of the order of the energy density at the grand unified
temperature, i.e. 10° GeV', Why things should be fine-tuned to a precision
better than one part in 10", so that the post-transition A-term is so small,
is still a mystery. But if the dynamics of the very early universe is el-
fectively dominated hy the A-term, then the scale-factor inflates exponential-
ly as in De Sitter cosmology. The idea of an exponential growth phase has
appealing consequences. In particular, it suggests that the universe might
be large because the curvature radius of the hypersurfaces of homogeneity,
growing in proportion to the scale factor, could exponentiate many times
during this phase. The large scale of the universe, or its “flatness”, could
then be accounted for.

There are difficulties with this scheme, In particular, it is not clear
whether the universe can remain stuck in the exponential phase for long
enough to grow by a gigantic factor and still, afterwards, achieve a “grace-
ful exit” and turn back to a Friedmann phase. Note also that for this
scheme to work the heat released during the phase transition must raise
KT above m® so that baryon synthesis can occur after the exponential
phase. Optimists might hope that this model could not only account fox
the unjverse’s overall homogeneity, but also enable microscopic effects to
initiate the fluctuations needed to give galaxies and clusters. It would
indeed be remarkable if the entire observable universe could have sprung
from a microscopic fluctuation. Since no non-zero conserved quantities
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are involved (if baryons are not conserved), this almost ex nihilo origin
for the universe is at least physically consistent.

It is interesting that the A-term, regarded by most relativists as an
ugly appendage to the theory of relativity, has now been resuscitated in a
more modetn guise, and plays an important role in recent ideas involving
symmetry breaking. Another important consequence of symmetry breaking
would be the production of magnetic monopoles. Indeed, naive estimates
suggest that monopoles will be produced in greater profusion than is
consistent with the persistence of large-scale cosmic magnetic fields. Some
mechanism for suppressing or diluting the monopole density is needed.
Symmetry-breaking may lead also to the formation of “domain walls” or
“strings”. The former can be ruled out on the grounds that the effective
mass energy of the walls would be too large to be compatible with present-
day cosmological constraints, One-dimensional singularities — “strings” -—
cannot however be excluded. It is unclear whether the topology of the
strings would allow them to contract and disappear, or whether on the
other hand they are stretched as the universe expands. In the latter case
they could contribute Q = 10~* even at the present time, and might be the
seed fluctuations that trigger galaxy formation.

If phase transitions do not offer an explanation for the homogeneity
and/or fluctuations, we must go further back still to the Planck time,
when the classical concept of the particle horizon is transcended. Processes
at the Planck time may allow us also to understand the isotropy, During
the fifty years which have passed since the pioneering researches of De Sit-
ter, Friedmann and Lemaitre, much theoretical attention bas been focassed
on devising other more complex and more general cosmological models -
models with rotation, shear, or gross inhomogeneity, The present indica-
tions allow us to trace the history of our universe back through 54
“decades” of logarithmic time, and over this entire period its evolution
has proceeded in amazingly precise accordance with a Friedmann mode]l —
the most straightforward and mathematically calculable of all. But we have
no idea why this should be so.

7 - CONCLUDING COMMENTS

The underlying assumption that there was a “hot Big Bang” is likely
to figure prominently in our discussions. But we should bear in mind that
this is still just a hypothesis, certainly not a dogma. It seems consistent
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with the data we have, but these data are sparse and ambiguous by the
standards of some other sciences. The hot Big Bang model scems more
plausible, and less contrived, than any equally specific alternative model
for the early universe.  This claim would probably be granted even by those
who would rate the theory’s chance of long-term survival as less than 5096,
To focus attention primarily on this model neced not imply blinkered
dogmatism or blind adherence to conventional physics. The hot Big Bang
concept offers a good framework for our cosmological discussions; and
it is by exploring its consequences more fully and confronting it with all
new data that we can most quickly decide whether it must indeed be
abandoned, or whether it can be developed into a fuller picture of our
universe’s 10 to 20 billion year history.

It would be easy to conclude this talk with a long list of unanswered
questions. I will however restrict myself to questions on which we can
reasonably expect, and not merely hope for some enlightenment during
this Study Week. I have thought of seven such questions.

1. Do we yet know the Hubble constant with a precision better than
257

2. Does the large-scale distribution of galaxies yield evidence for pre-
ferred scales of superclustering, or for dissipative non-gravitational
effects on these scales?

3. On what dimensions are galaxies, and their light distribution, a good
tracer for the hidden mass, and what can we infer about the nature
of the hidden mass?

4. What is the relation between quasar and galactic evolution?

5. Can we probe the redshift range z==5 to 1000 (the epoch 10°S<10°
yrs) by finding young galaxies, background fluctuations, etc.?

6.  Could improved observations of helium, deuterium, ete. constrain the
hot Big Bang mode! further?

7. Can comprehensible physical processes at 10 £ 7 < 107* seconds
account for the overall homogeneity but small-scale roughness of the
universe?

Perhaps this last is the most basic question of all. A universe with
large dimensions and long timescales, 109 Planck times, is a prerequisite
for the cosmic evolution that has led to our existence; overall isotropy and
smoothness, and the symmetry and simplicity that ensue, seem a pre-
requisite for our making at least some headway in our role as cosmologists.
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OSTRIKER

I wish to ask a guestion on your characterisation of the differences between
adiabatic and isothermal models for the development of structure. You remarked
that structure develops at very different epochs in the two pictures. But is it
not possible to have the formation of the presently chserved galaxies occur in
the era z = 2 to 10 in both pictures? This determining, or even observing, of
the period of galaxy formation would not, uafortunately, help us to determine
which if either of the two standard models is correct.

REES

I completely agree. It is on other mass-scales that the scenarios differ most.
In the “entropy fluctuation” picture many generations of pregalactic systems
smaller than galaxies may have evolved, and clustered hierarchically, before
galaxies form; clusters of galaxies, in this picture, form affer individual galaxies.
In the “adiabatic” pictuse, wothing of interest happens before galaxies form,
but the new-born galaxies would already be clustered. Fowever, an era of
galaxy formation in the range z = 2 to 10 is compatible with both schemes.
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1 - INTRODUCTION AND HISTORICAL SUMMARY

A) Form of the Expansion Law

Beginning with Hubble’s (1929) announcement of a linear relation
between redshift and distance, and continuing into the mid-1970’s, a major
reason to observe galaxies at all distances and in all directions was to
establish the form of the expansion velocity field in all distance regimes.
It was of particular interest to test if the increase of velocity with distance
is linear, because this type of field is the only one with two fundamental
properties that must be met if the set of perfectly homogeneous Friedmann
models is even a first approximation; namely: (1) for any observer in the
manifold the observed velocity-distance relation has the identical ap-
pearance as that for every other observer at every other place, both in form
and in absolute rate; (2) a linear field is the only one that permits a
singulazity in time (i.e. reversal of all velocities brings all points to a com-
mon origin at a common time).

Tests of the linearity were made using cluster galaxies (either the first
ten, or the first ranked) as standard candles by Hubble and Humason
(1931) and Humason (1936) at Mount Wilson in the 1930’s, and at
Palomar after 1950 (Hubble 1953; Humason, Mayall and Sandage 1956;
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Sandage 1972). Until recently the effort was to make observations to ever
larger distances, because the goal then was not only to test the form of the
field locally, but also to measure the deceleration directly via the look-
back-time so as to carry out the hope of Gauss to determine the intrinsic
geometry of space by experiment. 'The method {Hubble 1938; Mattig
1958; Sandage 1961, 1963) has been to use the connection between
geometry and energy-density provided by General Relativity to estimate
the Riemannian curvature itself.

It is now generally understood that this very direct approach of obtain-
ing the kinetic energy-density relative to that of the gravitational field for
the measurement of g¢ may be unconvincing for yet some time to come
because of luminosity evolution of the standard candles by both the
evolution of the stellar content of E galaxies, and perhaps by mergers of
cluster galaxies that should make the near and far cluster samples differ.

The end result of the far-field work to date has been to establish the
lincarity of the expansion with good precision for velocities larger than
vo = 3000 km s7%. Yet with the above caveat, there is no clear deviation
from linearity of the World Picture (in Milne’s terminology) caused by the
deceleration (making the World Picture differ from the World Map by
more than just the finite light-travel time).

It is this failure of the look-back approach which suggested that a local
test could be made of the strength of gravity by putting limits on the
deviation of the velocity-distance relation of nearby galaxies due to the
effect of the Virgo North Galactic Density Anomaly (Sandage, Tammann
and Hardy 1972; Silk 1974; Peebles 1976). Ience, since about 1975 the
problem has been two-fold: (1) to search for a systematic deviation from
linearity for distances that are under the control of the Virgo complex: (2)
to determine the value of the mean random motion about the systematic
flow, whatever the local pattern may be. The first problem is described
by many authors as determining the local “infall velocity” toward the Virgo
cluster core,

B) The Velocity-Distance Relation in Various Distance Regimes

i. Large Distances. Figure 1 shows the observational data for 82
clusters whose redshifts are plotted versus the apparent magnitude of the
first ranked cluster members, corrected for the effects of absorption and
redshift. The requitement for a linear velocity-distance relation is shown
by the line of slope 5, provided that such galaxies have the same intrinsic
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Fic. 1. Correlation of apparent magnitude of fisst ranked cluster galaxies with redshift of

their parent clusters (Sandage 1972). The magnitudes are corrected to isophotal aperture

of 26 mag avcsec~? and for the effects of redshift and absorption. The line of slope 5 satisfies

the data, showing that the form of the expansion velocity field is linear. The box in the
lower left is the very local domain discussed in Sec. 4.

luminosity. The data encompass the redshift range 1000 km s7h <<
< 140 000 km s and a look-back time of ~ 0.3 Ho™' (if g0 = 0) and
show, over this range, that the expansion is linear.

The nature of the scatter in Figure 1 shows no increase in the A logz
residuals {read vertically) with increasing faintness. Hence, Az/z==constant
but, as this would requite that velocity dispersion should increase with dis-
tance, most if not all scatter in Fig. 1 must rather be due to spread in absolute
magnitude, which (read horizontaily) is o (M) = 0.3 mag. Hence, an upper
limit to the random component of the mean random velocities of cluster
centers is 9 {Az/z) = 0.16. This is an interesting uppes limit at redshifts
of log cz = 3.5 (or v = 3000 km s~'), where there are several points in
Figure 1, because it corresponds to ¢Az = 500 km s™*. The true random
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motions are certainly less than this and, hence, less than any systematic
motion of ~ 600 km s™' relative to the universe itself given by our aniso-
tropy due to the 3 K radiation {Smoot and Lubin 1979; Boughn, Cheng
and Wilkinson 1981).

il. Intermediate Distances. 'The lincarity of the expansion field over
the smaller distance interval embraced by 3000 <0 » < 10 000 km s~ (or
60 Mpe <7 <0 2000 Mpc) is sampled with more detail in Figure 2 where
data for first ranked E galaxies in groups as well as in clusters are plotted.
Again & line of slope 5 fits the data well, including the solid dot at
Ve = 8.2 that is the Virgo Cluster. As before a study of the residuals
shows that o (Az/z) < 0.2 is conservative, which puts an upper limit of
S (chz) = 300 km s for the random motion of group centers as close as
oo = 1500 km s™'. The true value of the random velocity is clearly lower
than this [except in the unlikely event that the dispersion in absolute
magnitude is actually o (M) = 0.0].
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Fre. 2. The Hubble diagram using data from nearby groups added to those frem the great
clusters (Sandage 1975).  As in Figure 1 magnitudes arc corrected to an isophotal aperture,
for redshift and absorption effect, and further for cluster richness effect.
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To guard against objections that the absolute magnitude of the first-
ranked cluster galaxy may be a special case and, therefore, a poot standard
candle (despite the smallness of the scatter in Figures 1 and 2), Weedman
(1976} obtains the same result for the mean of the five brightest cluster
galaxies shown in Figure 3, using nuclear magnitudes (suitably defined in
his discussion). A line of slope 5 is drawn, again sbowing the linearity of
the expansion field between 1000 and 10 000 km s™'.

As before the Virgo Cluster point lies close to the mean line, brought
inward from larger distances, showing that any systematic velocity of the
Virgo cluster core relative to the universe as a whole (in a Machian sense
of a fixed frame, defined by the global distribution of matter} is small,
with limits of only a few hundreds of km s™*. It is the smallness of this
value, and also the near zero random motions of otber local individual
galaxies (Sec, 4), that is perhaps the most astonishing fact of the Hubble
flow. Although at various times we have claimed random velocitics as
low as ¢ (AV) < 50, or even 25 km s~ (cf. Tammann, Sandage and Yahit
1979) it would even be astonishing if it wete as low as 100 km s, On
this point Zeldovich once remarked: “One of the most unexpected ob-
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Fre. 3. Weedman’s (19756) Hubble diagram for the mean of the five brightest cluster galaxies

using nuclear magnitudes. The Virgo cluster point in the lower left shows, as do Figures 1

and 2, that no large velocity perturbation occurs for the Virge cluster itself relative to the
much mose distant reference frame.
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servational results for a theoretician is that the expansion velocity field is
so noiseless in the presence of such great inhomogeneities in the mass dis-
tribution”. It is, of course, this very nearly noiseless condition that is just
the cvidence why either go =2 0 (gravity is unimportant) or, conversely,
why g0 could be very large, if a uniformly distributed homogeneous sub-
stratum tnass were to malke the apparent dcnsity inhom(}geneities less
significant.  However, in the latter case the Hubble diagram would be
expected to deviate so significantly [rom linearity in its World Picture at
large redshifts that this deviation in the observed Hubble diagram (Mattig
1958) would be readily detected. As this does not occur, an upper limit
of go < 5 seems secure.

iil. Nearby Distances. Still closer, within v 2 1500 km s/, we enter
the realm where large systematic velocity perturbations due to the Virgo
complex might be expected if ¢o is not close to zero.!

We show in Figure 4 (Tammann and Kraan 1978) the velocity-
distance relation within 25 Mpe. Plotted are earlier results on galaxies with
individual distance indicators (Tammann 1977) and the Virgo cluster with
the distance taken from Sandage and Tammann {1976). In addition three
other galaxy groups ave plotted whose distances relative to Virgo are
known (Visvanathan and Sandage 1977). A linear velocity-distance relation
is shown with a Hubble constant of Hy = 55 km s*' Mpe. Although the
adopted distances need some revision, the scatter read in velocity is small,
of the order of 100 km s7', even this locally.

In Sec. 4 we shall examine the region of the lower left for distances
less than ~ 10 Mpc so as to study the perturbation due to Virgo in more
detail. The important point to note in Figure 4 is that the perturbation
is still small and the Zeldovich wonder becomes even deeper for these
regions within the Virgo complex. A new result frem the present work in
Sec. 4 is that the Virgo density contrast has, in fact, listle effect even on the
very local velocity field.

C) Absolute Calibration of the Expansion Rate (o)

Already in 1926 Hubble had a calibration of the mean absolute
magnitude of the brightest resolved stars in a few nearby galaxies (M 31,

' Recall that 2 g4 is the ratio of gravitational potential energy 1o kinetic energy in the
expansion, hence, if gy < 1/2, the kinetic encrgy dominates and, in the g, = ¢ limit, no
perturbation of the velocity field due o Virgo is expected,
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Fig. 4. The very local velocity-distance relation using distances to nearby groups, and relative
distances of other more remote groups to Virge, The even nearer regime for V < 500 lan s+
is discussed in See. d.

M 33, LMC, SMC, NGC 6822 and, strangely, M 101; cf. Table XV of
Hubble 1926) whose distances he already had from Cepheids. There he
derived My (brightest star) = — 6.1, a value which was used in his disco-
very paper of the velocity-distance relation (Hubble 1929) and in his final
calibration of 1936.

His best value of the expansion rate in the otiginal 1929 paper was
He = 513 == 60 km s Mpc™'. This was revised slightly (Hubble 1936b,
Table VI) to 526 km s™' Mpe™ in 1936 and this became the ex cathedra
value until observational problems belonging to different roots began to
appear in the early 1950%s.

Hubble believed that he had resofved the brightest stars in spirals in
the Virgo cluster beginning at m2,, = 19.0 in NGC 4321, 19.2 in NGC 4254,
ete. (Table 11T in Hubble 1936a). His calibration M {star) == — 6.3 {cox-
rected for Malmquist bias) led him to a Virgo cluster modulus of (m—M)=
26.8, fully compatible with Hs = 525 km s™' Mpc™, using a velocity to the
Virgo cluster of 1230 knm s



30 A.R. SANDAGE - G. A. TAMMAN

In the early 1950’s Hubble began a program to strengthen the
measurement of distances to the fundamental calibrating galaxies by begin-
ning the Cepheid campaign on the M 81/NGC 2403 group. As Baade
(1952) was failing to find RR Lyrae variables in M 31 with the 200-inch
reflector, indicating an error even in the first step of the distance scale,
Hubble recalled that “the spectroscopists at Mount Wilson believed that
my early distances to galaxies were too large [rather than too small] be-
cause neither Adams, Joy, nor Merrill had ever seen a star brighter than
Ms = — 3 mag.”. At that time the claim of Mu = — 6.3 in other galaxies
was unsupported by any other foundation and hence the value of Ha even
then was in dispute. The principal argument then was that Hubble’s
assumed stellar magnitudes were too bright, but a second telling point in
the opposite sense (that his distances were much too small) was that the
time of Ho™' = 1.9 X 1" years was far too short compared with the
radioactive age of the Earth’s crust of 3 X 10° years determined by Holmes
in the 1930°s. Hubble’s 1926 calibration of the distance scale was used
as late as 1950, Distances, given by Hubble to Holmberg (1950) for his
discussion of neatby groups, are listed in Table | to compare with modern
values. The largest 1950 distance shown there is D = 2.3 Mpc to the
Virgo cluster,

The developments since 1950 that have caused a progressive increase
in the distance scale occurred via a series of steps that include: (1) Baade’s
(1952) proof that the zero point of the Cepheid P-L relation was to he
revised brightward by ~ 1.5 mag; (2) Stebbins, Whitford and Johnson’s
(1950) demonstration that the Mount Wilson magnitude scales beyond
B = 16 need a continuous adjustment {aintward by as much as 2 magni-
tudes at 2y, = 19; (3) new obsetvations of the Cepheids in M 31 hy Baade
and Swope (1963); (4) a revised calibration of the P-L and then the P-L-C
relation, using newly discovered Cepheids in galactic clusters; (5) discovery
and photometry of Cepheids in NGC 2403 in the M 81/NGC 2403 group;
(6) use of brightest red stars as distance indicators; {7) discovery that most
of Hubble’s “brightest stars” in galaxies from his 1936a list fainter than
m 2= 19 are actually H IT regions and/or associations and hence that he
had no fundamental data that were based on primary indicators for red-
shifts Jarger than ~ 400 km s77; (8) proof that galaxies even of a given van
den Bergh fuminosity class have a large range in intrinsic laminosity whose
mean << M > is strongly affected by the Malmquist bias in any magnitude-
limited sample.

Study of these problems has suggested new values for the moduli.
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TasLE 1 - Comparison of Hubble's 1950 disiances with distances adopted

here.”
GALAXY (m-M)un D (Tubble)  (m-M)yy D (Now) D {(Now)/D
Hubble (1950 (Mpe) Now {1982) Mpe {1250)
(1) (2) (3 (4} (5) (6)
LMC 17.1 0.22 18.91 0.52 2.4
SMC 17.3 0.25 19.35 0.7% 28
M33 223 0.24 24.68 0.82 34
M31 224 0.23 2478 .67 29
NGC 6822 216 0.16 2503 0.62 i
IC 1613 220 0.23 24.55 0.77 33
WLM 22.3 0.25 25.54 1.28 3.1
M81/NGC 2403 group 24.0 0.52 27.60 325 62
MI101 group 24.0 0.52 292 6.92 13.3
Virgo 26.8 229 317 219 9.6

% Sources for Hubble's 1950 distances are Holmberg (1950).

Sources for present distances are Sandage and Tammann (1974a, 1982).

Note that the apparent blue moduli are given in columns (2) and (4) but the “true”
distances in columns (3) and (5), using the adopted absorption corrections listed in the cited
references.

These are given in column (4) of Table 1. The ratio of the distances in
columns (3) and (5) is given in column {6}, where the most striking feature
is the stretching of the scale, starting as a factor of ~ 2 within the Local
Group, and reaching ~ 10 at the Virgo cluster.

2 - Ho PROM THE BRIGHTEST RED SUPERGIANTS AND SUPERNOVAR

It is evident that in spite of the smaliness, as discussed in Scc. 1, of the
streaming motions superimposed on the expansion field and of the random
peculiar motions of galaxies outside of the large clusters, non-Hubble motions
of a few hundreds km s™' could have an appreciable effect on the Jocal value
of Hs and that, therefore, Ho must be determined at distances correspond-
ing to wo > 5000 km s™' to obtain the true large-scale value.
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In a series of papers {Sandage and Tammann 1974a, b, ¢; 1975, 1976,
1982; hereafrer referred to as ST [-V1) a method was presented whereby Hs
(cosmic} was obtained from several distance indicators which were used
consecutively to reach distances where e = 5000 km s7. This method
relied quite heavily on the small luminosity scatter of spiral galaxies of a
fixed van den Bergh luminosity class. This small dispersion has since been
questioned (Tammann, Yahil and Sandage 1979; Sandage and ‘Tammann
1981) which weakened the route to Ha, 1t is therefore helpful that a new
and independent way to Ie {cosmic} can be presented here.

Since the first derivation of Ho = 50 to 55 km s™' Mpc™ occasionally
higher values of up to Ifs = 100 have been suggested. Reasons why these
high values are believed to be unreliable are given in the Appendix.

The present route to Ha relies on only three distance indicators:
Cepheids, brightest red supergiants, and supernovae of type I (hereafter
abbreviated as SNe 1). These distance indicators fulfill two fundamental
criteria: (1) it can be shown independently that they are indeed stable
distance indicators; (2) they are particularly insensitive to selection bias.
This is true in the case of Cepheids because they follow tightly the period-
luminosity-color relation with ¢ (M) < 0.1 mag (Sandage and Tammann
1969, 1971). SNe I at maximum B light have a luminosity scatter of at most
o (M) << 0.4 mag. This translates, under somewhat simplified assumptions,
into a systematic magnitude difference (Malmquist effect) between a magni-
tude-Jimited and a distance-limited sample of only AM = 1.38 0" < 0.22
mag, such that a local calibration of the absolute B magnitude at maximum
leads to a systematic distance underestimate of distant SNe I of not more
than 109%. Finally, the brightness of the brightest red supergiants is ap-
parently governed by a physical guilfotine effect, possibly due to mass loss
of very massive, evolved stars. Such a fiducial upper luminosity limit is, of
course, independent of any selection effect, and hence of distance.

AY Absolute Magnitudes of Brightest Stars

Distances to twelve late-type galaxies are known from Cepheids {cf.
ST 1); five of these lic within the Local Group and the remaining ones
(including here the dwarf galaxy Ho IX) arc members of the M 81-NGC
2403 group, the distance of which follows from the Cepheids in NGC 2403.
[The argument of group membership does not require that the group is
bound; it implies only that the galaxies lie roughly at the same distance
from the observer, which can be demonstrated independently to within
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+ 209 (Tammang, Sandage and Yahil 1980)]. To these galaxies the dwarf
salaxy Sextans A can now be added (Sandage and Carlson 1982}, In addition
the very faint magnitude at which Cepheids are found in M 101 sets a firm
lower limit to the distance modulus of the M 101 group of (m— M)’ > 29.0,
and probably > 29.2, a value which is also required by the brightest blue
stars in M 101 (cf. also Humphreys 1980b) and its companions, NGC 5474
and NGC 5585 (ST 11I). The distance of the M 101 group is included
here for completeness and has no consequences for the following results.

A frst indication that the Cepheid distances are nearly correct comes
from the fact that other authors, using quite different reduction procedures,
have artived at only slightly smaller distances. The distances derived by
de Vaucouleurs (1978a, b) agree on the average for Local Group galaxies to
within 16% and, for galaxies in the M 81 group, to within 129%. Van den
Bergh's (1977) distances for 6 Local Group members are smaller in the
mean by not more than 12%.

It is even more significant that new ways to obtain the distances of
the Magellanic Clouds confirm the adopted Cepheid distance moduli to
within % 0.2 mag {i.c. 10% in distance). This new evidence comes from
Graham’s (1973, 1975, 1977) RR Lyrae stars, from infrared magnitudes of
Cepheids (Martin, Warcen and Feast 1979; Feast 1977), from Mira stars
in the LMC (Glass and Evans 1981) and from OB stars {Crampton 1979;
Crampton and Greasly 1981).

The zero point of the P-L-C relation of Cepheids siill rests, via the
calibration in open clusters, on the old Hyades modulus of (mz—M)” = 3.03
(van Bueren 1952; Wayman, Symms and Blackwell 1965; Egpen ]979). If
a larger distance modulus of (m—M)" = 3.30 (c.g. van Altena 1974;
Hanson 1975; ¢f. McAlister 1977) were adopted, the distance increase
would enter with almost full weight into the Cepheid distances. However,
the resultant distance increase of 139 (0.27 mag) would be difficult to
reconcile with Graham’s RR Lyrae stars in the Magellanic Clouds (cf.
Tammann, Sandage and Yahil 1980}, and also with the LMC Cepheids of
Martin, Warren and Feast (1979), whose zero point tests at feast partially
on Balona’s method, similar to the Baade-Wesselink method, to derive
parallaxes from pulsating atmospheres. We, therefore, conservatively base
the following discussion on the old Hyades modulus.

The data for the three brightest blue and red stass in galaxies with
distances known from Cepheids are compiled in Table 2. Column (2) lists
the apparent bluc distance modulus, column (3) the adopted galactic absorp-
tion in the blue, column (4) gives the absolute blue magnitude of the galaxy
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carrected for galfactic and intrinsic absorption {as listed by Kraan-Korteweg
and Tammann 1979), columns (5) and (6) list the mean blue apparent and
absolute magnitudes, respectively, of the three brightest blue stars, and
columns {7) and (8) give the available data on the mean visual apparent
and absofute magnitudes, respectively, of the three brightest red stars.

The magnitudes of the brightest stars in Table 2 are corrected for
galactic absorption, but not for internal absorption in the parent galaxy.
The latter procedute seems to be justified for two reasons: (1) the brightest
stars in a galaxy as seen from an outside observer are expected to be biased
in favor of low internal absorption; (2) the internal absorption may increase
the magnitude scatter, but does not introduce a systematic effect, as long
as the reduction is done consistently. The only stars in Table 2 which are
cotrected for the full amount of absorption are those in the solar neighbor-
hood; here the three brightest red supergiants appear indeed to be some-
what bright.

The values Mv* (3) from Table 2 are plotted in Figure 5 against the
absolute magnitude Mp" (gal) of the parent galaxies. It is striking that
M+® (3) does not depend on the galaxy luminosity, and that the mean value
of <MV (3)> = — 7.72 + 0.06 (5 = 0.17) applies with little scatter to
all calibrating galaxies, from the extreme dwarf galaxy Ho IX (M= 13 45)
to at least NGC 2403 (Mp = - 19.37}, and probably also to the supergiant
spiral M 101 (Mp = -~ 21.31). This shows by experiment that the upper
[uminosity limit of red supergiants is a powerful distance indicator, inde-
pendent of the physical nature of this limit. (It could, for instance, be
caused by mass loss whose importance increases with the mass of an evolving
star, but the astronomical result of nearly constant My {3) is independent
of its astrophysical explanation).

The calibrated value of <X Myv"{3) > can hardly be considered contro-
versial. De Vaucouleurs {1978a} found from his distance scale for the one
brightest red supergiant << My® (1) > = — 7.6 % 0.2, which translates into
<M (3) > = — 7.4 £ 0.2 (cf. Table 3). The latter value is merely 0.3
mag fainter than the present calibration. For this reason it is believed that
the present route to o leaves discrepancies between different extragalactic
distance scales at the level of only ~ 15%.

Figure 5 shows also the values My (3) for the three brightest blue stars
plotted against the galaxy absolute magnitude. They show a pronounced
cosrelation, as in the original calibration (ST II}, which is naturally explain-
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Fig. 5. Upper panel: The mean absolute V magnitude of the three brightest red supergiants
plotted against the absolute B magnilude of the parent galaxy. My (3) does nat correlate
with rhe galaxy luminosity.

Lower panct: The same plot for the mean absoluie B magnitude of the three brightest
blue stars. Note that here the liminosity of the brightest stars increases with the luminosity
of the parent galaxy for M5 (gal) < - 17, Dots are calibrating galaxies, open circles are
calibrators of lower weight, tiangles are members of the M 107 group; the crosses are
golaxies whose distances are determined here by requiring thav their brightest red supergiants

fir the mean rchation in the upper panel.

ed as a statistical effect of a normal, tailing-off luminosity function, The
cortelation begins in galaxies brighter than Me {galaxy) == — 17, hence blue
stars In such galaxies are neatly useless as distance indicators because the
correlation line is almost 4359, which is the well-known degenerate condition
for which faint, nearby indicators imitate bright distant ones exactly,

The calibrated mean luminosity of the three brightest red supergiants
is used in the next Section to derive distances for seven other nearby galaxies.
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B) New Distances to Sevein Nearby Galawies

For seven nearby, highly resolved, late-type galaxies plates in B and V
were secured with the 5 m Hale and the 2.5 m Du Pont telescopes. Photo-
electric magnitude sequences were set up around each galaxy, and these
sequences were extended down to the plate limits using plates taken with
a Pickering-Racine wedge, Color-magnitude diagrams were established for
all measurable bright stars to V<< 22, B <C 23 by means of step scale
estimates. Details of the program are published elsewhere (Sandage 1982).
Photographs of several program galaxics are shown in Figures 6 o 13,
and color-magnitude diagrams in Figures 14 to 19.

The identification of the three brightest blue stars with (B-V) < 0.4
from the color-magnitude diagram is straightforward, because the chance
occurrence of an equally blue foreground star is highly improbable at these
faint levels.

The identification of the three brightest red supergiants is helped by
the following of their properties, known from the calibrators: (i) the
colors of the brightest red supergiants have (B-V) > 1.6; at these red colors
foreground stars become scarce; (2)most or all red supergiants are variable.
The variability affects the accuracy of these stars as distance indicators
but, as the experiment of the calibrators with a magnitude scatter of
o (M) = 0.17 mag shows, the deterioration is by no means severe; (3} for
most of the program stars plates exist spanning a time interval of ~ 25
years; this is sufficient to efficiently exclude foreground stars on the basis
of their proper motions, which can be unambiguously detected by blinking
techniques; (4) the red supergiants have a clear tendency to concentrate
in the regions of active star formation, which strongly reduces the area in
which they are likely to occur.

The mean apparent V magnitude of the three brightest red super-
giants, mv {3), are listed in Table 3, column 2. The galactic absorption
Av, as determined from the precepts of the RSA (Sandage and Tammann
1981), is shown in column 3. An absorption-free polar cap for b > 50°,
adopted there, is now well established from new high-latitude X-ray, far
uliraviolet and radio data (cf., Heiles 1980; Bohlin, Savage and Diyake
1978), The absolute calibration of the red stars, obtained in the last
section, then leads to the true distance moduli given in columa 4. The
mean apparent B magnitude of the three brightest blue stars in column
S leads to their absolute magnitudes in column 6 via the true distance
moduli and a galactic absorption of As = 4/3 Av. The galaxy absolute
magnitudes in column 7 are calculated analogously to those in Table 2.
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Fra. 8, Vellow (103aD - GC 493} photograph of Sextans A, taken with the Palomar
5 m-Tale veflector and with a Pickering-Racine wedae, The brightest stars in V are marked,
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Fra. 9. Blue photograph of Woll-Lundmark-Melotte  [W-1-M), raken with the Palomar
5 m-Hale reflector.  The photoelectric sequence is marked.
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TaBLE 3 - New Distances from Red Supergiants.

Galaxy sty {3) Ay (s2-M)° 1y (3) M2 (3) M (gal)
)] (2) (3) {4) (3) (6} )]
W-L-M 17.82 0.00 25.54 17.94 -~ 7.60 — 1481
Sextans B 18.94 0.05 26.64 19.50 - 717 - 15,00
Leo A 19.68 0.00 27.40 18.75 - 8,65 - 14.49
Pegasus 20.52 0.05 28.19 20.10 - 8.15 w1584
1C 4182 2049 .00 28,21 20.24 — 797 — 16.87
NGC 4395 21 0.00 28.82 19.29 — 953 — 1847
NGC 4214 213 0.00 29.62 19.23 — 979 — 18.99
aThe brightest red supergian: has s {1) = 21™1. The mean difference #y {3) -

my (1) = 0919 (o = 0.914) has been applied.

The absolute magnitudes of the brightest biue and red stars in Table 3
are plotted in Figure 5 as crosses. While for the red stars the crosses lie
on the mean line by construction, the resulting position of the blue stars
within the scatter-range of the calibrators is satisfactory, and gives some
additional support to the adopted distance moduli.

The listed moduli and absolute magnitudes are believed to be accurate
t0 0.2 to 0.3 mag. The error is somewhat larger for NGC 4214, since it
has a rematkably high surface brightness, making the photometry of indi-
vidual stass relatively difficult. Fortunately NGC 4214 has both in projec-
tion and velocity space a close, highly resolved and low-surface brightness
neighbor, NGC 4395, which almost certainly lies at essentially the same
distance as NGC 4214, Tor this galaxy pair, which belongs to a whole
group of galaxies {Kraan-Korteweg and Tammann 1979; their group B 4},
a mean distance of (m—M)® = 29.02 & 0.3 is therefore adopted.

C) Relative Calibration of Type I Supernovae as Distance Indicators

1. SNe I as Standard Candles

Problems of determining the magnitudes of supernovae at maximum
and the internal absorption in galaxies of all types have been reviewed
recently (Tammann 1981). Available data had suggested catlier (Kowal
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1968) that the dispersion in <X My"™ > may be small in weli-observed
SNe I and, hence, that they might be good relative distance indicators. Once
calibrated, they would then become good absolute indicators.

It is now clear that SNe I appear to have different absolute magnitudes
at maximum, aithough they represent with all likelthood the same physical
phenomenon in I and SO galaxies on the one hand and spiral galaxies on
the other. The SNel in spirals are consistently fainter and redder and
they have larger luminosity scatter than their counterparts in E/SO galaxies.
The reason is simply internal absorption in spiral galaxies, which is absent
in I£/S0 galaxies. Analysis of 17 SNe I in E/S0 galaxies, cither of known
redshift or internal to the Virgo and Coma cluster, shows that ¢ (Mz™) =
0.58 mag for the complete sample, and 9 (M) = 0.43 mag for a subsample
of the 9 best observed SNel {Tammann 1981). The magnitudes at
maximum, corrected for galactic absorption, of the 17 SNe I in Table 5
were taken from a recent compilation (Cadonau and Tammann 1981) of
previous data (Barhon, Capaccioli and Ciatti 1975; Pskovskii 1977; Kowal
1978; Branch and Bettis 1978). A convession of the mzy, magnitudes to
the B system of mm — w2 == 0.24 mag at maximum has been adopted.
The #n" (max) values are plotted in the Hubble diagram of Figure 20,
where the six SNe I in Virgo cluster E galaxies and the five in the Coma
cluster are combined, respectively.

The SNe I follow a line of slope 5 with high accuracy. Since it is
independently known from the discussion in See. 1.B that the expansion is
linear, Tig. 20 shows that < Mz™ > for SNeT is stable to wnhm the
scatter quoted above, A least-square fit, using 72’ (max) as an independent
vatiable, and forcing a slope of 5, requires:

< Mp™™ > = (— 19.73 = 0.24) + 5 log (Ho/50) . (1)

For the 6 SNel in the Virgo cluster a true recession velocity of
= 1200 km s™' has been assumed. This value comes from the observed
mean velocity of the cluster of < w0 > = 967 = 50 km s (Kraan-Kozte-
weg 1982) and an allowance of ~ 233 lem s™' for our infall velocity to-
ward the cluster (cf. Sec. 4). An error of & 200 km s! of the adopted
infall velocity affects the mean absolute magnitude of the 17 SNe I by only
+ 0.2 mag. This error has been already allowed for in equation (1).
Another check on the stability of < My™ >, which is independent of all
velocity data, comes from the fact that the six SNe I in Virgo cluster E
galaxies have < My™ > = 12.02 = 0.18, again with a small scatter of
c = (.43,
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Fis. 20. The Hubble diagram for supemovae of type I at maximum B light, The six SNe

in the Virgo cluster and the five SNe in the Coma cluster are combined, respectively.

The low-velocity SN 193%a is not plotted. The best fit to the points agtees very well with
a line of slope 35, which is required for standard candles.

In view of the poor-quality photometry available for most SNe, it is
fikely that much of the luminosity scatter is due to observational errors,
and that the true scatter is considerably less than o = 0.4 mag. This ex-
pectation has recently been confirmed in a most convincing manner by Elias,
Frogel, Hackwell and Persson {1981). They have obtained extended infra-
red light curves for three SNe I, two of which lie in the same (!} cD galaxy
NGC 1316 and one in the spiral galaxy NGC 4536. The complex light
curves are identical to within < 0.1 mag, which is of the same order as
the observational accuracy. This not only indicates that SNe I are good
standard candles, but that their photometric properties are not dependent
on the type of their parent galaxies. SNe T in spiral galaxies are, therefore,
equally useful standard candles, once the effect of their intetnal absorption
can be controlled.
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D) The Absolute Calibration of Type 1 Supernovae and the Value of

Two of the galaxies in Table 3 with known distances have produced
SNe I with well observed light curves, i.e. 1C 4182 (SN 1937¢) and NGC
4214 (SN 1954a). Although SN 1954a has shown some spectral pecularities,
it is no doubt of type I (Oke and Searle 1974).

The relevant data for the two SNe are compiled in Table 4. Baade’s
(1938, 1941) maximum of mz™* = 82 for SN 1937c translates to
™ = 8.44 (column 3). The available color information does not allow
a correction for internal absorption and, because the SN lies outside the
main body of IC 4182, we have conservatively adopted zero abscrption.
(Note that any absorption correction would lead to a lower value of Ha).
Wild’s (1960) photometry of SN 1954a, together with the standard light
curve of Barbon, Ciatti and Rosino {1973a), gives m™™ = 10.18. To
estimate the absorption we have taken the shape of the (B-V) light curve
from the well observed SN 1972e in NGC 5253 (Ardeberg and de Groot
1973; Lee, Wamsteker and Wisniewski 1972) and the zero point of the
color curve from the presumably absorption-free SN 1970j which occurred
in NGC 7619, an E galaxy at b = - 48° (Barbon, Ciatti and Rosino
1973b). This detour is necessary because the published color curves are
not independent of SN 1954a. The resulting reddening for SN 1954a is
Ep.v = 0.22 * 0.08, which then leads (assuming As/En.v = 4 for SNe)
to a blue absorption of As =~ 0.88 4: 0.32 and to the corrected value of
s’ (max) in Table 4, column 3. In column 4 the distance moduli of the
parent galaxies are repeated from Table. 3. The resulting mean absolute
magnitude of SNe T at maximum in column 5, Me® (maxz) = ~19.74 & 0.19
can now be inserted into equation {1} to give

5 log (He/50) = — 0.01 = 0.31 (2)

TABLE 4 - Luminosity Calibration of SNe 1 using NGC 4214 and IC 4182.

Name Galaxy #2% {max) (vr2-IMP M {max)
n (2) (3) (4) (3)
SN 1937¢ IC 4182 844 £ 0.1 2821 = 0.2 —19.77 = 0.22
SN 1954a NGC 4214 9.30 203 28.92 = 0.3 —19.62 + 042

—19.74 = 0.1%
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Solving for Ha leads to

Hy == 50 = 7 km s' Mpe™' . (3

Because equation {1) is mainly defined by SNe I with 3000 <C w0 <12 000
km s, this is clearly the global value of ITs, well beyond the effect of any
local velocity anisotropies.”

Thete are two lines of argument which suggest that the present
calibration of Ms® (max) must be nearly correct:

(1} With this value, the two galactic SNe (presumably of type I) of
Tycho (SN 1572) and Kepler (SN 1604) are at distances of 4.0 and 3.2
kpe from us, respectively. These distances are well within range of the
published values, SN 1885a in M 31 (S And) must either have been dim-
med by 0.6 mag of internal absorption, ot it was not of type I (cf. Tam-
mann 1981 for discussion on both these points}.

(2} The calibration is also in satisfactory agreement with presently
available expansion parallaxes of SNe I and SNe IT. The quoted values for
SNe T ate within the limits — 20.5 < Mp™* < —19.12 {Branch 1977,
1981; Arnett 1981). Tor the type II SN 1979¢ in the Virgo cluster
Branch et al. (1981) found a distance modulus of {m—M)° = 31.8, which
then requires, with < ™ > = 12.02 % 0.18 for the six SNe I in Virgo
E/SO galaxies (see Table 5), Ms™ = — [9.8.

EY Some Additional Distances

In Table 5 we list data for 17 SNe 1 in E/SO galaxies. The six SNe [
in Virgo cluster E galaxies have, as just quoted, ms” (max) = 12.02 = 0.18
(cf. Tammann 1981). This value combined with the SN calibration in
Table 4 gives a Virgo cluster modulus of (m—M)" = 31.67 # 0.26.

From the infrared photometry of SNe I (Elias et al. 1981) one knows
further that the two SNe I in NGC 1316 were 0.4 #+ 0.1 mag fainter than
the one in the Virgo cluster galaxy NGC 4536, This leads to a distance
modulus of the Fornax cluster, of which NGC 1316 is the brightest
member, of (M) = 32.07 & 0.28.

Fusthermore the infrared photometry of SN 1972e (Kirshner et al.
1973) in NGC 5253 shows it to be brighter by 3.9 = 0.2 mag than the

2 Note that with no absorption correction for SN 1954c one would have obtained
Mp? (max) = — 19,55 2 0.19 and H, = 54, which statistically is the same result,
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Tasre 5 - ma" (max) of 17 SNe I in E/S0 Galaxies.

SN Galaxy v mg? {max) Remarks
193%9a NGC 4636 833 12.57*

191%a NGC 4486 1200 12.37% Virgo cluster
1939b NGC 4621 1200 12.15 Virgo cluster
1957h NGC 4374 1200 12.53 Virgo cluster
1960r NGC 4382 1200 12.08 Virgo cluster
1961h NGC 4564 1200 11.35 Virgo cluster
1965i NGC 4753 1200 11.72% Virgo cluster
1972j NGC 7634 3350 14.05

19704 NGC 7619 3983 14.58

1975b Anon, 3336 15.27:% Perseus cluster
1961d Anon. 6890 16.72 Coma cluster
1962a Anon. 6890 1579 Coma cluster
19621 Anon, 6890 17.07% Coma cluster
1963¢c Anon, 6890 15.85 Coma cluster
1963m Anon. 6890 15.15:% Coma cluster
1968h Anon. 12020 16.85%

1962¢ Anon. 14455 16.63%

# Observations of somewhat lower quality.

two SNel in NGC 1316. The resulting distance modulus is hence
(m—M)’ = 28.17 £ 0.34. A different route makes use of the optical data
of the two SNeI (SN 1895b and SN 1972¢) in NGC 5253. They had
< ™™ > = 837 (Tammann 1981), with probably little internal absorp-
tion. The galactic absorption is As == 0.13 (cf. RSA). With this value and
the calibration in Table 4, one obtains (m—M)® = 27.98 £ ~ 0.30. The
mean distance modulus is then (m—M)® = 28.06 £ 0.22. The distance of
NGC 5253 is interesting because it is probably a member of the NGC 5128
group, which contains besides NGC 5128 {Cen A) itself alsec NGC 5236
(M 83) and others (cf. Kraan-Korteweg and Tammann 1979},

The above distances are compiled in Table 6 and will be used in Sec. 4
together with other data to map the very local velocity field.
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TABLE 6 - Additional Distances from SNe l.

Galaxy v, Apgregate < Yy > (n-M)0 r
{lem s-1) (kms—1) {(Mpe)
NGC 5253 147 NGC 5128 group 2324212 28.064:022 4.1
NGC 4536 1646 Virgo cluster 967 +:50° 31.67:0.26 217
NGC 1316 1713 Tornax cluster 14864 76! 32.070.28 259

1 RSA (Sandage and Tammann 1981},

2 Tammann and Kraan (1978},

3 Kyraan-Korteweg {1982). The value is in perfect agreement with < wy > = 978 & 51
km s—! which is the result of Mould, Aaronson and Muchra (1980}, after their published
value of 1019 km s-! is reduced to the presently adopted centroid of the Local Group

(Yahil, Tammann and Sandage 1977).

3 - THE VALUE OF 4o

AY The Classical Deceleration

i. Principle: Because we look back in time as we look out in space,
we could, in principle, measuse the deceleration of the expansion directly
by comparing the World Map “now” with the World Map “then”. But
the problem is complicated because, due to the finite velocity of light, we
do not see the World Map, but only the World Picture.

In all homogeneous and isotropic Friedmann universes, the velocity-
distance relation of the World Map is strictly linear at all times and has
the same rate everywhere at any given cosmic time. But, since the World
Picture cuts the World Map at different cosmic times, the observed
velocity-distance relation will appear to be non-linear at large distances,
even in the absence of deccleration. This pseudo non-linearity must, of
course, be subtracted before finding any true deceleration. Suppose now
we add mass to the World, causing a true deceleration. The velocity of
any given galaxy will now progressively decrease with time. This adds an
additional non-linearity to the World Picture which we seek to measure
by some means, for example via the Hubhle “velocity-distance” diagram.
But the problem is quite complicated because we never measure a “distance”
but merely redshifts, apparent Tuminosities, and angular diameters of
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galaxies. Hence, the practical problem reduces to assembling the equations
of the homogeneous Friedmann models into relations between observables
alone to obtain even a first approximation.

These complications are, of course, accounted for in the treatment
of tbe equations that relate the metric of space-time to the encrgy-density
and, hence, to relations between »z, go and z only. Before 1958 this problem
of the World Map versus the World Picture in terms of redshift and
deceleration was developed by among others Tolman, Milne, McCrea, Heck-
man (1942), Robertson (1953), McVittie (1956), Davidson (1959). The
solutions there were given by series expansions in the look-back time (i.e.
redshift) for all classes of homogencous cosmological models. Besides the
general philosophical difficulty of not being related directly to the physics
{but only to the kinematics) of the models, these Taylor expansions were
generally useful only for low redshifts.

A great advance was made in 1958 by Mattig’s {1958, 1959) codifica-
tion of the problem by an elepant reduction that permitted all the fun-
damental connections between theory and observation to be expressed in
closed form. It is remarkabie that the former series-expansion treatments
in terms of R, R and R could be replaced in exact closed form, using only
the two quantities: Ho == Ro/Ro, measured at the present epoch; and
go = — Ro/Relé?, also valid for the present epoch. The number g is,
amongst other things: {a) a measure of the three-dimensional space
curvature R~ of the 4 space-time manifold, given by kc?/R*=Hd* (2 go—1};
(b) the mean mass-density in units of 4 % G/3 I*; and {c) twice the ratio
of gravitational potential energy to the kinetic energy of the expansion.
It is, therefore, remarkable that all the equations which connect the observ-
ables of magnitude, number counts, angular diameters, and time scale
with redshift contain only Hs, g0 and z, suppressing any concept of “dis-
tance”,

ii. Practice: Unfortunately, this direct approach to measure the de-
celeration via Mattig’s {m, z, ¢o) equation, i.e., via the generalized Hubble
diagram, has been largely disappointing to date, despite new data on magni-
tudes of first-ranked cluster palaxies to redshifts of z = 1 (Gunn and Oke
1975; Kristian, Sandage and Westphal 1978). The difficult problem is
still to know the evolutionary corrections, due either to luminosity changes
of the standard candles or to mergers. The summary at the last astronomical
Vatican Study Week [Nucler of Galaxies, by Spinrad {p. 45} and by
others] is essentially still the status guo, with, to be sure, heroic recent ef-
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forts by Gunn, Faber, Spinrad, Tinsley and their colleagues to determine
d (mag)/d¢ due to luminosity evolution in the look-back time. The answer
from this approach, using evolutionary corrections, is that go is still deter-
mined only within the older well-known wide range of 0 << g0 << 1.

The prospects of a definitive answer via this route are still unknown,
yet the appeal of this approach to the geometry of space directly, in the
spirit of Gauss, Riemann, Schwarzschild and Hubble, remains so great
that the route will surely continue to be used. Possibly, SNe I standard
candles, observed at redshifts of z = 0.5 with the Space Telescope, will
bring the necessary progress (cf. Tammann 1979). The route to go via
other classical tests, as the count-magnitude relation and the diameter-red-
shift relation (Sandage 1961), poses equally formidable problems due to
evolutionaty effects.

B) Other Routes Lo go

In view of the great difficultics to measure the deceleration directly,
it is important that go be obtained by measuring the mean mass density
po, hecause in a pressure-free Iricdmann universe the two quantities are
connected by:

471G
qu = — —_ {4)
3 1%

There are several routes to measure fo (see also Fall 1979; Peebles 1979;
Saslaw and Aarseth 1981), of which three will be mentioned here.

i. go from the Mean Luminosity Density. The mean large-scale lu-
minosity density residing in E and SO galaxies is £F = 2.2 10" Lo Mpc™,
and that in spiral galaxies is (after correction for internal absorption £} =
8.8 % 10" Lo Mpe * (Yahil, Sandage and Tammann 1980a). The dynamical-
ly determined mass-to-light ratio (equally corrected for internal absorption)
of pairs and groups of galaxies is A /Ly = 25 (Faber and Gallagher 1979).
Because pairs and groups are dominated by spiral galaxies, this value may
be taken as typical for the mass associated with spirals. Large clusters of
palaxies contain mainly E and SO galaxies. The virtal theorem gives for
such clusters A /Ly = 325 (Faber and Gallagher 1979). Combining in a
first approximation the above luminosity densities with the appropriate -
mass-to-light ratios gives po = 9.4 X 10° Mo Mpe™ = 6.4 X 107 gem™,
which with equation (4) leads to g0 = 0.07. Although this determination
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may easily be off by a factor of 2, it is clear that the matter which binds
pairs, groups and clusters of galaxies cannot close the universe. {Note our
extreme assumption of /L = 325 for E and SO “field” galaxies; hence
their value of g0 is an upper limit).

ii. g from owr Virgoceniric Motion. Deénsity fluctuations in the
universe must induce peculiar motions. One can therefore determine the
excess mass contained in these fluctuations, if one can measure the deviations
trom a pure Hubble flow; ie., if the density contrast Ap/p of the fluc
tuations is known, the mean mass density o follows (Sandage, Tammann
and Hardy 1972; Silk 1974; Sandage 1975).

From the discussion in Sec. 4 we adopt here our peculiar infall velocity
towards the Virgo cluster to be v = 220 % 50 km s™'. This velocity must
reflect the gravitational effect of the excess mass within a sphere centered
on the Virgo cluster and the Local Group at its periphery. Compared to
the large-scale field, the density contrast within that sphere is found to he
Apfoo = 3.0 2 0.2 (Yahil, Sandage and Tammann 1980a). From counts
of galaxies with 12<Ts <C 13 mag in the North and South Polar Caps it
follows that Ap/ps = 2.4 + 0.2 (Sandage, Tammann and Hardy 1972),
which is independent of any redshift information. From a deep redshift
survey Davis et al. (1980) determined, after adjustement to an infall velocity
of 220 km s, Lp/pe = 2.8 = 0.3. We adopt the latter value as the
mean of the three determinations. With 2w = 220 £ 50 km s and
Ap/pe = 2.8 £ 0.3 one finds (cf. Yahil, Sandage and Tammann 1980b;
Yahil 1980} go = 0.05 &= 0.04. This method measures all baryonic and
non-baryonic matter which is clustered like visible galaxies.

iti. Additional Constraints on go. The yield of the light isotopes D,
‘He, ‘He and "Li during the primordial fireball nucleosynthesis ar a
temperature of T = 10° K depends on the matter density ¢ at that epoch
(e.g. Wagoner 1973). The density which gives the proper yield to agree
with the observed abundances can be scaled down to the present cosmic
background radiation temperature (T = 3 K) to give a determination of
the present density @ contained in baryons. In particular the yield of *D
is quite sensitive to the baryon density. The observed abundance of *D, with
a moderate allowance for destruction in stars, gives a relative abundance
of Xp > 3 X 10"? which requires (Yang et al. 1979) 0.02 < g0 << 0.04.

This determination of ge, which is further supported by *He, can be
invalidated by postulating a non-zero lepton number (Yahil and Beaudet
1976); however, in this case quite specific requitements must be met (David
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and Reeves 1980; Audouze 1982). Moreover the universally observed
‘He abundance of Y = 0.24, which is relatively insensitive to the density,
becomes then a result of chance, whereas in canonical Big Bang models
it is a necessity (Olson and Silk 1978).

It is noteworthy that the baryonic density from nucleosynthesis
arguments agrees very well with the total matter density clumped like
galaxies. Therefore, if there is to be mass sufficient to close the universe,
it must be in the form of invisible, non batyonic matter which does not
follow the clustering of galaxies.

A possibility would be massive neutrinos. The number of one type of
relic neutrinos plus antineutrinos is about 100 em™ (cf. Sciama 1982).
Hence, to account for ~ 90% of the closure density of 4.7 X 107 g ecm™,
a neutrino must bave a mass of ~ 4 X 107" g =~ 20 eV (assuming that all
the neutrino mass is in one type of neutrino). With this mass, however,
neutrinos would tend to cluster in galaxies and even more so in clusters
of galaxics (Gunn 1982). It is then not clear why the above dynamical
determinations of g give only a fraction of the closure density and how,
therefore, most neutrinos can avoid clustering like galaxies. One explanation
would be if the closing mass were due to several types of neutrino, each of
which had sufficiently low mass to escape the concentrations of baryonic
mass.

C) Time Scale Determination

The time scale test, made by comparing Ho™' (determined directly via
tocal distances and expansion velocities) with globular cluster ages, increased
by the galaxy formation time, has become a relatively powerful way to
determine g0 for Friedmann universes where A = 0.

Let the age of the universe be s, The equations for all Friedmann
models give an explicit closed form between &, Ho and g0 alone as

Hoto = f (40} , (3)

where 1 < f (g0) << 0.57 for g0 in the interval 0 < g0 < 1 (Sandage 1961,

Table 8 and equations 61, 62 and 65).
Let the age of the globular clusters be T (0) and the time from the

Friedmann “beginning” to the beginning of the Galaxy (and hence to the
formation of the clusters) be AT, Clearly

bo=T) -+ AT =Ho"' / (40) . (6)

&
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We identify the formation time of galaxies with the upper redshift limit of
quasar redshifts for the obvious reason that quasars, being events in the
nuclei of galaxies, signal a lower imit to the time of their birthday by tbe
fargest redshift they are observed to have. Let tbis maximum redshift be
L HCI’ICC,

Rnow/‘RQSS N (7)

gives the ratio of the scale factor now to tbe scale at the time when quasars
began, Once known, zw gives this ratio. Then, for any 4o, the time AT
via the relevant R = g (¢, 40) Friedmann curve is found. The geometry is
shown in Figure 21.

Consider two characteristic cases of g0 =0 and g0 = 1/2, using
T (0) = (17 = 2) X 10° years (Sandage 1982) and Ho = 50 km s™* Mpc™,
justified earlier from the velocity-distance calibration.
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Fre, 21. The time scale test for ¢ (Hy, g,) for Friedmann moedels. The Friedmann R (¢, gp}

curve from the exact solution is the heavy solid line. ‘The tangent to it at the present epoch

(labelled Ryyqy) gives the time Hy-1 at its intersection at the R = 0 origin, To the age of

the galaxies at (17 =& 2) x 10° years must be added the formation age AT, {determined from.
quasars), from which the equations in the text follow.
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For g = 0 and zw = 4 (cf. Osmer 1982), for the maximum quasar
redshift, eq. 3 gives Rv/Ro = 5, hence AT = 0.2 Ho™'. For the g0 =
1/2 case, R{(#) ~ #”, hence, at Ru/Ra =5, AT =009 5, or AT =
0.06 He™.

From eguation (6)
o Ho™ = flgo) = Ho [ T (0} + AT, {8)

which, because we know that 4o lies between 0 and 1/2 by the
argument of the last section, AT = 0.12 Ho™' as an average, useful in an
iteration procedure.
Therefore,
flgo) = Ho [ (17 2 2) X 10° 3 4 0.12 , 9)

Changing He = 50 = 5 lim s7* Mpc™, known directly from Sec. 2, into
time units of Ho™' = (19.5 & 2} X 10° years gives

Flgo) = 099 = 0.15 , (10)

where the 1 6 lower limit would therefore be f {(g40) = 0.84. Hence, using
Table 8 of the quoted reference gives

0 < go<< 0.1 (11)

at the 1 ¢ error limit [we ignore a negative ge implied by the 1 6 upper
limit of f(g0) = 1.14 from equation (10), since we do not consider any
model where the cosmoiogical constant is anything but zero].

The value in equation (11) agrees well with go = 0.05 & 0.02, which
was found consistently from different methods in Sec. 3 B.

4 - THE VERY LOCAL VELOCITY FIELD

A) The Present Data

Data on the distances and velocities of very nearby galaxies give
information concerning: (1) the random motion of “field” galaxies; (2) any,
presumably Virgo-cluster-induced, streaming or shear velocities of appro-
priate scale length; and (3) the very local expansion rate and hence the
gravitational effect of the Local Group.
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The possibilities of such an investigation are explored in the present
pilot program, The available set of neatby galaxies with reliably and
homogencously determined distances is very restricted and, hence, no high-
quality results can yet be expected. The following application, however,
establishes already some restrictions on the kinematic parametets of the
immediate extragalactic neighborhood.

In Table 7 we have compiled the galaxies with distances known from
red supergiants (Table 3} and from SNe (Table 6). The galaxies NGC 300
and NGC 55 are added on the grounds of recent work on their brightest
stars (Graham 1981). The brightest stars in NGC 7793 are [ainter by
[ mag than those in the two last-mentioned galaxies (RSA; Sandage 1982),
from which results its distance in Table 7.

The recession velocities »e in column 4 of Table 7 are taken from

TABLE 7 - Local Galaxies with Known Distances.

vy (corr)  (excl. ¥ (corr} {incl.

Galaxy r 0 t =228 LG) V=220 LG)
(Mpc)  (Virgo) (kms~%)  (kms~1} o, =440 {(kms-1) p, =440
{km s~1) (km s-4)

(1 (2) {3 4) (5) (6) @ {8)
W-L-M 1.3 169° -3 --17 —29 106 52
Sextans A 13 48 117 114 112 237 193
NGC 300 1.4 156 128 119 110 225 180
NGC 55 1.4 154 115 107 98 213 168
Sextans B 21 45 132 128 123 175 154
NGC 7793 22 158 239 224 209 267 237
Leo A 3.0 31 - 10 —14 - 18 9 -3
NGC 2403 3.3 63 299 329 361 348 374
NGC 5253 4.1 47 146 156 167 168 175
Pegasus 4.3 145 61 41 21 52 28
1C 4182 4.4 24 344 315 287 316 294
NGC 4395 58 20 304 253 203 259 207
NGC 4214 6.4 23 290 243 195 248 198
M 101 6.9 41 372 399 426 403 429
Virgo CL 217 —— 9460 1187 1407 1187 1407

Fornax Cl. 25.9 i3 1486 1435 1384 1435 1384
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recent compilations (RSA; Kraan-Kosteweg and Tammann 1979). The
velocities are corrected in columns 5 and 6 under the assumption of a
consistent Virgocentric flow mode! (Yahil, Sandage and Tammann 1980b,
1980c), which is characterized by a Virgocentric infall velocity of the Local
Group of v = 220 km s and 2w = 440 km s~', respectively, and a
density profile of the Virgo complex of ¢ oc #~* (Tammann, Sandage and
Yahil 1979). A convenient linear approximation for the expected radial
velocity of field galaxies as a function of v, is given by Schechter (1980,
eq. 2). This linear approximation is satisfactory in the present case, because
the sample galaxies arc sufficiently distant from the Virgo cluster. The
angle 0 between the sample galaxies and the Virgo cluster are shown in
column 3.

An additional correction to the observed velocities concerns the
gravitational pull of the Local Group. Its effect can be estimated by
adopting a mass ratio between the Local Group, taken as a point mass,
and the mass within a sphere centered on the Virgo cluster with the Local
Group on its periphery. The total mass within this sphere is a function
of v and of the density contrast (Yahil, Sandage and Tammann 1980b,
eq. 32). The density contrast Ag/ps is itself a weak function of vv. (cf. Yahil
1980). Taking vve = 220 km s and A¢/@me = 3.0 and vwe = 440 km 77
and Ap/ps = 2.75, as value pairs {cf. Sec. 3 B), one obtains a total mass of
1.5 % 105 Mo and 4.5 X 10* Mo, respectively. Adopting a Local Group
mass of ~ 3 % 10% Mo {cf. Lynden-Bell 1981) leads us to the conclusion
that the gravitational force per unit mass exerted by the Local Group at
the distance of the Virgo cluster is 500 or 1500 times smaller than the
Virgo cluster effect, i.e. z1c = 0.44 and 0.29 km s™' at the distance of
Virgo (r = 21.7 Mpc). This results in a sizeable infall velocity of 207
km s*' and 137 km s, respectively, at a distance of 1 Mpc from the Local
Group centroid, The effect of the Virgo cluster and of the Local Group on
the observed velocities are illustrated in Figure 22,

It should be noted that the masses adopted above imply different
mass-to-light ratios for the large sphere centered on the Virgo cluster and
the Local Group. For the former one has /Ly =~ 100 (with 2w = 220
km s or A/Ls = 300 (with vw = 440 km s7'), whereas the adopted
Local Group mass corresponds to #/Ln =~ 25, Without considerably
increasing the mass of the Local Group the mass-to-light ratios cannot be
the same, unless our Virgocentric velocity were significantly smaller than
220 km s,

Solutions for the distance and velocity data in Table 7 are shown in
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Fig. 22. The gravitational force in arbitrary units exerted by the Virgo cluster (full line)
and the Local Group (dashed line) as a function of the distance toward the Virgo cluster
and away from it.

Table 8; Figure 23 is a graphic presentation of these data. In order to
guard against the effect of random motions of field galaxies on the value
of Ho, the corresponding solutions were determined by weighting each
galaxy or cluster with its distance », As it turns out the value of Mo is quite
insensitive to the weighting procedure. Moreover, as can be seen in Table 8,

TABLE 8 - Solutions for the Local Velocity Field.

excl. LG incl. LG
H, < Apt 12 H, < At >t
Ve = 52 101 — —
v, = 220 34 91 55 113
Ve = 440 56 119 57 115
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Tig. 23, The very local expansion field from data in Table 7, assuming different values
for our Vitgocentric velocity v, and excluding and including the Local Group effect.
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Ho only changes slightly with the adopted value of zwe. All solutions for Tl
(local) agree with Hs (global) = 50 = 7 {from Sec. 2 D within the statistics.

The random motions o, = < A 2? "% of the test particles become a
minimum for s = 220 km ™', This would favor this value of our Virgo-
centric velocity, but there is no a priori reason why the random motions
should take this minimum value. However, independent evidence, present-
ed in Sec. 4 B, does favor a low value of ov. In a formal sense it is, of course,
unrealistic to attribute the full scatter in Figure 23 to random velocities;
however, the results are hardly affected by assuming random distance
errors even as high as 309%.

The Local Group effect tends to increase the value of Ho by an
insignificant amount and increases somewhat the random velocities. This
suggests that the true Local Group effect is smaller, i.e. that we have over-
estimated the mass ratio of the Local Group to the Virgo complex.

Inspection of Figure 23 shows that the relative position of the Virgo
cluster and of the Fornax cluster is optimized by an adopted value of v =
220 km s7'. From the present data this is the strongest reason why this
relatively low Virgocentric infall velocity should he preferred. Independent
data supporting this solution will be given in the next Section (Sec. 4 B).
The resulting velocity contours in the Virgo complex as seen from the
centroid of the Local group is shown in Fig. 24.

1t is obvious that future ohservations, e.g. of the red supergiants in
the distance range 7 < » << 25 Mpc with Space Telescope and SN I dis-
tances at wo = 1000 km s~' with good sky coverage, will greatly strengthen
the results of this Section.

B) Comparison with Independent Data

In the previous Section a solution was preferred with a random
peculiar radial velocity of very nearby field galaxies of 9, = 90 to 100
km s and with a Virgocentric motion of the Local Group of v = 220
km s7'. . These parameters lead to an underlying expansion rate of Ho
(local) = 55, which is in satisfactory agreement with the global value of
Hy (global) = 50 = 7. Further support for the adopted parameters is
discussed in the following paragraphs.

i. The random peculiar velocity o of field galaxies

The size of o, = 90 to 100 km s for the one-dimensional mean
random velocity of ncarby field galaxies came as a surprise, after values
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had earlier been suggested as low as 9, = 50 or even 25 km s~ (ST IV;
Tammann, Sandage and Yahil 1980). The main reason for the upward
revision is the fact that it was previously believed that no field galaxy had
an observed recession velocity of less than 2o < 75 km s™'. Now, where it
is clear that the galaxies W-L-M and Leo A with negative vo-values do not
belong to the Local Group, and where the low-velocity (v = 61 km s7%)
Pegasus galaxy lies at a considerable distance of 4.3 Mpc, the low-velocity
cutoff of field galaxies cannot be maintained. This leads immediately
to an increase of o.

An analysis of the velocity differences of neighboring pairs of Shapley-
Ames galaxies gives a mean one-dimensional random velocity of ov =
70 = 10 km s (Rivolo and Yahil 1981). A sample of nearby spirals with
21 cm observations leads to o, == 90 == 35 km 57! (Aaronson ¢f al, 1981a}.
“This solution is weighted in favor of very-nearby galaxies and should, there-
fore, be directly comparable to the present result. It seems therefore that
a value of o, = 90 km s™' is fairly well supported.

It should be noted, however, that the significance of the present
determination of G, is not obvious. Tt applies to a region close to the
Local Group, i.c. to the outer regions of the Virgo complex. It could well
be that o, depends on the mean mass density within the volume studied
and that different values apply for different volumes. In addition the
galaxies in Table 7 are concentrated toward the Supergalactic plane; there-
fore, 0. measures essentially the mean radial component of the random
motion within this plane. The cotresponding velocities perpendicular to
this plane could be quite different.

il. OQur Virgocentric Velocity v

A simple way to determine our infall motion vw toward the Virgo
cluster is to compare the obsetved mean Virgo cluster velocity with a
predicted value of this velocity. Such a prediction can be made on the basis
of the Coma cluster if the distance ratio Coma: Virgo is known (cf. Tam-
mann, Sandage and Yahil 1980). Because the fargest peculiar motion the
Local Group partakes of, vpe. = 600 km s7', is given by the dipole aniso-
tropy of the cosmic microwave background, it is reasonable to assume that
the same value is also an upper limit for the Coma cluster (cf. Sec. 1 B). This
means that the mean velocity of Coma of << > = 6890 = 68 (Rood
ef al. 1972) contains at most a 109% peculiar velocity component. The
relative distance Coma: Virgo can be estimated from three different standard
candles:
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A (m-M) Source
SNe I 4224033 Tammann 1981
Brightest cluster member 3.37+0.40  Sandage and Hardy 1973

10 brightest cluster members ~ 4.22+0.28  Weedman 1976
4.18+0.19

The mean distance modulus difference of 4.18 = 0,19 translates into a
linear distance ratio of 6.85 = 0.60, and hence vvige (expected) = (6890 ==
68)/(6.85 = 0.60) = 1006 = 90 km s™'. With vvine (observed) = 967 =
50 km s~ it follows that v = 39 = 103 km s

Independently the Virgo cluster velocity can be predicted from its
distance, 7 = 21.7 = 2.8 Mpc, and from Ho(global) = 50 £ 7. With
these values one obtains vvir (expected) = 1085 = 207 km s™', and hence
poe = 118 % 213 km s

Without reference to any observed or predicted Virgo cluster velocity
the value of v has been determined relative to the rest frame of the field
galaxies in the RSA, ie. relative to galaxies with #zn << 13 mag, excluding
the regions of the Virgo and Fornax clusters. From a consistent Virgo-
centric flow model it then follows (Yahil, Sandage and Tammann 1980b;
Yahil 1980) that vy = 220 = 75 km s™"

A similar, but refined solution for spirals with available 21 cm-line
widths as relative distance indicators was obtained by Aaronson et dl.
(1981a). Their result is vw = 250 % 64 km s, The same authors
found in addition a significant peculiar velocity of the Local Group
with a Virgocentric component of ww. = 81 % 50 km s, This value,
however, depends on the adopted correction of the solar motion
relative to the centroid of the Local Group, If the correction of Yahil,
Tammann and Sandage (1977) is used, as is done throughout this paper,
the random Virgocentric component is reduced to the insignificant amount
of wwe == 42 = 50 km s™'. That the total peculiar motion of the Local
Group is indeed only of the order of 40 km s~ is independently supported
by the near agreement between the solar motion with respect to the centroid
of the Local Group (Lynden-Bell and Lin 1977; Yahil, Tammann and
Sandage 1977) and with respect to the nearest field galaxies (Lynden-Bell
1982),

Several authors have in addition proposed a rotational velocity com-
ponent of the Local Group about the center of the Virgo cluster (Aaronson
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et al. 1981a, and references therein). This result is difficult to accept be-
cause any rotational component in external clusters and cluster halos has so
far defied detection,

A formal mean of the above four determinations of our Virgocentric
motion yields vw == 198 == 43 km s™'. Giving additional weight to the
two last-mentioned determinations, one finds vw = 220 %+ ~ 50 km s,
which is the value used in Sec. 3 B, and which is in agreement with the
solution preferred in Sec. 4 A.

Other determinations of v, which rely on the assumption that the
global parameters of galaxies in different clusters (like the 21 cm-fine width
of spirals and the dispersion velocities of ellipticals) are directly comparable,
and which generally lead to higher values of vy, are omitted here (cf.
Appendix).

5 - PROSPECTS FOR THE FUTURE

Recent promising developments related to various distance indicators
show that we are not now blocked in the immediate next steps to improve
the measurement of Hs, 4o, and any local velocity perturbation.

A) Prospects for Improving Ho

An ideal situation would be if type I supernovae proved to be as good
standard candles as suggested in Sec. 2. If so, relative distances with high
precision could be found o any galaxy that is a parent of SNe I,

The present optical evidence suggests o (Ms) <C 0.4 mag as the intrinsic
dispersion of absolute blue magnitude. But, as discussed in Sec. 2, the true
dispersion judging from infrared magnitudes may be even smaller (Elias
et al. 1981).

I o (M) is less than 0.2 mag (cf. Elias ¢t al. 1981), then relative
distances to individual galaxies could be determined at least to = 109%.
Absolute distances to the few of the nearest galaxies with SNe I must then
be found, via red supergiants or even Cepheids (as soon as type I super-
novae are seen again in the Local Group).

The calibration of Mv(3) of the brightest red supergiants can be
greatly improved from ground-based observations of Cepheids in NGC
3109, IC 5152, NGC 300, NGC 55, and members of the M 81/NGC 2403

group. We can expect eventually to increase the calibrating sample dis-
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cussed in Scc. 2 (Figure 5) by at least a factor of 3. This, together with
mote SNe I in neatby tesolved galaxies, should improve the direct calibra-
tion of M (max)swe 1.

The work then consists of three parts, cach of which is currently
feasible: (1) obtain zzv (3) for red supergiants in more nearby galaxies via
Cepheids; (2) discover SNe I in these and other nearby galaxies where red
supergiants can be identified; (3) obtain light curves near maximum for
type 1 supernovac in galaxics (preferably I types, but also in spirals if
infrared photometry is done) with v > 3000 km s7, s0 as to avoid any
effects of local velocity anisotropies.

The time-scale route to Ho can also be improved by further develop-
ments in the stellar evolution age-dating of globular clusters, but uniess
there is fundamental change, either in the theory or in the RR Lyrae star
absolute magnitudes, this route presently seems relatively secure already
to us.

B) Prospects for Improving go

i. The Look-Back Approach. Improvements in our knowledge of
the stellar content of E galaxies and how they change with time are ex-
pected when data are available on the energy distribution of distant galaxies,
measured with spectral resolutions of ~ 10 A, Of particular promise is
the work of Bruzual (1981} where he shows that the % = 4000 A blanket-
ing break changes systematically in size with increasing redshift. 'This and
other such indices (Gunn, Stryker and Tinsley 1981) may eventually define
unambiguously the evolutionary correction to magnitudes due to changing
stellar content alone, but the problem of cannibalism of first-ranked cluster
members (Hausman and Ostriker 1978, Schweizer 1981) remains.

The accusacy with which one must know these corrections is very
high. Series expansion of the (#, z, gu) equation for the Hubble diagram
is wa = 5 log 7 4 1.086 (1 — g0) z + 0 (2") + const. Suppose one can
expect many routine observations of (2, z) pairs to be available at z = 0.5.
Then the accuracy A mwa with which one must know the evolutionary
correction, so as to give an error in go of less than & go, is & #zbat = 1.09
A goz. Hence, to avoid errors in go larger than == 0.1, requires A mval to be
known to better than = 0.06 mag, clearly a formidable task for any theory
of the correction.

ii. Local Tests. The focus in the next years will undoubtedly remain
at finding the ratio of gravitational potential energy to kinetic energy of
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the expansion by seeking the velocity perturbations. The prospects seem
excellent to improve this method, both for the systematic effect of the
Virgo complex (Schechter 1980; Tonry and Davis 1981b), and for a possible
random motion test {Saslaw and Aarseth 1981).

One can anticipate that rather precise distances can well be obtained
to certain highly resolved galaxies in particular directions, using brightest
red supergiants. If so, Figure 23 for the local Hubble diagram should be
filled to ~ 7 Mpc by a factor ~ 3 more galaxies with observations from
the ground, and perhaps to ~ 25 Mpc using Space Telescope.

Hence, the velocity-distance relation can be obtained for galaxies in
the annular zones from Virgo where the systematic velocity effect of infall
is near zero. Consequently, direct comparison with the region of maximum
cffect centered at 6 = 0° and 180° should permit one to determine the
infall accurately. With this, and with the known value of the density
contrast, g can again emerge.

A survey is now in progress at Las Campanas to catalog highly resolved
spirals and Sm type galaxies with low surface brightness disks, as candidates
for measurement of their brightest red supergiants, both from the ground
and from Space Telescope. We anticipate that ~ 50 galaxies, in addition
to those already known, can be used for this work.

The goals are: (1) identification of the brightest red supergiants. The
ground-based limit is B == 23, and because the candidate stars must be seen
10 be very red, V = 21 only, With B —- V> 2.0 for Mv (3) = — 8 the
ground-based limit is # — M = 29, or » = 7 Mpc; (2) photometry and
redshifts (or proper motions) of the candidate stars, with special attention
paid to membership. The program is feasible but requires the best seeing
conditions known from the ground.

6 - ApPENDIX: REMARKS ON VARIOUS DISTANCE SCALES

Why is it that other extragalactic distance scales have been published
up to recently which lead to a pronounced increase of the expansion rate
with distance and to values of the global Hubble constant as high as
Ho = 100? It is, of course, not possible to give a single clear-cut answer
to this question, but certain deflmte requirements can be set down, against
which different distance indicators can be tested. An attempt to do this
is presented in the following.

Because purely physical distance determinations, like expansion
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parallaxes of SNe, cannot yet carry the full burden of the extragalactic
distance scale, the scale still depends on the use of standard candies and
standard rods (briefly called standards in the following). To be useful as.
distance indicators the standards must fulfill at least four principal condi-
tions: (1) they must be demonstrated to be valid standards independent of
distance and environment; (2) their variation in inttinsic luminosity or size
must have a measurable effect on their apparent properties; (3) their
absolute magnitude or linear size must be calibrated, either through direct
methods, or through tying them to other distance indicators with known
zero-point; (4) the scatter about their mean luminosity or about their mean
size must either be small, or else must be well known. This is because
such scatter causes systematic distance underestimates as one moves to-
larger distances (Malmquist bias).

Without attempting to be complete, some of the distance indicators.
used are tested here against these requirements:

(1) The mean absolute magnitude of globular clusters has been used
to derive the distance of the Virgo cluster {Hanes 1981; de Vaucouleurs
1977). This is based on the assumption that the luminosity function of
globular clusters is universal, i.e. that its Gaussian form, its magnitude M
and its dispersion ¢ (M) are stable. The luminosity function is actually
only fairly well observed in our Galaxy, whereas in other galaxies one
knows megely its rising branch on the bright side. The basic assumption
cannot therefore be tested by observations, and it is in fact possible that
it is invalid because the properties of the globular cluster system depend
probably on the dynamical conditions during formation and, therefare, on
the galaxy type.

1f instead of the mean magnitude of the globular clusters, we use
the magnitude at which the brightest objects occur, a correlation between
the corresponding absolute magnitude and the galaxy luminosity can be
established and calibrated using several galaxies with known distances
(cf. Hodge 1974). This route fulfills condition (1) and leads consistently
to values of Ho =~ 50 {Sandage 1968; de Vaucouleurs 1970; ST V).

A more subtle point concerns distance indicators which can be sus-
pected to depend on the environment. To this class may belong overall
parameters of field galaxies and of galaxies in different clusters. There is
a pronounced correlation between morphological type and the surrounding
galagy density (Dressler 1980). The (U-V)-luminosity relation of elliptical
galaxies (Visvanathan and Sandage 1977) or/and their infrared colot-
luminosity relation are not the same in different clusters (Aaronson, Persson
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and Frogel 1981}). Also the 21 cm line width-surface brightness relation
seems to be different for spirals in different clusters (Kraan-Korteweg
1982). Any density-dependent dynamical evolution of cluster galaxies could
lead to systematic differences from one cluster to the other (Wielen 1979).
In that case it seems questionable whether, for instance, the 21 ¢m line
width method is directly applicable to cluster galaxies. This method does
not only depend on the morphological type (Rubin, Burstein and Thonnard
1980; Aaronson et al. 1981b) and on the surface brightness (Aaronson
et al. 1981b), but also on the assumption that the following three quantities
are constant for the spirals under consideration: the mass-to-light ratio,
the ratio of turn-over radius to optical radius, and the ratio of the mass
inside the turn-over radius to the total mass (Sandage and Dressler 1981).
In view of these problems, the 21 cm distances of cluster galaxies (Tully
and Fisher 1977; Aaronson et 4. 1980, 1981a; Mould, Aaronson and
Hucbra 1980) may not be secure. For this reason they have not been
used in this paper. Similatly the dispetrsion velocity-luminosity relation
for elliptical galaxies in clusters (Tonry and Davis 1981a) yields an
improbably high Virgocentric velocity, suggesting that the result is biased
hy properties which change with the cluster;

(2) Some standards are disappointingly insensitive to distance effects.
For instance the linear size of the largest H IT regions in spiral galaxies is
coupled with the equally distant-dependent absolute magnitude of the
parent galaxy (ST IV; Kennicutt 1979). The situation is improved if,
instead of size, the M.flux of HII regions (Kennicutt 1981) or their
velocity dispersion (Terlevich and Melnick 1981) is used. A similar dif-
ficulty exists for the brightest blue stars as discussed in Sec. 2 A. The shape
of the bright end of the luminosity function of globular clusters is so
vulnerable to photometric errors that it becomes a poor distance indicator
(Hanes 1979; cf. Tammann, Sandage and Yabil 1979);

{3) Sometimes the difference between absclute and relative distance
indicators is not fully acknowledged. The difference is that the former
possess a known zero point. The difficulty of setting a distance indicator
on an absolute footing is that its nearest tepresentative may already lie
outside the narrow range of secure distances. This means that the zero
point of essentially all distance scales depends on the distances to the very
local galaxies, which ate widely agreed upon at the ~ 15% level (Sec. 2 A).
One anticipates any given tesult if, for instance, Virgo cluster galaxies are
used for the definition of the zero point. With a given Virgo distance
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the value of Ho(global) is essentially determined either by correcting the
observed Viigo velocity for our Virgocentric motion, vw, or by carrying
the distance scale further out with brightest cluster galaxies and SNe I;

(4) Several distance scales depend on a relation of the form

Mga = a @ + const (1a)
or
Mg = ¢ @ 4 5 4- ... -+ const , (2a}

where ©, ¥, .. . are observable galaxy parameters which correlate with the
[uminosity of a galazy (e.g. morphological type, luminosity class, diameter,
color, 21 cm line width, etc.} and a, &, ... are coefficients which are de-
termined either from members of a cluster or from local calibrators to
provide also the constant term, i.e. the absolute zero point. Unfortunately,
no dispersionless luminosity indicator is known, and generally the dis-
persion in absolute magnitude is considerable. If then the method is
applied to galaxies which are drawn from a catalog which is limited by
apparent magnitude (and all galaxy catalogs are more or less magnitude-
limited) a systematic effect is introduced which leads to an underestimate
of large distances and, hence, to an apparent increase of Hy with distance.
All suggestions that I1o increases with distance are, therefore, suspect and
probably due to selection bias. Under idealized conditions, where one
has Gaussian luminosity scatter, complete samples (or unbiased subsamples
thereof) and constant space density, the systematic bias can be analytically
corrected for (Malmquist 1920)., The correction is, in fact, given by
AM = 1.38 o*. However, not only does the determination of om pose a
problem (because the unbiased luminosity or size distribution of the
standards is generally not known), but also the assumption of constant
space density which is untenable within the Virgo complex. In that case
the bias can be compensated only by including a velocity (or distance )
dependent term into equations la and 2a; in linear approximation for
instance:

(Mou—& log zo)==a B+ 56V 4- ... + const . (3a)

A self-consistent model calculation shows that E/S0 galaxies of the
Shapley-Ames catalog, taken as standard candles, require £=3.33 (Sandage,
Tammann and Yahil 1979). Neglecting this term would give an erroneous
increase of the Hubble constant from say Ho = 50 at the Virgo cluster to
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Ho = 150 at a distance corresponding to » = 5000 km s~'! This example

is extreme because the /S0 galaxies used have a wide luminosity func-
tion. DBut in principle any luminosity indicator with non-zero dispersion
leads to this kind of error. For instance de Vaucouleurs (197%9a, b) has
applied a formula of the form of equation 2a to 328 spiral galaxies, and
has also found a seeming increase of He with distance. This is expected,
because neither @ (his T parameter along the Hubble sequence) or ¥ (his
van den Bergh luminosity class L) depend very strongly on Mo, and hence
a linear combination cannot depend strongly on galaxy luminosity cither,
and the method fails both as a relative distance indicator, and surely as an
absolutely calibrated one,

The sclection bias encountered by applying equation 2a for the dis-
tance scale ¢an unfortunately not be remedied by simply replacing @, ¥, ..
by other observables, because if they determine Mou within a similar
luminosity scatter owm, they necessarily lead also to a similar bias.

In view of these principal difficulties, other differences of the reduc-
tion procedure are of minor importance. For instance, with different
choices of the period-fluminosity-color relation of Cepheids, the local dis-
tance scale is not changed by more than 15%. Also the adopted model of
the Galactic absorption, i.e. whether the old model with an absorption of
~ 0.25 mag at the poles is used, or whether the poles are assumed to be
nearly absorption-free, as indicated by all newer evidence, affects the
distance scale by only ~ 10%.
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DISCUSSION

OSTRIKER

I would like to ask you or J.E. Gunn about a method of determining o
that you discarded, the classical test which uses the Hubble diagram of bright
cluster members. It is my impression that both stellar and dynamical evolution-
aty effects can be determined by observations of colour or galaxy size to sufficient
accuracy so that one can cotrect for evolution. If this is done, what value of 4o
is obtained?

Gunn

I think that dynamical evolution can be wvery nicely accounted for by
techniques that I discuss briefly in my paper, but I fear that stellar evolution
still seems to defy all our best efforts. The stellar populations of elliptical
galaxies are more complicated upon closer serutiny than we previously thought
{surprise!), and the crucial parameter, the main sequence mass function slope,
is very difficult to determine even from very good data. I do not foresee a clear
solution very soon.

Faser

Would you care to comment on the rather larger global value of Hy found
by Aatonson et 4. using the 21 cm technique?

TAMMANN

The large values of Tly derived so far from 21 cm line widths rest on a
zero-point calibration derived from local field galaxies and on an application to
cluster galaxies (the Virgo cluster and more distant clusters), The results depend
therefore on the unproven asswmption that the line width-luminosity relation is
tbe same for feld galaxies and galaxies in different clusters. In the Appendix
to the written version of our talk we give indications that this assumption may
be incorrect,
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WoLTIER

Is your error estimate not very optimistic? With 0.2 for the Cepheids,
0™3 for the brightest red supergiants, and 0.™3 for the supernova calibration
a real uncertainty of 40% would seem more realistic.

TAMMANN

I agree with your quoted error range. Our quoted etror of Ho = 50 & 7
km s™' Mpc™' was meant to reflect the 1 ¢ deviation, whereas the assumption
that all three zero-point errors work in the same direction corresponds to a
~ 1.7 0 deviation. Your numbers reduced to the 1 o level then give a 24%
error of Ho. The difference between this value and our 14% stems from our
somewhat more optimistic estimate of the different errors.
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ABSTRACT

The evidence for heavy halos about the Galaxy and Andromeda s
discussed and possible sizes for them are estimated. The transverse velocity
of Andromeda is determined from the radial velocities of Local Group
members. The result is consistent with the hypothesis of Gott and Thuan
that the mutual gravity of these two large galaxies created their spins. How-
ever, the sense of the transverse motion adds to the spins so that the Local
Group has an angular momentum. If this angular momentum was itself
derived from a tidal torque from another group of galaxies, then that galaxy
group ought to have given the Local Group a peculiar velocity also. The
velocity of the Local Group with respect to nearby galaxies is determined
in an attempt to identify such a group.

On the assumption that the Local Group is gravitationally bound and
that its members all came from the Big Bang, Newtonian mechanics allows
one to deduce both the total mass of the Local Group and the time since its
genesis in the Big Bang., Limits are placed on the mass of any possible
halo of the Local Group which is not attached to the Galaxy or Andromeda.
Possible roles for heavy neutrinos in Local Group dynamics are briefly
considered.

1 - Heavy 1aLos oF THE GALAXY AND ANDROMEDA

Hard evidence for the existence of extended heavy halos around
galaxies is difficult to obtain. All efforts to detect such halos other than
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by their gravitation have failed and the gravitational evidence is somewhat
ambiguous as to the total extent and total mass. However, the mass to
light ratio of the Coma cluster is some 40 times the mean mass to light
ratios seen within the Holmberg radii of bright galaxies. Likewise, the
focally evaluated mass to light ratios rise in the outer parts of normal
spirals, although it is only in rare cases that good rotation curves extend
beyond 20 to 30 kpc from the centre. To make sense of the positions and
motions of the 29 members of the Local Group, we need to have a reason-
able picture of its mass distribution. To do this for our Galaxy we nced
a good value for the circular velocity at the Sun. In 1970 Woolley and
Savage [1] found from radial velocities that the mean velocity of the very
metal deficient RR Lyrae stars (types ITa and ITb) lags 225 = 24 km/sec
behind, Ve, the local circular motion. If these RR Lyrae stars have no mean
motion in the Galaxy, then this lag is the local circular velocity. Any for-
ward rotation of the system of RR Lyraes would yield a greater motion of
the LSR. Knapp, Tremaine and Guan [2] reanalysed and remodelled the
21 cm data and obtained V. = 220 km/s with the low formal error of
+ 4 km/s. Other recent determinations are listed in Table 1. With these
low values the Galaxy’s rotation curve, as determined from the 21 em
line, is nearly flat and on that assumption Lynden-Bell and Frenk have
shown [6] that the r.m.s. value of the circular velocity determined from
the radial velocities of the globular clusters is 212 # 16 km/sec. Although
high circular velocities (> 250} are favoured from extra-galactic methods
[7], large errors are always introduced in the disentangling of the Sun’s
velocity within the Galaxy from the motion of the Galaxy in the Local

TaBLE 1 - Determinations of the Galaxy circular velocity at the Sun.

Woolley and Savage {1] 79 RR Lyraes (¥1a and IIb) Velocities V> 225:£24
Knapp, Tremaine and Guon [2] 2% cm Modelling V, =220+ 4
Einasto, Haud and Joeveer [3]  Galaxy Models 220 7
Shuter [4] 21 em and CO 1844 9
Frenk and White [5] Distribution and Motion of Globulars 21313
Lynden-Bell and Frenk [6] Globular Cluster Velocities 212416
Lynden-Bell and Lin [7] Locai Group Kinematics 294:42
Lin and Lynden-Bell [8] Modelling Magellanic Stream Dynamics 24420

Adopted 22010
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Group, so all such merhods have large errors. They also suffer statistically
from the fact that the Local Group of Galaxies has few independent
members that are not close satellites of M31 or the Galaxy. In what fol-
lows we shall adopt Ve = 220 km/s in the belief that this is probably
within 10 km/s of the true value and that an error of 20 km/s or more
is unlikely.

Figure 1 shows the line of sight velocities v of the globular clusters
and the satellites of the Galaxy corrected for the solar motion with respect
to the LSR and for the motion of 220 km/s of the LSR. Log 3 »% is plotted
against log r, where # is the distance from the galactic centre. Also shown
is the 21 cm rotation curve for the Galaxy log V% (). The virtal theorem
applied to a test particle moving in a potential field shows that in time
average the mean square velocity will be < 2* > = — < 7.V >. Now
on the galactic plane V& (r) = — r. Y& and we may define V. at othet
points by the same formula so < #* > = < V% >, Thus if <% > =
1/3 < ¢* > the positions of the points should give an approximate picture
of the way the circular velocity varies with distance from the Galactic
Centre. The two curves superposed are the interpolation between V.
constant and V. oc 77 given by

Vi
V2, e
(14 /m) ]

and 7+ we refer to as the halo radius, The total mass of such a system is
Vi /G, If the system were spherically symmetrical its density distribution
would be given by
Vi
P e R —
e (1 2 / 7 h)S."E

which behaves like #% for » «#y and #~* for #» r.. The rather weak evidence
of the Figure suggests that the halo extends to about 100 kpe. The two
curves drawn correspond to 72 = 75 kpc and 150 kpc corresponding to total
masses of 0.8 and 1.6 X 10" Me.

Figure 2 shows the same thing done for M31 based on the 21 cm
rotation curve of Newton and Emerson [9]. All Local Group members
with known radial velocities, which lie within 40° of M31, are plotted.
Some are plotted twice, once at their apparent separations from Andromeda
by a dot and again at their true separations after allowing for different
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5L
A
3
2F -
| l
1kpc 10 kpc 100 kpe 1Mpc

Tie. 1. Log (3V?) versus log » for the line of sight velocities of globular clusters and satellites
of the Galaxy. The hard dots denote rans. averages of globular clusters in bins denoted
in the margin.

C = Carina, Sc = Sculptor, T = Tip of Magellanic Stream, I = Draco, L = LMC,
U = Usa Minor, § = SMC, LT = Leo I, F = lornax, A = M31.
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185

M337% IG1613

4 X
10 MO
( Risces )
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103 ] 1
ikpc 10kpe 100kpc R 1Mpc

Tr6. 2. Possible satellites of Andromeda are plotted with irs velocity curve in a log (Ag)r
versus log B plot. Az is the hest estimate of the velocity with respect to the centre of M31.
The satellites have oply onc component of velocity measured so their (A} have been
multiplied by 3 to compensate.  The points + are plotted with R, the projected  distance
from Andromeda as seen on the sky. The poinis X are plotted at the estimated true
separations from Andromeda.  TFor the Galaxy, MO, the total velocity determined in this
paper has been used reduced by a factor (3/3)7% to correct for a mass ratio that is 2:3 rather
than infinitesimal.  Notice the fall in (Ag)® beyond 100 kpe. The slaming lines are
{AV)? R/G equal to 2.3 X 108 Mg, 1 1012 Mg and 2.3 X 1017 Mg,

distances. 1C10 and Pegasus are too far from Andromeda to be considered
as possible satellites. The distance to Pisces = LGS II1 is very uncertain.

In each galaxy there is some evidence for a fall in < AV? > beyond
about 100 kpc. There is also evidence that the number density of small
galaxies increases towards the two major ones suggesting that they arc
the dominant gravitationa! influence within one or two hundred kpe.

In the above discussion I have left aside data from computations of
the Magellanic stream by Murai and Fujimoto [10] and Lin and Lynden-
Bell [8], although these works do favour a ~ 10" Mo mass for our Galaxy.
This is because the deductions are complicated and depend on subsidiary
hypothesis, e.g. only gravity is acting, the Magellanic stream was not torp
off by the Magellanic Clouds hitting the outermost part of tbe galactic
plane, etc. Such calculations can be vetified by a direct measurement of
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the proper motion of the Magellanic Clouds. We predicted 1 = .0020” /yr
due East at the Large Cloud; a proper motion of only .0015”/yr duc East
would mean that our Galaxy had no heavy halo and a zero or western
proper motion would mean that the Magellanic Clouds are going in the
opposite sense around their orbit. Davies and Wright [11] advocate this
with no halo. Lin and Lynden-Bell [12] originally advocated this sense of
motion, but we can only get the right motion for the SMC with the orbit
in the sense advocated by Fujimoto and collaborators, Evidence from tidal
radii of clusters is two edged. Ostriker originally used it to derive high
masses, but a recent preprint from Wakamatsu [137] ‘corrects’ this for past
closer approaches to the galactic centre and, using data from diffuse
satellites, finds a low mass for the Galaxy. Any result depends on the
mass to light ratio of the objects used. Tor the outer satellites and diffuse
class XII globular clusters this has not been determined; the tidal
radii must be cubed and they are none too certain to start with, Very dif-
ferent results would be obtained if instead of taking M/L constant at the
globular cluster value, it were assumed to increase at lower surface bright-
nesses. Petrou [14] has given a law of this type which brings together
data in quite a number of galaxies.

Although the data cited above suggest that heavy halos are present,
other evidence leaves room for serious doubt. The Ursa Minor dwarf is a
short streak in the sky that has such a low star density that Hodge and
Michie [15] deduced the Galaxy must be tearing it apart. Indeed its
major axis [16] at position angle 50 = 4° agrees precisely with the direc-
tion of the plane of the Magellanic Stream [177] where the position angle
is 50.6° & 2°, This demonstrates that the orbit of Ursa Minor is in that
planc and that it is probably debris from the break-up of the Greater
Magellanic Galaxy [18]. Perhaps more surprisingly Draco, which is
rounder, is also elongated along the direction of the Magellanic Stream; the
stream is at position angle 80° 2 2° when it passes Draco whose elongation
is at 84° = 3°. Perhaps Draco is a temporaty aggregation in a stellar stream
rather than a properly bound object. I pointed out earlier that Draco is
almost exactly opposite to the LMC in the galacto-centric sky and that
Ursa Minor is almost exactly opposite to the SMC [18]. The radial
velocities of the two pairs (corrected to the Galactic Centre) are — 82,
+ 76 and — 26, 4- 22 which are very close to being equal and opposite.
Such equal and opposite radial velocities of objects in opposite directions
are predicted for objects following the same orbit under the gravity of a
point mass. The presence of a heavy halo spoils this property. Lin and
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Lynden-Bell [8] find from our latest computation of the Magellanic Stream
in a heavy halo that both the debris and the orbital radial velocities are
positive rather than negative 180° around the sky from the Magellanic
Clouds. This discrepancy highlights the need for more accurate velocities;
the error on Draco is + 35 and on Ursa Minor =% 70, so the apparently
equal and opposite radial velocities may not be more than coincidence.
Ursa Minor is clearly being torn up now, so it cannot have survived past
perigalactic passages. This suggests that it may have been torn out of the
Magellanic Clouds at the last close passage some 2.6 X 107 years ago. It is
interesting to compare this time with what can be deduced from its unusual
H.XR. diagram (which has blue stars on the Horizontal Branch). Draco has
the red Hotizontal Branch typical of dwarf spheroidals. Altbough it shows
less sign of current disruption, its larger radial velocity will bring it closer
to the Galaxy than Ursa Minor; thus it is unlikely to survive perigalactic
passages. Proximity in the sky suggests that these systems may have torn
off the Magellanic Clouds together at what is believed to be the event that
generated the rest of the Magellanic Stream, but their H.R. diagrams
indicate that the stars are of a much greater age, of the order of 10" years.
Evidently there is still a mystery here that requites elucidation.

2 - Does taE LocaL Grour Spin?

Vortical perturbations become singular as one proceeds back to the
Big Bang. Many authors, therefore, prefer adiabatic or isothermal perturba-
tions as the seeds of structure in the universe. There is no observational
evidence to back this up. Gott and Thuan [20] have however put for-
ward an ingenious argument based on these ideas that has verifiable
consequences. Since the initial perturbations do not spin, the observed
angular momenta of galaxies have to arise from somewhere. Hoyle, Peebles,
Qort and others have proposed that irregular density perturbations left
from the Big Bang generate angular momentum in each other via tidal
torques. We arc asked to imagine an irregular density distribution ex-
panding with the unfverse. The quadrupole moment of each proto-galaxy
will grow as it expands like the square of its length scale 2. The tidal torque
due to a given neighbour decreases as its distance ¢ increases, hence
Joc g 07 GMiMa. If in the expanding universe £ and ‘2’ both behaved Jike
#, then f Jdt would behave as 7%, | will grow significantly until the self
gravity of our proto-galaxy slows its expansion. When 4* £°* ¢ starts de-
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creasing, which is somewhat before ‘4" reaches its maximum extent, most
of the final anguiar momentum will have been generated. Gott and Thuan
[20] suggest that M31 was the strongest influence in causing the Galaxy
to spin and that the Galaxy was the strongest influence in causing M31 to-
spin. They assume that before any spins were generated the two proto-
galaxies were expanding away from each other in a straight line but each
had an irregular mass distribution with a quadrupole momentum. Fach
galaxy responded to the gravity of the other, which may be expanded into
monopole, quadrupole, octupole, ete. contributions (no dipole since we
expand about the barycentre of each galaxy). The monopole interaction
slows the expansion, but produces no spin. Andromeda’s monopole field
acts on our quadrupole moment to produce angular momentum. Andro-
meda’s quadrupole field does likewise but, since it will make a contribution
that is smaller by 4*/#, we shall neglect it. Now Andromeda acting as a
monopole can produce no torque along the line joining the two galaxies,
since the monopole field is symmetrical about that line through us. Hence,
the angular momentum produced in us will be perpendicular to the original
line joining the galaxies. By symmetry the angular momentum produced
in Andromeda by us will likewise be perpendicular to this original line.
Now the present angular momenta lie along the spin axes of the two
galaxies which are known to better than 1°. In galactic coordinates the
unit vectors are wa = (— 419, — 751, — 510) and & = (0,0, — 1) so
the original line joining us to Andromeda must have been (one way or the
other) along ¢ X @a = (— 751, + .419,0) that is £ == 151, £ = 0. This
can be contrasted with the present direction to Aandromeda of ¢ = 121,
b = — 22 which lies 36° away {or 144° if the other original sense is chosen).

Our attention now turns to possible causes for this offset which is
liustrated in Figure 3. When a monopole produces angular momentum
in a quadrupole, it obviously experiences an equal back reaction. Thus the
same interactions that cause the spins of the perturbations generate a little
orbital angular momentum of the galaxies about each other. Since we
started with no spins by hypothesis, this orbital angular momentum must
be equal and opposite to the total spin angulas momentum. Giving the
Galaxy |t times as much angular momentum as Andromeda, the total spin
angular momentum will lie along #ée 4+ ®a oc Jo.  If no other bodies af-
fected the system, our otbital angular momentum about M31 should lie
opposite to this. However, the orbital angular momentum must be per-

WA+ Fa -+ 208
pendicular to the separation and so |t = — = = .57
@G - fa 368
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Fig. 3. X is the original direction to Andromeda according to the argument of Gott and
Thuan [20]. A is the direction to M31 now. G denotes the direction of the Galaxy’s motion
through the Local Group according to Einasto and Lyaden-Bell {217, including its etror
ellipse.  The dot denotes the determination by VYahil, Sandage and Tammann {23]
corrected to V=220, G¥ is the direction of the Galaxy’s velocity relative to galaxies,

where 74 is the unit vector to Andromeda now. This is not at all an unreason-
able value for the ratio of the angular momenta. With p = .57 the spin
angular momentum would lie along {— .304, — 545, — .781) and the
orbital would have to be equal and opposite. This is the first difficulty
with the zero total angular momentum hypothesis. If the line from Andro-
meda swings from the old line 36° to the current line, then this sense of
motion would add to the spin deduced above.
To save the zero angular momentum hypothesis, Gott and Thuan
[20] suggested that the old line to Andromeda should be taken in the
other sense to lie at £ = 180° + 151° rather than 151° and so it has swung
tbrough 144° instead of 36°. Tlowever, most of such a swing must have
occurred when the galaxies were close together at the very time when the
spins were being generated. But this theory is based on the idea that
during that time the galaxies were separating more or less along their
line of centres rather than swinging past cach other, so such a solution is
incomplete. Nevertheless it makes a definite prediction that the motion
of our Galaxy with respect to Andromeda must lie on the extension of the
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great circle XA beyond A; only then can the orbital angular momentum
counterbalance the spin.

Now it is possible to determine the transverse velocity of the Galaxy
about Andromeda. One uses the radial velocities of the stray members
of the Group to determine the Sun’s velocity through it. One then sub-
tracts the solar motion about the Galaxy to get the Galaxy’s motion with
respect to the Group. Since Andromeda is the only other significant body,
its direction of motion must be equal and opposite by momentum balance.
Indeed, if we are prepared to assume that the mass ratio lies in the range

Ma

Me
to be in the narrow range 240 < U << 268. If the Fisher-Tully relation is

1= = 3 the component of sofar motion U towards Andromeda has

Ma 250 4
assumed correct to within a factor of 1.4 or so — ( ] =5/3
Ma 220
Ma

Mg

ponent of the Sun’s motion is effectively determined by momentum balance.
We use the stray members of the Local Group, those more than 400 kpe
from the Galaxy and M31, to determine the other two components [21].
The 19 contour for the direction of the Galaxy’s velocity is drawn on the
sky; while points on the line between X and A are clearly consistent, points
on the extrapolation beyond A are excluded at the 90% level. We deduce
that the orbital angular momentum is in roughly the same direction as the
spin, so the Local Group has a net angular momentum.

The period of spin angular momentum transfer betwecen the two
major galaxies should have occurred when separations were comparable to
current sizes, until £ ~ 100 kpc or perhaps twice that figure. However,
at that stage the quadrupole moment of the dumbell formed by M31 and
the Galaxy will siill have been growing vigorously. Most of the angular
momentum transfer to the Local Group is likely to have occured at some-
thing like the present separation of 700 kpc by which time gravity was
beginning to slow down the expansion of the Local Group.

The Galaxy and Andromeda may stilf be responsible for each other’s
spins but the Local Group may still have acquired its angular momentum
from a neighbouring group rather later. If a single neighbouring group
dominated it must have been either beyond Andromeda and less than 90°
along the great circle XA or behind our heads in the diametrically opposite

and so 1.2 = < 2.4 which is still more restrictive. Thus one com-
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quadrant of that great circle . For a given strength of tide, the torques will
be greatest between 20° and 70° from X along XA, There is no prominent
nearby group in the Northern Sky but it is amusing that the NGC 5128
group lies in the right direction in the Southern Sky.

The hypothesis that a single group was responsible for causing the
Local Group to spin is subject to a different observational check. If some
group was near enough to have a big tidal effect then it was certainly near
enough to produce a sizeable acceleration. If that is the case, then the
Local Group ought to be moving (with respect to the mean of very nearby
galaxies) in the direction of the group responsihle for its spin. Before
investigating this, let us summarise the prediction. We hope to find a
prominent nearby group of galaxies on the great circle XA between 20°
and 70° from X (in the sense XA) or between 200° and 250°. We hope
that it might still have the largest M/¢* at the Local Group end that the
Local Group has a peculiar velocity towards iz,

3 - THE PECULIAR VELOCITY OF THE Locar. GROUP WITH RESPECT TO
NEARBY GALAXIES

" The determination of this velocity is beset with difficulties. The dis-
tribution of nearby galaxies has a significant density gradient towards Virgo
and the distances are poorly known, especially if distances determined
from their velocities are to be ignored. One possible approach is to use
the Infrared Fisher-Tully relation to get approximate relative distances and
then solve for the motion of the Local Group with respect to those galaxies
to which the Fisher-Tully method can be applied. J. Mould kindly sup-
plied me with 14 distances determined to large spirals by this method but
the resulting motion of the Local Group had so large an uncertainty that
the result contains nothing of value: {~ 54, — 148, — 20) but the cigen-
values of the error matrix were + 34, & 189 and = 22 km/s.

This method cannot be greatly improved because the number of large
spirals at low redshift and suitable inclination is severely limited. To go
to larger redshifts inevitably involves us in the Virgo flow, whereas it is
our object to look for a more local phenomenon.

To get around these difficulties I developed a new method which
uses neither the distances nor the magnitudes of the galaxies, but instead
uses the whale mass of galaxy velocities, If the density of galaxies were uni-
form, then the number N(V) with velocity <<V should vary like V* out to the
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velocity cut-off of the catalogue. Obsetrvational selection will change this
so that N (V) rises somewhat less steeply. If the distribution is observed
from a moving point, then the apparent distsibution will have an additional

4N

term Vo - # which varies like a cosine around the sky. If there is not

a uniform density of galaxies, but a uniform density gradient so that
p=p0(1l+%-r), then N (V) will contain an additional angle-dependent
term proportional to V', Since both the additional terms vary like the
direction cosines they are not distinguishable from their angular dependence.
However, since the first term should behave like V? and the second like V*
(temporarily neglecting observational selection) we see that a separation is
possible in principle,

From the Kraan-Tammann Catalogue [22] I have used this method
to find both the density gradient in the galaxies and the velocity of the
Local Group. I first remove from the catalogue the members of the Virgo
Cluster which only occur in it because of the large velocity dispersion in
the centre of Virgo. I also remove the members of the Local Group. I
then correct cvery galaxy’s velocity for the motion of the Sun through the
Local Group and plot a histogram E (V) of the numbers of galaxies in
different velocity bins. 1 also plot histograms of the values of X = cos ¢
cos b against velocity and likewise for Y = sin £ cos b and Z = sin . A
small velocity AV of the Local Group should show up in the X histogram

oF
as a contribution (A V),
oV
up in the same histogram as a part propottional to &N (V) where N ==
JFdV. We thus analyse the X, Y and Z histograms into these two con-
tributions and the coefficients yield the density gradient and the velocity
of the Local Group. Unfortunately the velocity of the Sun through the
Local Group turns out to be the major source of uncertainty. To avoid
this unnecessary source of error, I have added back the value initially
assumed so as to get the velocity of the Sun with respect to the distant
galaxies. This seems to he quite well determined as the figures indicate.

etc. Likewise a density gradient should show

Vo Vay Vo

All Galaxies Vo << 500 km/s — 80 255 25
Vo << 400 (a) — 96 254 3
Vo << 400 (b) — 39 220 — 15

fo << 300 - 97 217 - 5



THE GENESIS OF THE LOCAL GROUP 97

(a) and (b) ase two different reductions of the same data. (a) puts greater
emphasis on fitting the low velocity parts of the histogram and (b} the
higher velocity parts. (a} gives the better fit overall.

The spread of the above numbers gives dispersions of about 15 km/s
and it is probable that the true errors are about 20 km/s in each coordinate.
As the galaxies with the higher velocities are in a different part of the
Virgo flow, we shall use the average of the above numbers; the upper
values have more weight but the lower ones are more Jocal.

It is of interest to compare this velocity of the Sun with respect to
external galaxies of (— 80, 237, 3) = 20 with its velocity through the
Local Group [21] of (49,280, -—9) or the Yahil, Sandage, Tammann [23]
value of {— 79.1, 295.4, — 37.6). It seems clear that the errors of the
Local Group determinations are so large that no difference with the first
solution can be reliably determined. The difficulty in determining the
Sun’s velocity through the Local Group will probably be with us always,
because there are too few outlying members of the system which are not
attached to the major galaxies. The only hope would be an attempt at a
full integration of all members of the Local Group as they emerged from
the Big Bang.

A different but interesting result is obtained by correcting the above
figures for the Sun’s motion in the Galaxy of (9,12, 7) + (0, 220, 0). We
then obtain the velocity G¥ of the Galaxy relative to the system of galaxies
in the group Vo << 300 kin/s.

G* = (— 89,3, — 4) = 89 km/s towards £ = 175 ,b = — 4.

This direction is better determined than G and adds some weight to the
idea that the Local Group does spin since the offset of G* from A is in
the same sense as the offset of G from A. This is to be expected if the
velocity of the Local Group is small.

Tf the Local Group was spun up by a single object then the ratio of
the velocity given it to the angular momentum given it will be of the

\Y ¢
order of — = — , where ‘4’ is the separation of M31 from the Galaxy at
¥

the relevant time and ¢ is the distance to the distusbing group. Putting
b =40 km/s X @ and 2 = .5 Mpc we get V = 80 (¢/Mpc) km/s. The
velocity of the Local Group seems to be clearly less than this since £ can
hardly have been less than a megaparsec.

Thus, the Local Group is not moving fast enough to have acquired
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its spin by the tidal torque of a single mass concentration. A conceivable
way out would be to evoke the Virgo Cluster and a large Virgo-centric
flow, but Virgo is not in the right direction to give the observed angular
momentun.

There remain the possibilities:

(i} The spin of the Local Group was caused by the combined effect
of a number of local groups of galaxies;

(if) Since the net acceleration weights galaxies like 1/#%, while the
tidal fields weight them like 1/#, the acceleration will have averaged out
over a larger region. Thus, a small velocity is not necessarily in conflict
with a significant angular momentum.

In conclusion, the Local Group does spin and the angular momentum
is in the direction ~ (— .304, — 545, — 781) = (¢ = 241,46 = — 51).

It is not unlikely that the tidal torque from Andromeda caused us
to spin and vice versa, but the origin of the angular momentum of the
Local Group as a whole remains an intriguing mystery.

4 . A DYNAMICAL ESTIMATE OF THE TIME SINCE GENESIS [24]

The distance to those Local Group members whose expansion has just
been stopped by the gravity of the Local Group yields M#* where M is the
mass of the Group and # the time since expansion began. The distance
and radial velocity of M31 yield a relationship between M# and £ Thus
M and 7 may be deduced.

The effect on the Hubble flow of large mass concentrations, such as
the Virgo Cluster, bas been much discussed in attempts to determine the
mass-to-light ratio of the material in the universe and hence go. However,
interesting results can be obtained from the Local Group itself. In parti-
cular, if it is believed that the bodies of the Local Group separated from
one another at a time cotresponding to z > 3 when the scale of the universe
was smaller by a factor of 4 or more, then we may assume that Newtonian
dynamics has operated since an epoch at which the Local Group was quite
small. Kahn and Woltjer [25] have already applied such an argument
to the motion of the Galaxy and M31 and have thereby found limits on
the mass of the Local Group. Their work gives a relationship between the
sum of the masses of the Galaxy and M31 and the time since they were
close to one another in the Big Bang. The aim of this paper is to point out
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that the small outlying members of the Local Group can give a second
relationship between that time and the mass of the Local Group. These
refationships may be solved to obtain both the total mass and the time,
which we shall call the dynamical age of the Local Group. The assumption
made is that the total mass that has decelerated the outlying members of
the Local Group is practically the same as the sum of the masses of the
Galaxy and M31 which goveras our two-body motion.

To introduce the method we start by considering a radial orbit for
the Galaxy and Andromeda. If r is the separation between these galaxies
then if M = (Ma + Ma), where the subscript A stands for Andromeda, i.e.
M31, and the subscript G refers to our Galaxy,

1/2v* —GM/r = — 1/2 GM/a (1)

where v = # and 2a is the maximum value of # achieved on the orbit. To
integrate, we use the substitution

r=a(l —cos2%) . (2)
Notice # = 0 when % = 0. On integration one finds after a little algebra
27 - sin2% = (GM/a)"? ¢ | (3)

where £ = 0 when 1 = 0.
The observables are the values of # and v at the preseat time, and the
unknowns we seek are 7 and GM. Eliminating « from (2) and (3), we

obtain
Q ot = (GM/Y? fz= 272 (g — sin % cos #)/sin® 1 . (4)

But from (1) we also have

w=o/r = [GM/F) (2 — r/a)]"” = (2 GM/r)"* cos 7, (5)

I

so, using (4), we find
W= {1y - sin 7 cos %) cos n/sin® 1 . (5)

Notice that 7 can be eliminated between (4) and (5) to give Q# as a function
of wt. We do this graphically by choosing different values of % and plotting
expression (4) against expression (5). Tor — 3 <<wz < + 0.3 the graph
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(Fig. 4) is rather accurately (within 3 per cent) given by
Qi+ 0850¢=2" e L1, 6)

which is exact at w = 0.

So far, we have considered only the binary motion of the Galaxy and
M31, but if we now turn to an outlying member, 7, of the Local Group at
#: (#) which was always significantly farther from the mass centre than

gt

3.0
true curve

y

approximating —-¢
straight line

-3
—2 2 =11

1.0
] 1 1 1 [ T 0 T ! wt
-3.0 -2.0 -1.0 1.0
GM 112 ot
Fic. 4. 2 = ) . The graph is £ against —— for straight line motion of twe
r #

bodies. The straight line is a good approximation in the range — 3 < w¢ < 0.3,
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cither of the former, then the equation of motion is

GMa (i — re) GMg {ti — 1)
.1";' = - -

|#: — zaf? i — ol

As a first rough approximation we put ail the mass at the centre:
== G (Ma 4 Ma) s/ [0 5

Assuming that i, too, took part in the Big Bang, we see that 7 obeys the
same equations as r. Thus, as in (6)

Qit -+ 085wt =2""x%,

whese € = (GM/r#}? and wi = vi/ri.

We now look at the distant members of the Local Group and determine
the distance s (measured from the mass centre) at which the expansion
has been momentarily stopped by the gravity of the Group. Evidently
o = woro = 0, and so

(GM/P)7 = Qut = 277w, (7)

Multiplying by (ro/7)"?, we have ¢ = 27 = (ro/#)’?, and substituting in
(6) we find

+o= (0.85)712 M [(r/r? —1] [ (—w) = 1.31 [{n/r)* =117/ (—0). (8)

Also, from (6),
GM = 0.72 % r [1 — (r/se)¥?]77 . 9

When dealing with clusters of galaxies it is useful to think with a velocity
unit of 100 km/s and a distance unit of 1 Mpc; the time unit is then
10Y years. If we further take 2.3 X 10% Mo as our mass unit, we find
that G = 1.

The observed velocity of Andromeda is — 301 =% 2 km/s. Reducing
this to the LSR pives — 298 km/s. Taking our circular velocity from recent
determinations to be 220 km/s we get a correction to the Galactic Centre
of 175 km/s which vields the velocity of the Galactic Centre with respect
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to M31 of v = — 123 km/s. From Yahil ef a/. [23] r = 0.68 Mpc and,
with greater uncertainty, r = 1.5 Mpc. Tence, from equations (8) and (9),

¢ = 1.6 X 10" years ;
M=36X 10" Mg .

This # is the time since the expansion of the Local Group began. Most
cosmologists think it should be equal to the age of the universe, which
may also be expressed as a function of Hubble’s constant e and of 4.
But £ is a strict age, not the reciprocal of Ha.

The greatest uncertainty in the above lies in the distance 7o, but there
are also uncertainties due to the modelling with purely radial orbits and
the approximation of putting both heavy masses at the centre when the
third body’s orbit was considered. To amend this approximation some
3 body integrations were carried out using coordinates that are co-moving
with the two heavy bodies, and a rescaled time.

The equations of motion of N bodies are

it — 1))
#= - G Y~ whete ;= |ri — 15 . (10}
Yij

Suppose we rescale by writing i = R {#} ¢+ and we take a rescaled time

such that dt = () dr. Then

d’ d dr's i G Fi—
— + ——— {log {/R*}] ——— - o m————— (11}
av dv dv RF RIp i

o= -

i}

So far both R (#) and f(#) are at our disposal. We now choose f=
VGM R g0 that the right hand side retains its familiar form, but with ¢’
replacing #. We next choose the scale R (2) so that in the rescaled variables
Andromeda and the Galaxy have unit separation at all times. In the special
case in which these two galaxies are the only important bodies present, we:
have the following equation for their separation vector R:

R = — GMR/R® (12)

where M = Ma + Mo, Hence B X R = 4 = constant
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o GM
R=+——— . (13)
R R?

R (£) is the solution of this equation and hence R? R = — GM + 5*/R.
For a motion that comes from the Big Bang we must have R = 0 at # = 0

and so we have b = 0 and straight line orbits. Thus, in our revised units
we have

[ 14 ri d dff
= hy —— -+ _f:’f — 1/2 {lﬂg R) '

de szl 1.' “_3 d“C d’l‘-

dl .""; ?‘Jf — ?"

where #t; = m;/M.
Notice that a “cosmical repulsion” term ¢’ has appeared and a damping

force with “friction” coefficient 1/2 (log R). The first two force

e

%

terms come from a potential. If we now neglect the gravity of all but the
two heavyweights and drop the suffix /, then ¢/, the position vector of any
of the small galaxies, satisfies

dty W —re) (1= (2" —1a) d dr’
= — [ — + . -t |~ 1/2 — (log R) —.(14)
iv o) - af’ dt dr
. 1 (1—u) 7
The effective potential is ¢ = [ (15}
s B 2
and | == Ms/(Ma + Ms) which we take to he 0.4.
d (log R)
To integrate equation (14) one needs an expression for l
A
in terms of ©. This is supplied by integrating (13) to obtain
R? GM GM
— i (16)
2 R 2a

whete a is the maximum separation, Changing variables to T we have

(dlogR

dt

2
] @ 2(1 — R/f2a) (17)



104 D. LYNDEN-BELL

putting R = 2a sin’ v as in {2} we find

d=
—— = V2 cosec (18)

d
and »
T = V2 log [tan (%/2)] (19)

where we have chosen T to be zero at the time of maximum separation
(n=m/2 R = 2a),
The friction coefficient needed in (14} is

(20)

dlog R [ —tan? /2 2exp V2t
1/2 — = 1/2cosv = 1/2 (——-——-———— = 1/2’:1 e S—
dt 1+ tan® 7/2 14exp V2t

Notice the damping changes to excitation after the time of maximum
sepatation. It is sometimes uscful to know # rather than just t. This is
given by using equation (3) for £ {7} and {19) for % (v}, or (18} is R (1)
if desired. For the Galaxy and Andromeda the greatest separation, 2a,
was of the order of 1 Mpc.

The potential ¢ is large hoth near the heavy bodies and at o, There
are the usual neutral points of the 3 body problem on the line joining the
bodies and at the equilateral triangular points. Tigure 5 shows the equi
potentials. Bodies starting at (comoving) rest from any point significantly
within the rampart that passes through the triangular points fall into one
of the heavybodics and are caught due to the damping. Bodies starting
significantly outside the rampart rapidly expand away from the Local
Group. Thus the only starting positions that lead to Local Group members
which are not close saellites of the Galaxy or M31 are those on the
rampart or close to the central neutral point. A number of such orbits
were computed and are shown in Figure 5. That gives us a rather random
selection of orbits starting close to the rampart, but by computing many
more orbits of this type we have found ones that are appropriate for IC10,
Pegasus, WLM and Aquarius. For these far out members of the Local
Group the approximation of putting all the mass at the centre is surprising-
ly good, considering that they start hardly farther away than the distance
between the two heavy bodies. Figure 6 shows Qf plotted against vt/r
for these orbits together with the straight line taken from Figure 4. While
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Tig. 5. The lower half of this figure plots the critical equipotentials of — ¥, the gravitational
potential of the Local Group in comoving coordinates.  The rampart ot ridge line off which
the galaxies will fall is the dotted line, The eyes are M31 on the left and the Galaxy on
the right. Several orbits starting near the ridge line are plotted in the upper half. The two
that fall in and later climb out do so only after the damping has changed to excitation,

that line is displaced when # is strongly negative the objects concerned
are close to » = 0 where the displacement is negligible. Thus our 3 body
computations so far have vindicated the very rough approximation made
to get equations (8) and (9). THowever, when orbits suitable for the closer
bodies IC 1613 and NGGC 6822 are available, I expect these 3 body
integrations will prove essential.

In conclusion, the dynamical age of the Local Group is in the age
range that comes with small values of Hubble’s constant, but the mass of
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1 i § t Vt
-2 -1 & { 2 =
GM

T, 6. £ = ( ) . The graph shows (¢ against v2/r for 5 different 3-body orbits

3

¥

that are appropriate for distant Local Group members. The line is the line of Figure 4
which was determined for straight line motion from a single point mass.

the Local Group, although very uncertain [ it depends on (ro/ra)* approxi-
mately], seems very large, 3.6 X 10" Mo, with an uncertainty which must
be at least a factor of 2. Tf we believe our earlier halo estimates of about
1 X 10" Mo for our Galaxy and 1.5 X 10" Me for Andromeda, then it
scems that the sum of the pieces of the Local Group add up to the total
within the rather poor errors. Such a conclusion would leave no room
for a halo of the heavy material around the Local Group. However, all we
can deduce is that such a superhalo is not yet necessary. If we ask for limits
on the mass of any such halo to the Local Group, then all we can conclude
is that its total mass is probably not much more than the combined masses
of the Galaxy and M31, assuming that their individual halos out to
100 kpc are included. The latter mass may be 2.5 X 10" M.

All the above must be considered as speculative rather than established,
There remains some doubt as to whether heavy halos to the Galaxy and
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M31 exist at all. Likewise, it is not inconceivable that Andromeda and
the Galaxy are independent objects passing each other in the night. IHow-
ever, if we suspend such doubts, then we are faced with vast amounts of
invisible mass. Should we follow the fashion and tty to assume that all
invisible mass is in the form of massive neutrinos? Although this idea has
been much explored and I see no evidence against it, nevertheless T do not
see any good confirmatory evidence from astrophysics or from the laboratory.
I am however still impressed by the fact that a natural minimum mass of
007 Mg follows from fragmentation theary [26]. Theoretically, T do not
see why most stellar objects are not of around that superplanet mass. As
an astronomer [ prefer this astronomical explanation of the missing mass
as failed stars or superplanets and, if we believe one speculative theory of
light variations in the double quasar, they may have been detected [27].
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DISCUSSION

(JSTRIKER

I believe that all of the satellites in the Local Group have some old stars
in them including the Magellanic Clouds,

LynpeN-BELL

Yes, but there are still some difficulties in making Ursa Minor and Draco
pieces of the Large Magellanic Cloud. Why is Ursa Minor being tern up now
as it approaches the Galaxy? Tf it had approached before it would have been
torn up then, IF it were torn off the Magelianic Clouds a: the last close
approach, then that was the time when we believe the gaseous stream was
detached. Why is there no gas associated with Ursa Miner and Draco, whereas
the rest of the stream is dominated by gas?

QorT

1 have been impressed by a recent Japanese article in which it is sugpested
that the Magellanic Stream originates in a close encounter of the two clouds
rather than by a secent passage of the clouds near to the Galaxy. In this picture
the Clouds would move in a near-circular orbit, An attractive feature is that
it would explain in a natural way why the stream lies so close to a great circle.

LynpEN-BRLL

Provided the two orbits are in the same plane, that is acceptable. The
Small Cloud is now in the spin plane of the Large Cloud which is at right
angles 1o the orbital plane of the Large Cloud about the Galaxy., My current
belief is that the relative orbit of the two clouds is in that spin plane also,
in which case that explanation would not work.

REeEs

Even if one needs to invoke a third body to explain the motions of us



110 D, LYNDEN-BELL

and Andromeda, do you still think that the spinz of Andromeda and of our
Galaxy can be due simply to their mutual attraction?

Lynpen-BELL

Yes, I am quite impressed that the direction of our Galaxy’s motion adds
to the spin angular momentum in about the same direction, so the old position
of Andromeda could be that given by Gott and Thuan [20].

SETTI

If a galaxy has a dark halo how do we know the spin of the galaxy?

LyNpEN-BrLL

We only know the spin of the visible part. Of coutse the bending of the
palaxy could be caused by the halo having a different spin axis and the
Magelianic Stream shows an axis perpendicular to the Galaxy’s spin, but 1
think it likely that our halo has the same axis as the visible part, and likewise
for Andromeda.

GUNN

Since the net displacement in angle due to the tidal spinning-up of M31
and the Galaxy scems to be small, a possible test is to verify that the planes
of spiral pairs intersect in lines which pass close to their centres, This could
be donme statistically on those pairs, one member of which is edge-on, for

example.

LyNpEN-BELL

I agree that this is an interesting test for objects whose period is greater than

their age.

Faser

If the Local Group got its angular momentum from tidal torquing by
other neatby groups, you might expect the value of its dimensionless parameter
% to be close to 0.07. Is the observed value close to this theoretical value?
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Lynpen-BrLL

For a binary A of 0.07 corresponds to an eccentricity of 0995, The sort
of orbit we advocate for Andromeda has an cccentricity of about 0.9 which
corresponds to a A of 0.3, However, an cccentricity of 1 is possibly consistent
with the data.

WoLTIER

Tt is worth remarking that ail the numbers one finds are extremely
dependent on the assumed circular velocity of the Sun, which 1 think has still
a substantial uwncertainty.

Lynpen-BeLL

1 believe the circular velocity is now stable at 220 4= 15 km sec™.

research on the globular cluster distribution has helped to stabilise this.

Recent

SiLx

In the adiabatic pancake theory of galaxy formation, groups of galaxies
form by a complex process including also fragmentation of larger systems.
Tidal interactions between groups at the epoch of pancakes are a natural
consequence of this theory and could account for the observed angular
momentum of the Local Group.

Lynpen-BeLL

Such a net spin of everything in the Local Group might help us o under-
stand why the orbital and spin angular momenta are all roughly aligned.
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1 « INTRODUCTION

Fven the most cursoty examination of a map of the observed galaxy
distribution convinces one that the distribution of galaxies is inhomogencous
and highly clustered. The study of galaxy clustering has proceeded steadily
for over fifty years, and at an accelerated pace this past decade with the
computer analysis of statistically complete catalogs. Much of the credit
for this burst of activity is due to Jim Peebles, who exhorted his colleagues
at Princeton and elsewhere on the virtues of the covariance function & {r).
These analyses were generally performed on catalogs of galaxies that were
magnitude limited, and for which the only information availahle on each
abject was its magnitude and position on the sky. Thus to describe the
phase space distribution only two out of six parameters for each object
were known, with a third parameter, the distance, known only very roughly.

With the advance of technology it has become relatively simple to
obtain redshifts of galaxies in considerable quantity, and now scveral
statistically complete redshift surveys have become available. The redshift
provides a precise third parameter for the phase space distribution that is a
linear combination of the distance, as measured by the Hubble flow ex-
pansion, and a radial velocity caused by departures from a smooth Hubble
flow. It is important to realize that this non-Hubble, or peculiar velocity
component, can significantly distort the redshift space distribution from
the true three dimensional distribution, particularly in rich clusters.

Recently Sandage (1978) has completed the redshifts of the Shapley-
Ames catalog which is neatly complete to 13.0 m, over the entire sky and
contains some 1200 galaxies (see Sandage and Tammann 1981). This
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sample probes to a distance equivalent to ~ 4000 km s~ (40 h! Mpc with
Ho = 100 h km s Mpc™') and gives considerable detail on the local super-
cluster of Virgo. Fisher and Tully (1981) have completed a 21 em survey
of over 1100 mostly late type galaxies with radial velocities of less than
3000 km s, and Tully (1981) has used this data set to make a very
detailed study of the group structures within the local supercluster. These
catalogs provide invaluable information on our immediate extragalactic
neighborhood, but because galaxy clustering is so strong even on scales of
10 to 20 Mpc, we do not know if they probe deep enough to describe the
“ensemble” distribution of clustering in the universe.

Several observational groups have obtained statistically complete red-
shift surveys of galaxies in selected small regions of the sky to limiting
magnitude in the range of 15 to 17 mys. These studies have greatly increased
our awareness of the reality of superclusters of sizes up to 50 h! Mpc, ac-
companied by equally large holes in space that appear to be quite deficient
in galaxies. Nearby rich Ahell clusters (e.g. Coma, Perseus, Hercules) have
been shown to be much more extended than previously thought (see e.g.
Gregory and Thompson 1978; Tarenghi er al. 1979, 1980; Gregory,
Thompson and Tifft 1981) and holes of up to 60 h™! Mpc in extent have
been discovered (Kirshner ez al. 1981)., The universe as seen in these
redshift surveys appears extremely lumpy on scales comparable to the
sample volumes, and again one cannot be certain that a “fair sample” is
heing measured.

In this talk T shall concentrate the discussion on a review of the recent-
ly completed Harvard-Smithsonian Center for Astrophysics (CfA) survey,
which is a magnitude limited redshift survey complete to a Zwicky magnitude
of 14.5. The catalog contains some 2400 galaxies in a solid angle of 2.7
steradian. ‘This sample is a compromise in that it has large angular cover-
age and permits a detailed study of the galaxy distribution to a distance
of roughly 80 h™' Mpc, twice the distance of the Shapley-Ames sample but
about half the distance of the deeper surveys which in total have surveyed
less than 0.3 steradian of the sky. The CfA sample is divided into two
pieces; the north galactic polar region 8 2 0,5 = 40° and a slice in the
south galactic sky defined by 8 = - 2.5°, 5 = — 30°. Tts chief weakness
is uncertainty in the Zwicky magnitude system on which it is based, Severe
systematic errors with the Zwicky Hsts will effect our quantitative con-
clusions but not the qualitative picture of the overall distribution.

In section 2 below we describe the overall distribution in general
terms and compare it to existing N-body simulations. Section 3 discusses.
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several dynamical studies that have been applied to the CfA sample, and
Section 4 summarizes the challenge the data pose to theories of galaxy
and cluster formation. Further details are given in Davis er al. (1982},
Davis and Huchra {1982), and Press and Davis (1982).

2a - THE GALAXY DISTRIBUTION

In Figures 1, 2 and 3 are shown the results of the CfA survey in the
northern sky. The circles are curves of constant galactic latitude at & = 70°,
50° and 30°. Note the survey boundaries 8 = 0°, 5 = 40°. These maps
each plot galaxies in a selected velocity range with 0 < ¢ <3000,
3000 < » < 6000, and 6000 < » <Z 10000 for Figures 1, 2 and 3
respectively. Very few of our sample galaxies have an observed velocity
outside this range.

Here and in all subsequent plots we shall partially volume limit the
catalog to a distance of 4000 km s™', or M € — 18.5, which deletes roughly
one third of the galaxies in the northern sample, out of a total of 1874.
In Figure I note that the Virgo cluster is prominent at 12.5",4-12°, as is the
the Ursa Major cloud at 11.8", + 55° and the Leo cloud at 10.7%, + 15°.
The local supercluster plane which runs between Virgo and Ursa Major is
not as prominent, and the galaxy distribution is not symmetric above and
below the plane. Details of the clustering and subclustering in the area
have been known for some time [cf. de Vaucouleurs (1973) for a full
discussion}. It is apparent that the Virgo complex is not well described
as being spherically symmetrical, so that one must exercise caution in using
the infall of the galaxy toward Virgo as a dynamical mass probe.

In Figure 2, the galaxies arc beyond the domain of the Virgo super-
cluster, and now one must realize that this sample is mostly magnitude limit-
ed so these objects are intrinsically brighter, on the average, than the galaxics
in Figure 1. On this slice are a fait number of loose clusters of diameter
4 10 8 h™" Mpc and conspicuous holes of similar size. One hole, for exam-
ple, is sitvated directly behind the Virgo cluster core.

On the larger scale, the clusters seem to merge into a filamentary
structure that one could connect across the entire sky, IHowever, the
observed distribution could also resclt from a random positioning of loose
clouds. There is unquestionably strong clustering in this picture, but no
evidence for prominent superclusters or pancakes. Much of the observed
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0 <v <3000
449 GALAXIES
v, = 4000

Fie. 1. Galaxies in the 14.5 magnitude limited CfA survey projected on the sky. This

window shows galaxies with observed velocity 0 < » < 3000 ki s-! and only galaxies

luminous enough to be included to a distance equivalent to 4000 km s~! (M £ — 18.3) are

shown. The pentagons are galaxies with 0 < » < 1000, diamonds have 1000 < » < 2000

and plises have 2000 < v < 3000, The circles are curves of constant galactic latitude at
b =70, 50 & 30°, Lines of constant declination and right ascension are indicated.
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60°

3000 <v <6000
406 GALAXIES

Fic. 2. Galaxies observed in the range 3000 < » < 6000. The sample is again Mmited to
objects with M < - 183. The inverted triangles have 3000 < v < 4000, the triangles have
4000 < v < 5000, and the circles have 5000 < » < 6000.
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6000 < v < 10000 o
424 GALAKIES

A\“M ------- B -

I1e, 3, G'll(mias in the range 6000 < v < 10000, and here the sample is totally maganitudc
limited. The x's are g,d{am.s with 6000 < v < 8008, and the boxes have 8000 < » < 10000,

distribution seems truly random, and a substantial {raction of the galaxies
cannot be associated with well defined supercluster structures.

The most distant slice of Figure 3 contains several prominent Abell
clusters, such as Coma at 12.9", 4+ 29°, and A 1367 at 11.7", + 21°. This
slice is again magnitude limited and samples only galaxics on the ex-
ponentially declining portion of the luminosity function. Details of the
clustering are, therefore, sampled more coarsely than in the less distant
slices.  The well known supercluster connecting Coma and A 1367 is ap-
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parent, and extends 50° across the sky, or roughly 60 h™' Mpc, in what ap-
pears to be a prolate, filamentary structure, There is one conspicuous hole
centered roughly at 14.5", + 30°, with a diameter of 30°, or 35 h™' Mpc
in which the galaxy density is far below the mean. On the average over the
entire solid angle, however, much of the Iarge scale structure is random.

A transverse view of the galaxy distribution in the north is shown in
Figures 4, 5 and 6 where right ascension versus observed velocity is plot-
ted for various windows of declination. Here again all maps show a
catalog that is volume limited to 4000 km s and magnitude Hmited
beyond, so that the falloff in galaxy density beyond 8000 km 7" is a selec-
tion effect. The Virgo core is prominent in the foreground of Figures 4
and 5, and the clongation of the cluster in the redshift direction into a
cigar shape is caused by virial motion within the cluster. Note how this
effect is much less pronounced or even absent in the numerous small group-
ings. The loose, filamentary nature of the Jarge scale clustering is equally

217 GALAXIES

Yic. 4. A transverse view of the redshift space maps showing right ascension versus observed

velocity for galaxies with 0 < & « 10°. The pluses are spirals, the diamonds are 50’, the

circles are ellipticals, and the triangles are irregulars and other galaxies, The sample is
volume limited to 4000 km s-! and magnitude limited beyond.
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Fre, 5. Right ascension versus velocity for galaxies with 100 < & < 200,

pronounced in this series of figures as in the previous, orthogonal series
of projections. Tift (1980) has emphasized that for both orthogonal projec-
tions to appear one dimensional the true space distribution itself
must be one dimensional. Thus the large scale structure of this
sampic is describable by the words “prolate”, “chain” and “filamentary”,
and not by the words “oblate” and “pancake”. This is not to deny that
large scale two dimensional pancakes could not have formed in the past,
only that evidence for their existence today is weak. 1 should hasten to
add the word “random” to the list of adjectives for description of the
large-scale structure. There is clearly structure but one must be careful not
to overinterpret every low contrast fluctuation into a large-scale connection.

Figure 6 shows the Coma-A1367 supercluster quite prominently
between 11%-13" and 6000-7000 km s™*. The cigar clongation of the Coma
core extends = 1500 km s™! and is more continuously connected when the
survey limit is extended to 15.0 magnitude {Gregory and Thompson 1978).
Note on this same figure that the hole at 14.5", 7000 km s~' is quite empty,
as is a smaller hole directly behind the core of Virgo.



THE LARGE SCALE DISTRIBUTION OF GALAXIES 121

20<8 <30
212 GALAXIES

TF16. 6. Right ascension versus velocity for galaxies with 200 < § < 300,

The clustering as seen in the southern slice of the CfA survey shows
very similar types of structure, with loose clouds connected in a filamentary
fashion. Additional maps are given in Davis ¢f al. (1982). There are no
clusters in the southern slice as rich as those in the north, so the cigar
elongations are even less conspicuous. In this section, the overall redshift
distribution is very similar to that found by Gregory, Thompson and Tifft
(1981} for the Perseus supercluster, which is outside the boundaries of
our survey. There is a strong overdensity at a velocity of 5000 km s™*, and
a paucity of galaxies at low and high velocities. Professor Oort will discuss.
the observed superclusters in further detail in the next talk.

2b - COMPARISON TO SIMULATIONS

As a first stage beyond a qualitative description of the galaxy distribu-
tion, one can compare it to distributions resulting from N-body simulations
where all the input physics and initial conditions are known. The best
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simulations available to me so far have been the 20000 body simulations
of Efstathiou and Eastwood {1981) which were run in an expanding cube
with periodic boundary conditions and white noise initial conditions. One
has the freedom to arbitrarily scale the simulation by a physical length,
which was chosen so that the length scale 7. at which the covariance func-
tion, § (r} = 1, matched the observed value of 5 h™! Mpe. Fortunately this
resulted in a near maich to the observations of an important dimensionless
quantity: the number of particles {(or galaxies} in one clustering (or
coherence) length,  This simulation was run for a cosmological density
£2 = 1. Existing simulations for £ <C 1 unfortunately do not have suf-
ficient objects per coherence length to compare to the observations.

Each point in the simulation is assigned a luminosity randomly drawn
from the luminosity distribution function observed in the northern sample,
and only points with apparent my << 14.5 are retained, The minimum
luminosity of a point is M == —~ 18.5, so the sample will again be volume
limited to a distance of 4000 km s™' and magnitude limited beyond. For
the simulations we of course know all six degrees of freedom for each
point, so we can generate an observable velocity e == Ho £ + Koy, where
¢ is the distance to the object, v, is the component of random thermal
motion of the object projected in the line of sight, and K is a scale factor
by which we fudge the cosmological density. To be self consistent in this
Q=1 simulation, we should use K = i, but this would produce too
much elongation of the clusters compared to the observed distribution.
We set X == 1/3, which corresponds roughly to O = K* = 0.09. This is
not a self-consistent approach but is the best one can do without better
simulations.

The resulting catalog when projected onto the sky is shown in
Figure 7. Here we plot all objects with 0 < » <C 10000 km s~'. Note how
the sample boundaries have been choser to match the northern CfA survey.
Transverse views of the distribution are shown in Figures 8 and 9. Although
the space density of objects and correlation length of the clustering is
roughly the same in the samples, there are obvious glaring differences
between the N-body catalog and the observations.

The simulation is characterized by very prominent dense cluster
centers with pronounced elongation in redshift space, but no large-scale
connectedness among the clusters, The size and distribution of holes in
redshift space is similar in the two samples. If K were further reduced,
the elongation of the clusters would shrink but the cluster centers would
be too dense.
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0 <v<I10000
1047 POINTS

F1e. 7. A sky projection of the N-body simulation of Efstathiou and Fastwood (1981).

The obvious conclusion one could reach hete is that this is not the
way the universe is constructed. The physics of the simulations includes
only dissipationless gravity where clusters form by the standard gravitational
instability process. Should some form of dissipation and/or nongravitational
physics be included? The points carry all the mass in the simulation, but
we know galaxies have extensive halos which dominate the mass density
of the universe. We assume the galaxy distribution is a fair tracer of the
underlying mass distribution, but what if it is not? Finally, what initial
conditions did the universe have? White noise is the easiest to simulate
in the computer but nature is not compelled to be so simple.
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Fig, 9. Right ascension versus velocity for points in the N-body simulation with 10° < & < 200,
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2¢ - THE DENSITY FIELD AND £ (r)

As an aid to visualizing the large-scale clustering, we can average the
galaxy distribution across the sky and plot the observed radial velocity
distribution of galaxies. Based on the fuminosity distribution function for
the catalog, which can be derived in a fashion unbiased by spatial inhomo-
gencities, one can quite simply predict the expected radial velocity distribu-
tion in a homogeneous universe. For the simulation the two curves follow
each other quite well, although local clustering produces farger than Pois-
son fluctuations in the observed radial counts. This is hardly surprising
since the scale length of clustering in the simulation is quite small compared
to the extent of the volume, and the simulation is spatially homogeneous
in the mean.

When similar diageams are drawn for the observations, the large scale
spatial inhomogeneities are strikingly apparent. Figures 10 and 11 sbow
the observed radial distribution of galaxies in the CfA north and south
samples, respectively, with the galaxies binned intc radial velocity incre-
ments of 200 km s, The heavy line is the observed distribution and the
light smooth curve is the distribution expected in a homogencous universe
with the luminosity function as obsetved in each sample. The dashed line
is the ratio of the observed to expected distribution and represents the
density fluctuation at each radius. The horizontal dashed line is the mean
density volume averaged over each sample. Note in the north how the
Virgo supercluster causes the entire foreground zone to be overdense by
about a factor of 3. Note also that a prominent hole of roughly half the
mean background density extends from 3000 to 6000 km s~', In the south
the situation is exactly reversed, with a pronounced overdensity at 4000 to
6000 km s~ and holes in the foreground and background. There is thus
considerable power in fluctuations of a scale of 30 h™' Mpc. Perhaps sur-
prisingly, however, the mean density level of the north and south C{A
samples agree within 109, which certainly is not the case for shallower
samples. This could be evidence that these volumes define a “fair sample”
of the universe, although this is by ne means certain. The mean back-
ground levels are drawn as the horizontal dashed lines in Figures 10 and
11 and serve to normalize each figure.

There is considerable interest in the covariance function £ {r) and in
its large-scale behavior. It is generally observed to have a power law
behavior on small scales, § () o< »~" with v ~ 1.8, but the large-scale
behavior has been extremely difficult to measure reliably. Jim Pecbles
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Fi6, 10. The observed radial distribution of galaxies in the northern sky. The heavy solid
Hine is the observed distribution and the light solid line is the distribution expected in a
homopeneous universe. The dashed curve is the ratio of the two and is a measure of the
fluctuation [rom the mean at a given radivs. The horizontal line is the mean background level.

later today will discuss the importance of this measure. It is expected that
£ {+) should break from a power law behavior at r ~ 10 to 20 h™ Mpc
and could be negative on larger scales, In order to study the power
law nature of £(r), it is more comvenient to examine #* & (¢} which is
a slowly varying function in the power law domain. TFigure 12
is a plot of a determination of #&(r) for the northern sample.
The solid lines are for the northern sample using two subsets
of data that are volume limited to 4000 and 6000 km s~ and magnitude
limited beyond. The difference in the curves results from an effective
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Fig. 11. The same as figure 10, now for the southern CfA sample.

difference in the weighting of neatby versus distant clusters and is a
measure of the uncertainty of £ (r) within this volume. A power law of #*
is indicated by the dashed line, and we see that & (#) does have a power
law behavior up to a scale of 5 to 10 h™' Mpc, beyond which it stecpens
considerahly. Unfortunately the steepening of & (#) occurs when £ (#)~0.1
to 0.2, where it is difficult to measure because of uncertainties at the 109
level of the appropriate background level. The break and all larger scale
behavior is therefore quite unreliably determined, but it does appear as
though & () is slightly negative on scales of 15 to 40 h™* Mpec. This is not
surprising given the pattern of positive and negative fluctuations seen in
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¥i6. 12. The solid lines are curves of # £ (#) in the northern CfA sample when the catalog

is volume limited to 40 h—! Mpc and 60 b= Mpc and magnitude limited beyond. The curves

fit a power law for small scales and there is an apparent break ar ~ 10 h=! Mpe. The dashed
line shows the N-body covariance, r2E (r}), which never behaves as a power law.
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the radial distribution (Figure 10) with a coherence length of ~30 h™' Mpe.
T must hasten to add that the expected fluctuation of § (#) is substantial
on a large scale and therefore we should not be overly concerned if different
experiments in separate volumes of space lead to diverging conclusions.

Fosr comparison, the dashed curve of Tigure 12 shows # & () for the
simulation, and here we see that the curve is continuously steepening so
that the covariance function never behaves as a power law. Again there is
relatively more power in the simulations on a smaller scale than in the
observations, and less power on larger scales. This of course is the same
impression given by examining the redshift space maps. The details of the
covatiance studies will be reported clsewhere (Davis and Pecbles 1982).

3 . DYNAMICAL STUDIES

The many groups apparent in the redshift space maps are presumably
dynamically interacting and at least some of them should be virialized.
Press and Davis (1982) have analyzed the CFA sample with a group selec-
tion procedure that sceks groups of crossing time less than 1/3 the Hubble
time; only for these groups can the virial theorem be expected to apply.
Roughly half the galaxies are in clusters that are “weighable” by this
technique, but groups of all sizes are measurable. Extensive tests have
been performed on the N-body simulations to calibrate this procedure and
no serious biases appear.

When the analysis is pesformed on the CfA sample, we find a linear
trend of virial mass per galaxy versus the size of the system, as shown in
Figure 13. Each point is the result of one group and the large scatter is
expected. It is not much larger than the scatter seen in the N-bady
calibration for which all points have equal mass by construction. The rag-
ged heavy line is a running median curve of the eight nearest clusters; a
median is better than a mean for this purpose because some of the groups
could be totally spurious and could easily bias a mean value. The dashed
line is a fitted trendline

RI.OI
M. = 3.24 ¥ 107 —
1 Mpc

Me .

This trend is totally absent in the N-body simulations. The short horizontal
bar in the upper right is the mass per bright galaxy in an © = 1 universe,
3.2 X 10" Mo for the luminosity density observed in the sample.
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F1c. 13. Mass per bright galaxy versus size of the cluster in which it is contained, The scatter
is large hut the linear trend and running median appear significant. The Q=1 level is indicated.

Our result is certainly not new {see Faber and Gallagher 1979;
Einasto, Kaasik and Saar 1974; Ostriker, Peebles and Yahil 1974) but it
results from a unified treatment of a uniform data set. Adding up the
mass of the weighable galaxies gives a cosmological density & = 0,07, If
the unweighable galaxies have similar mass, then we have & = 0.15. How-
ever, before one can claim to have actually measured a proper value for
the cosmological density, we must first understand how to interpret the
observed trend of mass versus scale size. On a scale of individual halos,
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the interpretation is that the dark gravitating matter is not as tightly
clustered as the luminous matter. Should we really believe the same effect
continues all the way up to scales over 2 h™' Mpc, in which case a “true”
cosmological density can be measured only on the largest scales and might
be as large as 2 = 0.67 Perhaps, alternatively, there is some effect causing
the trend to be spurious and only the smaller groups are reliable.

Fortunately the Virgo supercluster itself provides another dynamical
test on the scale of our distance to Virgo, ~ 15 Mpc, a considerably larger
scale than can be studied by virial analysis. The Virgo supercluster is
unique because it is close enough for astronomers to measure distances and
redshifts separately for a large sample of galaxies, and therefore to map
the velocity field induced by the overdensity of the cluster. Spherically
symmettic models provide a first approximation for the supercluster that
is certainly not precise, but do allow an exact treatment of the non-linear
problem. These models have been extensively discussed in the literature
(Peebles 1976; Silk 1974, 1977; Gunn 1978; Tonry 1980).

The expected velocity contouts of the spherical model are shown in
Figure 14, where the spherically symmetric infall pattern is superposed on
a uniform Hubble expansion. The extent of the spider pattern around
Virgo depends on the amplitude of the velocity field, here assumed to be
400 km s™* at the distance of the local group and to fall inversely with Virgo-
centric distance. Note that for angles close to the Virgo cluster it is pos-
sible to observe the same redshift for three different distances, and galaxies
in the triple valued zone cannot be unambiguously assigned unless the
distance indicator is more precise than any available today. This is also the
region where the infall is likely to depart substantially from the spherical
model, so in any event one must exercise caution.

To use the Virgo infall as a probe of the cosmological density, it is
necessaty to measure the infall velocity and mean overdensity, 8, within a
given radius, for example the local group radius. The large-scale distribu-
tion of the CfA redshift provides a reasonably precise estimate of the mean
background density, and when compared with the density of galaxies within
one Virgocentric radius, we find & = 2.0 £ 0.2, independent of the Virgo-
centric infall (Davis and Huchra 1982). This number is slightly lower than
the Yahil, Sandage and Tammann (1980) estimate because their background
density was determined from the shallower Shapley-Ames catalog in regions
now known to be underdense from the mean. Of course we presume that
the measured overdensity of galaxy counts or luminosity density cor-
responds to the same mass density contrast, i.e., that on this scale the
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T1e. 14, Curves of constant observed velocity is the prescnce of a Virgocentric velocity field
of amplitude 400 km s-! at our radivs, Note the triple valued sclutions for angles less
than 20° from Virgo.

galaxies ate a fair tracer of the mass. This presumption has always failed
us on the smaller scales.

The measurement of the infall velocity is considerably more difficult
simply because of the usual uncertainties of distance estimation with less
than petfect standard candles. Considerable effort has gone into this
measurement, and the most recent results are summarized in Table 1. 'The
microwave background anisotropy {Boughn, Cheng and Wilkinson 1981;
Smoot and Lubin 1979) is presumably a measure of our motion relative to
the comoving ftame of the universe, and need not have anything to do with
the Virgo cluster. In any event there is a large velocity component trans-
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TABLE 1 - Virgocentric infall velocity (Local Group Center),

Measured velocity

Distance of

(1981)

E-80 galaxies

Group Method to Virgo (kms~1) background
Boughn et al. (1981) p-wave dipole 411 2 36 z == 1000
quadrupole
Smoot & Lubin p-wave dipole 373 2 25 z == 1000
(1979)
de Vaucouleurs optical tertiary 240 = 60 < 30h~1 Mpe
& Peters (1981) indicators (dipole fit only)
de Vaucouleurs e/ 4l B FII 240 % 40 £ 30h! Mpe
(1981) correlation {dipole fit only)
Yahil et al. (1981) optical 230 £ 75 £ 30 h-1 Mpc
luminosity
Aaronson ef al. IRIIT 313 440 < 30 h-t Mpe
{1981)
Aaronson ef al. TR-HT 520 & 75 £ 60 h-! Mpc
(1980) clusters
Tonry & Davis Lo 470 £ 75 < 60 bl Mpe

verse to the Virgo cluster that is quite difficult to explain as being induced
by Virgo infall.

The de Vaucouleurs ef of. (1981) results are derived from a simple
dipole fit of our motion relative to a frame of palaxies within roughly
30 h™' Mpe of us, and are based on tertiary distance indicators and the Tully-
Fisher cortelation using Br magnitudes for ~ 200 to 300 spiral galaxies. The
Yahil, Sandage, and Tammann (1980, 1981) result is derived from analysis
of the Shapley-Ames luminosity distribution and fits a full infall model
based on the shear field, again within ~ 30 h™' Mpe. The Aaronson et al.
(1981) result is based on infra-red magnitude 21 cm width correlation for
300 spiral ealaxies within 30 h™* Mpe, and again fits a spherically sym-
metric infall model.

These four determinations all seem consistent within themselves but
do not agree with the microwave result or with measurements of the shear
field on larger scales. Aaronson et al. (1980) found a local group infall of
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520 km s Dbased on the IR-21 cm Tully-Fisher correlation for Virge
galaxies versus galaxies in four clusters at distances of ~ 5000 km s~
Further data on these and more clusters, including Hercules at
~ 10000 km s, are consistent with their published result (Fluchra 1981),

Using the correlation of luminosity and velocity dispersion for el-
liptical galaxies disttibuted to distances of 70 h™ Mpc Tonty and Davis
(1981) find a Virgo infall of 470 km s™. As an example of how these tests
proceed, Figure 15 from Tonry and Davis (1981) shows the distribution
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Fic. 15, a) Luminosity versus velecity dispersion for elliptical galaxies in the core of Virge

{diamonds} and in the single valued zone (pluses) away from Virgo. No infall velocity is

assumed and it is apparent that the Virgo galaxies have too large a dispersion for their

Iuminosity relative to the other ellipticals; &) same as 4), but with a velocity field 470 km s+
at the local group radius.
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of luminosity versus dispersion for spherically symmetric models with and
without Virgocentric infall, In the ahsence of infall, all the galaxies in the
Virgo core (diamonds} are seen to he underluminous for their dispersion
compared to galaxies in the single valued zone (+ signs), but with an infall
model adjusted to 470 km s~', the distributions are fully commensurate.

Thus both early and late type galaxies suggest a higher value of the
infall when the velocity shear ficld is studied on a 60 h™* Mpc scale. These
last two tests basically compare galaxies in the Virgo core relative to distant
galaxies unaffected by the infall, and are not sensitive to details of the
infall model; they only measure our peculiar motion to Virgo. As such
they are quite sensitive to the mean redshift of Virgo.

For infall values of 250 to 500 km s, the cosmological density in the
spherical model for 8 = 2.0 is in the range 0.2 < < 0.5 (Davis ef dl.
1980). This is a very substantial density, considerably higher than the &
measured in groups, but below the trend of Figure 13. This is an important
result and it is important to examine the assumptions and approximations
used to derive it. There are at least 4 such major assumptions, none of
which are true in detail.

1) Spherical symmetry with no subclustering has been assumed, and
this is obviously incotrect as Virgo is highly irregular and subclustered,
although its central concentration is sufficient to make the spherical ap-
proximation a good initial guess.

2) The background is assumed uniform, which we know is incorrect,
although the effects of the substantial holes in the south and beyond Virgo
in the north will mostly cancel.

3) The galaxy distribution is assumed to be a tracer of the underlying
mass distribution on this scale. If this is incorrect and the mass distribution
is not as highly clumped as the galaxy distribution, then the density para-
meter @ will be underestimated.

4) The measured infall velocity to Virgo is assumed to be caused by
Virgo’s excess gravity. Nongravitational origins of peculiar velocities can
arise in models such as Ostriker and Cowie’s (1981) coordinated super-
novae model of galaxy formation and, if this process dominates, then
obviously no constraint on £ will result from the Virgo infall test.

It is possible to relax assumptions {1) and (2}, the two weakest ap-
proximations, by using lincar pertutbation theory, where the expected
peculiar velocity today is proportional to the peculiar gravity g measured
today. Although the Virgo supercluster is a non-linear fluctuation, linear



136 MARC DAVIS

perturhation theory should apply fairly accurately as long as the system
has not turned around and begun to recollapse. With the distribution of
galaxies in the CIA survey we can compute the peculiar gravity on a shell
by shell basis, each shell weighted equally, out to a distance of ~80 h™? Mpc,
beyond which the sclection function of galaxies is too small, The Virgo
cluster causes most of the effect, but the hole behind Virgo reduces the
amplitude slightly. In the southern sky we use the Shapley-Ames catalog,
which is complete at high galactic latitudes, but because it is limited at
13.0™, we can probe only to ~ 40 h™" Mpc. The south is also underdense
and effectively pushes us northward to Virgo. We are assuming that no
peculiar gravity is generated by regions outside the solid angle or beyond
the distance limits of the survey. Fortunately Virgo is at high galactic
latitude where the data is best, and no comparable neatby clusters are
known to exist a¢ low galactic latitude. After summing the effect of the
shells as described we find that the expected peculiar velocity of the local
group is 670 Q% km s and should be directed ~ 20° to the north and
west of Virgo (Davis and Huchra 1982). This number should be compared
to the values of Table 1 and, in the range of 250 to 500 km s~* for the
measured infall, we derive 0.2<<Q<C0.6. To account for the non-lincarity
of the Virgo cluster we should increase © by roughly 0.1, Thus the linear
theory calculation confirms the tather high cosmological density of the
spherically symmetric model and yet is not nearly as model dependent,
The derived density is seen to be a very sensitive function of the infall
velocity, and future work should seek to reconcile the present discrepancies
in the derived values. At least the present discrepancy has been reduced to
a factor of 2, which is a considerable improvement in the last few years,

4 - PROBLEMS FOR CONTEMPLATION

The observations of large-scale structure are now of sufficient statis-
tical reproducibility and uniformity to suggest that we have a fair picture
of the present appearance of the large-scale universe. These observations
provide a severe challenge to all theories of galaxy and cluster formation
and will hopefully motivate further theoretical effort on this fundamental
problem. Neither the gravitational instability scenario favored by many in
the West (Peebles 1980) nor the Zeldovich pancake scenario favored by
our Soviet colleagues (Zeldovich 1978; Zeldovich and Novikov 1975) are
easily reconciled to the present observations.
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The gravitational instability scenario in its usual guise presumes that,
beyond the scale Jength of individual galaxies, only gravity is important
for determining the larger-scale structure. Galaxies formed first and
clusters formed from individual galaxies, each acting more or less like a
point mass. The N-body simufations contain all the relevant physical
processes in this scenario, and yet they fail to realistically mimic the
observations. A major problem is the difficulty of evacuating lasge holes
in space without creating large velocities in the field and in clusters. The
expected velocity Vi, if holes of radius ro are typical, is (Davis et al. 1982)

Vo ~ o Q% w~ 400 to 1000 km s

assuming 7 to be ~ 10 h™" Mpe. The holes in the N-body simulation arc
as large as in the observations, and yet the typical velocities are much
higher, particularly after removing the fudge factor of 3 applied to the
data. This result certainly demands explanation, but seems to be a problem
for the gravitational instability scenasio for any value of Q consistent with
the Virgo infall results. As an aside we might ask whether the holes are
empty of matter, or merely empty of bright galaxies? What theory could
explain the latter alternative?

Alternative cosmogonic scenarios involve non-gravitational dissipative
processes that could in principle more readily explain large holes ac-
companied by small velocities. If the mysterious dark matter in halos and
binding clusters of galaxies is itself dissipationess, then dissipational forma-
ton of galaxies and clusters would provide a natural mechanism for the
separation of the luminous galaxies from their dark halos and could partial-
ly explain the observed trend of M/L ratios with system scale size.

In the pancake model favored by Zeldovich and coliaborators, the:
figst structures to collapse are very massive, in excess of 5 X 10 Mo if the
universe is dominated by massive neutrinos (Doroshkevich er al. 1980}
Supposedly protoclusters collapse along their shortest axis while still ex-
panding along the other two, but here we run into timing problems. We
know galaxies must have formed at an epoch z = 3 or else palaxies would
he evolving too fast today. Since galaxies in this scenario form after
clusters, we require pancake collapse of > 10" Me systems at the epoch
of galaxy formation. Today we see very little evidence for the existence
of pancakes, and systems of 10° Mo (the entire local supercluster) have
density contrast of order unity. If our supercluster has already coliapsed
into a plane, then the Hubble flow transverse to the plane should be totally
disrupted, yet there is no evidence that it is. Furthermore there are
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numerous clouds of galaxies of mass ~ 10® Mg that have virtually no
connection with any well defined massive supercluster. Not all gas clouds
will collapse at the same time, and so galaxy formation should be an on-
going process, Where are these nearby clusters full of young galaxies?
My personal feeling is that the pancake picture has several strong attrac-
tions, but T would find it easier to compare to the observations if the pan-
cake mass scale could be reduced to 10" to 10* M.

Alternative theories in which shock hydrodynamics plays a significant
role in the formation of holes and structures (Ostriker and Cowie 1981;
Tkeuchi 1981} are in a more preliminaty state and could possihly explain
structure on smaller scales. Whether these processes can explain holes of
60 Mpc extent is unlikely.

A final worry is the observed trend of mass to light ratio versus scale
size. The mean M/L grows linearly on small scale, and apparently through-
out the virialized clusters seen in the CfA sample, but even the highest
mass estimates for the Virgo infall are below the extrapolated linear trend.
It is not at all clear, however, that an asymptotic value of £ has been
measured because the mean M/L estimate from the Virgo infall is .
considerably higher than for clusters of size 1 to 2 Mpc. Why doesn’t the £
derived from the infall test agree with estimates based on rich clusters and
other systems which we believe can form without dissipation? Massive
neutrinos, hlack holes, or other exotica should fully participate in dis-
sipationless clustering if they are not too hot, which they will not be if
they are remnants of the hot Big Bang, and the M/L curve should he flat
on that scale and larger. Does this continuing trend imply the existence
of a hot massive component of the universe unclustered on observed scales,
or can the trend be understood without resorting to such inventions?

As usual, the questions outnumber the answers, but I really do feel
progress is being made and will continue in the next few years.

This research was supported in part by NSF grant AST80 - 00876.
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DISCUSSION

FaBER

As 1 mentioned in my talk vesterday there does not seem to be strong
evidence that the ratio of ordinary to total matter is any lower in large clusters,
like Coma, compared to small, spiral-dominated groups. This is so despite the
much higher mass-to-light ratio of Coma, becanse it seems that there is a size-
able amount of diffuse gas in Coma that never condensed into galaxies and
hence never made stars. Nevertheless, the luminosity function for galaxies in
Coma scems to be relatively normal. These two facts together suggest the pos-
sibility that the total number of galaxies per unit gas mass made in Coma is
lower than in smaller groups. If so the mass per galaxy which you showed to
rise strongly with scale size, may be a fragile quantity, owing to the inconstancy
of galaxy number per unit mass in different regions. Could you comment?

Davis

Yes, I agree that systematic errors of this sost can at least partially explain
the abserved trend. T worty about your statement of excess diffuse gas in Coma
type clusters relative to lesser groups, because the gas is so much harder to
observe in the smaller groups. It would be nice to have done the survey based
on an R magnitude limit, but unfortunately only B magnitudes are available.
None of this, however, affects the results of the Virgo infall test.

Rexs

I would like to mention a possible origin for “voids” which might aveid
the alleged problems of a simple gravitational clustering picture, and- also obviate
the extravagant energy requirements of a model which involves pushing material
around non-gravitativnally at thousands of kilometers per second. Tt could be
that the distribution of gas and galaxies is fairly uniform, but that large-scale
non-uniformities in the heating of intergalactic gas have inhibited galaxy forma-
tion in large volumes. The energy required to heat gas to ~ 10°K, and thereby
{by the raising the Jeans mass above a galactic mass) to irhibit galaxy formation,
is only ~ 100 ev per particle. This is a thousand times less than the energy need-
ed to evacuate gas from the volume of the voids in the FHubble time,
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Davis

This is entirely possible and would then remove the motivation for a non-
gravitational origin for cur infall into Virgo. It would also have caused uvs to
overestimate the density contrast of the Virgo supescluster relative to the mean
background, which would substantially increase the derived density estimate

and could suggest £} = 1.

PrEBLES

1 was stimulated, by your problem of forming holes, say 20 Mpc in size,
without requiring large peculiar velocities, to study the development of holes
in a zero pressure spherical model. The initial central density was depressed
20 per cent from the mean, If that is balanced by an overdense rim one finds
that the material piles up in a dense ridge with little peculiar velocity. 1 there
is a net mass deficit, the mass from the center piles up in a ridge that moves out
with peculiar velocity one third of the Fubble velocity. This suggests that
the peculiar velocity around the rim of the hole with 20 h™! Mpc diameter might

1

he 300 km sec™" or a good deal less than that.

Davis

I wonder i this is the generally expected case, or might it be the result of
special conditions in your counter-example, such as its spherical symmetry.

OsTRIKER

You remarked that the numerical simulation which was designed to have
a similar spatial structure to the real universe had a structure in Hubble space
quite different from the real universe. In the simuladon there was more
evidence for radial structure, “fingers”, and less of a tendency towards filaments
and holes coberent over laree angles. We recall also Tammaon’s talk and his
rematks quoting Zeldovich to the effect that it is remarkable how, on the one
hand the Hubble flow is smooth and quiet, and on the other the universe is
entitely irregular on scales of less than 100 Mpe. The possible discrepancies here
could be understood i some of the structure seen is due to velocities of non-
gravitational origin (for example hydrodynamical). We may be deceived in al-
ways using gravity to interpret siructure.

There is another discrepancy highlighted by your talk. The local dynamical
determinations of £2 you quoted ranged between 0-14 and 0-7 and are all much
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farger than the best estimate determined by light element formation in the early
universe as shown at this conference by Audouze.

Davis

1 agree entirely. Some hydrodynamical means of evacuating the large holes,
such as you have proposed, could be very useful, Regarding the second point,
the nucleosynthesis constraints give an upper limit to the baryon density only,
which therefore suggests that non-baryenic matter dominates the mass density
of the universe.

S1Lk

Two questions:

1) You used a spherically symmetric linear flow model for the Virgo
supercluster to infer that our Galaxy was just turning around towards Virgo,
and inferred that the pancake model would have a severe time scale problem.
In fact, in a model for the Virgo supercluster flow based on the pancake model,
the galaxy distribution is both highly flattened and non-linear, and our Galaxy
is not just turning around.

2) You stated that the N-body simulation at Q == 1 was highly clustered as
compared with the observed distribution. Since dissipation can only eahance
the clustering, can you therefore rule out a model with Q = 12

Davis

Tn response to question I, the linear mode! 1 described was intended
specifically to avoid the assumption of sphetical symmetry. Only the nen-linear
model requires the asswmption of spherical symmetry, and yet both methods
yield very similar values of £

As for the N-body models, T would hate to conclude anything about the
cosmological density because they simply are not an adequate match to the
observations for any value of £2. One has the freedom to rescale the simulation
to whatever physical length desired, so in practice it should he possible to
match the observations of the correlation length even i the physical processes
responsible for the clustering are quite different.



THE NATURE OF THE LARGEST
STRUCTURES IN THE UNIVERSE (%)

JH. OORT
Stervewacht Leiden, The Netherlands

The principal beacons by which we can study the structure of the
universe ate the galagies. Already a first glance shows their distribution
to be cxtremely inhomogeneous. They congregate in groups containing
from two to many thousand members. There does not appear to be a
preferred size. Structures have been found that have dimensions up to
~ 100 Mpe. These very large structures, which are called superclustess,
are highly irregular; they appear to be essentially unrelaxed. Nevertheless,
as will be evident from the following discussion, they are not chance
fluctuations, but well established, discrete structures.

The question naturally arises where the inhomogeneity ends. Can we
find a scale above which the universe is sufficiently homogeneous to give
meaning to the notions of a universal radius of curvature? That there is
such a scale is beyond a doubt. We see this for instance from the homo-
geneity of the cosmic blacle-body radiation. It js also evident from the
isotropy in the distribution of the brighter extragalactic radio sousces which
shows that the universe is essentially homogeneous when averaged over
volumes of 500 Mpc diameter. A similar conclusion can be drawn from
the distribution of the rich galaxy clusters contained in Abell’s catalogue
{cf. Qort 1958). Such volumes are still small compared to the volume
within the present horizon of the universe, at roughly 3000 Mpc.

Because superclustering is such an erratic phenomenon the only way
I can introduce my subject is by describing a few examples, for which T

{(*) In this paper, except where otherwise indicated, the Hubble constant has been
assumed to be 75 km s~ Mpe-!,
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choose those which have been studied most extensively, viz.: the Virgo
or Local Supercluster, the Coma-A1367 superciuster, and the superclusters
in Perseus and Hercules.

1 - Twur Locar, SUPERCLUSTER

A good impression of the Local Supercluster may be obtained from
the plot of the distribution of approximately 1280 galaxies brighter than
the 13th photographic magnitude published by Shapley and Ames (1932)
and shown in Figure 1. The most striking feature is the dense Virgo
cluster, 15° from the north-galactic pole. It has a recession velocity of
1000 km s™' relative to the Local Group; it is 6° in diameter, which at its
distance of ~ 20 Mpc corresponds to ~ 2 Mpc. A tail of about 25° stretches
to 50° latitude. An opposite tail, somewhat more broken, reaches across
the pole to 50° latitude on the other side, the part between 50° and 80°
latitude being called the Ursa Major cluster. This “cluster” and the group
close to the galactic pole have approximately the same velocity as the Virgo
cluster, and so has the first 15° of the tail on the other side; but between
b = 58" and 50° in this tail the velocity gradually increases from 1100 to
2500 lam s, Judging from the magnitudes of the galaxies concerned, the
distance appears to rise in proportion to the velocity. The tail appears to
turn sharply away from us. At the very tip of the tail, near 5 = 50°, there
is a small group of 5 galaxies with velocities around 4300 km s, which
looks like a separate group accidentally projected onto the Virgo tail.

Lven if we leave out the Virgo cluster and its appendages the north-
galactic hemisphere is distinctly more densely populated than the southern.
The majority of all the galaxies in this hemisphere may belong to one
superstructure.  This is distinctly {lattened towards an axis identical with
that of the dense chain containing the Virgo cluster. The axis has been
termed supergalactic equator by de Vaucouleurs (1956) and is shown by
the solid [ine passing near the poles in Figure 1.

Our Galaxy probably belongs to the Virgo supescluster. It is not clear
how far the supercluster extends beyond it. Apart from a feature marked B
in Figure 1 the galaxies in the south-galactic hemisphere may have some
tendency to concentrate towards the supergalactic equator. This may he
taken as an indication that the supercluster extends considerably beyond
the Galaxy. Yahil et af. (1980) find that the average space density of
galaxies falls off roughly as 7% (» being the distance from the centre of the
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Virgo cluster) and continues to = 30 or 40 Mpc. The total mass may
roughly be estimated at 5 X 10" Me.

Within the supercluster the distribution of the galaxies is extremely
clumpy, with groups varying from a few to perhaps fifty members; the
larger ones have a pronounced tendency for strongly elongated shapes. This
is most outspoken in the 80°long ridge through the Virgo cluster and iis
appendages, but it holds also for the larger outlying groups like those
marked A, B and C in Figure 1. TFeature A has a velocity of 2300 km s™',
and may be a separate system. Feature B has likewise the appearance of a
separate unit; it has an average velocity of 1400 km s~ and a dispession
of only 300 km s'. We do not know whether these elongated features are
disks or bars.

There is a striking difference in composition between the central cluster
and all other features; the dense cluster consists exclusively of E and S0
galaxies, while the “tails” have only about 25% E and SO galaxies.

The supercluster shows a mixture of dynamical evolution. The cluster
itself has a velocity dispersion of ~ 650 km s, With a corresponding cros-
sing time of about 1.5 X 10° years the cluster might be expected to be
largely randomized but a close inspection indicates that its structure is far
from regular. It seems instead to be composed of several more or less
discrete groups. The lack of strong central concentration likewise shows
that it is far from a dynamically steady state. The large supercluster is still
expanding, with almost the same velocity as the universe. It may well
expand to infinity,

Little is known about the internal dynamics of the wvarious sub-
structures, The larger features, like the appendages of the Virgo cluster,
and A, B and C, are presumably expanding, at least in the direction in which
they are elongated; in the other direction some sori- of collapse may have
oceurred.

Figure 1 shows a number of fairly large areas in which the density
is far below the average, Below 20° galactic latitude this shortage is caused
hy galactic absorption, but the extended near-complete voids above this
latitude must be real, and are no less interesting than the concentrations.

2 - Tue CoMA SUPERCLUSTER

The most striking part of the Coma supercluster is formed by two
rich clusters, the Coma cluster and Abell 1367, separated by 17°.1, or about
28 Mpc. Irom an extensive survey by Gregory and Thompson (1978) of
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radial velocities in the region surrounding the two clusters a bridge was
found connecting the two clusters; the radial velocities of the galaxies in
this bridge show a distinct concentration around the practically equal
velocities of the two clusters {Figure 2).

An impression of the total extent can be obtained from the recent
radial-velocity survey by Davis ef al. {1982) of all galaxies brighter than
moy = 14.5 in the north galactic polar cap down to 40° latitude. Figure 3
shows the distribution on the sky for the galaxies with velocities between
6000 and 10 000 km s7'. The Coma supercluster lies in the range 6000
t0 8000 km s, which is indicated by small crosses. Its members are evident-
ly concentrated in a strongly elongated region, marked Coma. The three-
dimensional structure may be scen in Figure 4 which shows the distribution

6000 <v < 10000
424 GALAXIES

Trg. 3. Distribution of galaxies brighter than Zwicky magnitude 1453 in the velocity range
6000 to 10000 km s-* (only galaxies with absolute magnitudes brighter than — 18.5 in the
Zwicky scale are included), Crosses indicate velocities between 6000 and 8000, squares those
between 8000 and 10000 km s—!. Reproduced by Ikind permission from Davis ef af. (1982).
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in velocity and right-ascension in the two declination zones over which it
extends. In each zone there is a fairly well defined concentration, again
indicated by a contour Coma, around the region where the Coma and
Abell 1367 clusters are situated. From these data the densest part of the
supercluster is found to extend from roughly 11.70, 4+ 20°, 6200 km s™' to
13.%6 + 35°, 7400 km s™', over a length of ahout 37°, or 68 Mpc. The total
feature may well extend considerably farther. The average velocity is
+ 6800 km s™'. The velocity width is estimated to be hetween 900 and
1000 km s™' outside the two dense clusters. With normal Hubble expansion
this would correspond to a depth of 13 Mpc, but evidently expansion in
the supercluster must he entirely different from that in the universe. Tt
may well be zero in the direction of the small axes. The depth in the
direction of the line of sight is therefore entirely unknown. The supet-
cluster may be either oblate or prolate, with an axial ratio of at least 5:1.

If the dispersion in the radial velocities is representative of the internal
velocity dispersion in general, the galaxies could not have moved over more
than a small fraction of the supercluster’s length since its birth.

3 - THE PERSEUS SUPERCLUSTER

An idea of the complexity that these superstructures can sometimes
have may be obtained from the investigations of Einasto and co-workers
(1980a, b) at Tartu. They investigated large-scale structutes in the south-
galactic hemisphere above — 2° declination, using clusters from the
catalogues of Zwicky et al. {1961-1968). Distances were derived partly
from redshifts and partly from apparent magnitudes. The distribution in
two redshift intervals is shown in Figure 5. We see that in the velocity
range 3500 to 6500 km s7' there is a concentration in an inclined band
indicated by the dashed lines in Figure 6, and a second ridge extending
from A 426 in the upper left to A 194 at the bottom of the picture. In the
range 6300 to 10 000 km s™* these ridges have disappeared. The two ridges
are considered hy the authors to be parts of a large supercluster which
comprises also the group around Uppsala 487 in the lower right. It covers
about 1600 square degrees, or 2000 Mpc®. The densest part is the chain
in the northern part, which starts at the rich Perseus cluster Ahell 426 and
contains the clusters Abell 347 and 262. A quite remarkable thing is that
the Perscus cluster itself contains a narrow chain of galaxies about 0.8 Mpc
long in the same direction as the long ridge of 50 Mpc length.
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F16. 6. Perseus supercluster. Distribution of galaxies between 1370 and 150 in the same
region as that shown in Figure 5 (Binasto ez al. 1980D). Symbols indicate numbers per
square degree (circles 223, crosses 4-7, crosses in square 8&15),

The galaxies between 13."0 and 15.0, whick in general lic in the
same distance range as the Zwicky clusters of the distance class “near”
shown in Figure 5, display a distribution closely resembling that of the
clusters: a strong concentration along the two ridges and a nearly empty
region in between (Figure 6). Practically all galaxies in this magnitude
range situated within the ¥mits indicated appear to belong to the Perseus
supercluster, as is shown by their velocity distribution. This holds also
for the galaxies in the central area of the supercluster (between the ridges)
whose velocities are sharply peaked in the interval 4950 to 5050 km s,
indicating that the galaxies between the chains form a thin stratum. The
authors have defined three other main supesclusters in the large field
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“Wedge” diagram for all galaxies in the survey with velocities less than 10000 km s-1,
The positions are measured along the chain,
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Fre. 8. Southern part of the Hercules supercluster (Tarenghi et 4l 1979).

investigated. They conclude that all clusiers of galaxies and most galaxies
ate located in superclusters, They believe that neighbouring superclusters.
are in contact and form walls and ribs of “cells”; “the space inside the cells
is void of clusters and almost void of galaxies”.

Valuable new data on the principal chain of the Perseus supercluster
have been derived by Gregory e of. (1981) from a complete set of radial
velocities of galaxies with mzp < 14.0. Their data, displayed in Figure 7,
support the supercluster character and show that it has a “filamentary
component” whose depth may be of the same general order as its width.

4 - Tue HercurLes SUPERCLUSTER

A third supesstructure on which & considerable body of data has beerr
gathered is the Hercules supercluster. It contains two groups of rich
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clusters, one near Abell 2151, with a redshift of 10 500 km s’ (Figure 8),
the second near Abell 2199 at a redshift of 9000 km s™*. The whole super-
chuster is shown in Figure 9. Tt extends over 38° in declination, correspond-
ing to 85 Mpc. Again, galaxies in this area avoid a large interval in velocity,
from 5000 to 10 000 km s~ in the region depicted in Figure 8; the cor-
responding distance interval is 70 Mpc.

5 - OTHER POSSIBLE SUPERCLUSTERS

Superstructutes are also evident in the clumpy distribution of the
clusters in Abell’s catalogue (1958). Abell himself indicated some 50 what
he called “class 2” clusters, but the reality of these groups can only be
demonstrated if radial velocities are available. An example is the 1451422
group of 7 Abell clusters, which in addition contains 10 “groups” and poot
clusters. Radial velocities were measured by Ford et af. (1981). It has
z = 0.116, longest diameter ~ 8° or 64 Mpc, true velocity dispersion
372 km s which, with a Hubble constant of 75 km s Mpc™, would cor-

5()

F16. 9. Hercules supercluster. Cone diagram of velocity versus declination for galaxies between
15" 30™ and 17" right ascension {Tarenghi e af. 1980).
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respond to 5 Mpc. This is notably smaller than the lateral dispersion on
the sky, 20 Mpc along the major axis and 12 Mpc along the minor axis, and
can either be interpreted as flatness of the supercluster or as a gravitational
effect of the supercluster which decreases the effective Hubble constant.

Finally, some still provisional evidence has been found for super-
clusters indicated by quasars (Qort ef 4l 1981). Quasars are so rare that
only a fraction of the superclusters will contain a quasar, and only a few
would contain two or more; these latter are the only ones which can be
found by means of quasars. One prohable case has been identified at
z = 3.15, in which a pair of quasats is found with a separation of 12 Mpc
and a velocity difference of 1400 km s, corresponding to a separation
along the line of sight of 4.5 Mpc. Presently data on distant quasars are
still scarce. However, it may be hoped that in the future they will provide
very valuable information on the evolution of the superstructures.

Interesting data on the redshift disttibution of galaxies down to
considerably fainter magnitudes than in the surveys considered above are
being obtained by Kirshner ef al. (1981), but as these are still in progress
I shall not discuss them here. My description of the distribution of galaxies
in space has been somewhat baphazard, and is in any case very incomplete,
Even within 100 Mpc there are many more superstructuses than the largest
ones which were discussed in the preceding pages. A more complete picture,
in a restricted part of the sky, can he obtained from the data given by
Davis et al. {1982),

6 - CORRELATION ANALYSES

The problem of galaxy clustering may be approached in a different
way, viz. by investigating the general correlation between positions of
galaxies. First developed by Totsuji and Kihara (1969) it has been applied
to a great variety of catalogues by Peebles and co-workers (cf. Peebles
1980), They found that an impostant property of the universe can be
described in an extremely simple manner by the spatial correlation, or “co-
variance” function & (r) which gives the probability P (r) that another
galaxy is contained in a unit of volume at a distance # from a given galaxy

Pir)=a{l+E{n),

where # is the number density of galaxies averaged over a large volume.
The function £ (r) can be well represented by a power law (ro/r), with
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¥ = 1.8 and 7 ~ 5.6 Mpc. The relation holds for a large range of distances,
from about 10 kpc to 15 Mpe. It gives a good impression of the clumpiness
of the distribution on all scales, except that of the superstructures which
I have been discussing. Although a correlation analysis can still be made
for radii of the order of 50 Mpc (cf. the discussion of the correlation be-
tween the positions of Abell clusters by Hauser and Pecbles 1973 and by
Peebles 1978), the co-variance function does not give an adequate descrip-
tion of the unrelaxed superclusters.

7 - SUMMARY OF SOME CHARACTERISTICS OF THE LARGE-SCALE
STRUCTURE

1. Structures have been found up to dimensions ~ 100 Mpc (for
Ho = 75 km s Mpc™' ) and masses of perbaps 10* Me.

2. 'There exist large “voids” with diameters of the same order as those
of superclusters.

3.  Some superclusters have a strongly flattened, and possibly elongated,
sbape.

4. Along the long axes crossing times are longer than the age of the
universe.

5. Complicated internal structure has been found in the Local Super-
cluster.

6. Within and around the Perseus Supercluster indications have been
found that neighbouring superclusters may be interconnected.

8 - ORIGIN OF SUPERCLUSTERS

Superclusters may have been formed in two ways: by gravitational
clustering of pre-existing galaxies, or by local collapse in the gaseous pbase
of the universe. Tbe former process is amenable to caleulation if we know
the epoch at which galaxies were formed. For the second process we must
know sizes and amplitudes of the initial density fluctuations, wbich may
either date from earlier pbases of the universe or may be caused by explosive
phenomena at a later epoch, such as envisaged by Ostriker and Cowie
(1981).

The first model, that of the gravitational instability of a universe
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consisting of galaxies, distributed at random at the epoch of their
birth, has been extremely successful in explaining all the clumpiness
and clustering in the universe, except the very largest [ef. the
simulations by Aarseth ez al. (1979) iflustrated in Figure 10], and in re-
producing the observed co-variance function. [t appears probable that this
process is responsible for practically all structures. But it is doubtful
whether structures of the order of 100 Mpe, with crossing times longer
than the age of the universe, can be formed in this way; it is also doubtful
whether it could lead to strongly fattened or elongated structures. For the
latter anisotropic initial density fluctuations of large mass would seem to
be requited or possibly a scenario like that proposed by Ostriker and
Cowie (1981).
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DISCUSSION

SILK

There are two approaches to explaining highly asymmetric superclusters.
One is to appeal to dissipative processcs at a late epoch. The alternative is fot
the initial fluctuations to be asymmetrical, Shape asymmetry is preserved in the
linear growth regime of density fluctuations and will be strongly amplified when
fluctuations become nop-linear.

ReEs

In a recent analysis of the Osmer-Smith CTIO quasar sample, Webster at
Cambridge has noted that there are 4 quasass with a z = 0,37 which could be
in a “supercluster” 100 Mpc across. He argues quantitatively that such a group-
ing of quasars is most unlikely to arise by chance if quasars are randomly
distributed.



THE NATURE AND ORIGIN OF LARGE-SCALE
DENSITY FLUCTUATIONS

P ] L. PEEBLES
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Princeton University

1 - InTRODUCTION

When the galaxy distribution is averaged through a spherical window
of radius 10 h™* Mpe (He = 100 h km s™ Mpc™') the rms fluctuations in the
smoothed density are found to be 8g,/p, ~ 0.6 (Pecbles 1980, § 59). The
number density fluctuations on this and larger scales thus are close to linear,
simple to specify and, if gravity is the dominant force, evolve in a simple
way. There is no guarantee that simple situations lead to fundamental
advances in understanding, but it happens often enough to suggest we may
find it profitable to approach from the large-scale end the puzzle of why
the universe is strongly clumpy on small scales. An important recent
development has been the discovery of large angular scale fluctuations
ST/T ~ 1 X 10~ in the brightness of the microwave background. I review
here the constraints this new measure may provide on models for tbe
nature and origin of the departures from a homogeneous universe.

Tt should be noted that the anisotropy of the microwave baclground
was only recently discovered and so many of tbe wanted measurements of
the effect still are in progress. Therefore we can only lay out the implica-
tions of each of the possible results of the measurements, T shall concentrate
on the case that seems fairly likely to me, that the effect is extragalactic
and the autocorrelation function of the background temperature has an
angular scale of some tens of degrees.
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2 - LLARGE ANGULAR SCALE BACKGROUND TEMPERATURE FLUCTUATIONS
AND THE SACHS-WOLFE LEFFECT

A convenient measure of the anisotropy of the background radiation
is the rms value of the temperature difference measured at angular

separation 9,
ST (0) = < (1) — T > 172, (1)

The measurements by Melchiorri ez af. (1981) and Boughn e# al. (1981} sug-
gest 8T/T ~ 3 % 107 at § = 6° and 8T/T ~ 1 X 10~ at 0 ~ 90°.

Now let us consider possible causes of this 8T /T effect. (For a fuller
discussion sce Peebles 1981a). If the ohserved 8T/T were produced by
sources in the Galaxy we would expect to find that 5T/T varies with the
wavelength of the radiation and perhaps also with galactic latitude. Both
cffects can be checked but the data are not yet in. Next, we could imagine
that T/T is the result of emission by the clumpy distribution of sources
along the line of sight to the horizon. Since the galaxy two-point correlation
function is very small at separations 2 30 h™' Mpc we would expect that
in the absence of scattering the autocorrelation function of T (8, ¢) would
be negligibly small when the projected separation at the Hubble distance
exceeds 30 h™ Mpc,

w)=<T/Ty>/<T>~1=0 , 0>0<1°, (2

As Hogan (1980, 1981) has discussed, scattering could increase the
coherence length 0:; T estimated that scattering by an intergalactic plasma
might make 0. as lasge as 10° (Peebles 1981b). The temperatute fluctuations.
averaged over scales 8 > 9. would vary as shot noise, §T/T oc 0~!, so scaling
from the measurement of Boughn ez 4l. at 0 ~ 90° we would expect

ST/T ~ 107 , 0=10". (3)

I have the impression that Melchiorti’s group ought to have detected
temperature fluctuations that large (but for a contrary opinion see Hogan
1981). If further measurements confirmed that the autocorrelation function
w () is appreciable at 0 = 10 it would appear that this model for the
background fluctuation is untenable.

The next possibility is that the temperature fluctuations are primeval,
that is, present as initial conditions at high redshift. In the conventional
cosmology this is a “primeval isothermal” perturbation (eg. Silk and Wilson.
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1981), where at high redshift the mass density and space curvature are
almost exactly homogeneous and the initial baryon number is distributed
in a clumpy fashion (so there are appreciable fluctuations in the baryon
mass density after annihilation of baryon-antibaryon pairs). At high red-
shift the radiation mass density g dominates and so is almost exactly
homogeneous, but where the baryon density g. is high g is slightly below
the mean, so the total density is constant, After the universe expands to
the point that pw > p, the situation tends to revetse, g becoming nearly
homogeneous, pr clumpy. At small scales that is prevented by pressure.
The pressuse gradient force is negligible on scales larger than the Jeans
length for the coupled matter and radiation (Peebles 1980, eq. [92.47]),

Ay ~ 50 (b (1 + 27" Mpe . {4)

{The density parameter is & = < p > /o). At A > X we end up with
temperature fluctuations in space

8T 1 &p
—_— ], {3)
T 3 o

where (8¢/p)i is the primeval baryon density contrast. Thus we could
account for the observed temperature fluctuations by supposing there were
primeval fluctuations with

8o
( ) ~ 3% 107% , X~ 3000k Mpc, (@)
& i

where A is a comoving length. To make galaxies and clusters of galaxies
we would want a roughly fiat spectrum of primeval isothermal perturbations
with (8p/p)i ~ 107 at A ~ 10 Mpc. If this flat spectrum were extrapolated
to larger scales it would make (82/p); much less than in equation {6}, so
we would have to postulate a break to power spectrum ~ £ at large
scales. It should also be noted that isothermal perturbations violate the
idea discussed at this conference by Weinberg that there is a fixed entropy
per baryon number. Nevertheless it is a possibility to be kept in mind.
The second possibility is that the background temperature fluctuations
are the result of gravitational potential gradients in a universe with a fixed
initial entropy per baryon number. This effect was first analyzed hy Sachs
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and Wolfe (1967). The feature of the effect that is of particular interest
here may be seen by the following heuristic argument (Peebles 1981b).
Suppose the mass autocorrelation function is negligibly small at separations
# 2 e~ 30h™ Mpc., Then the fluctvations in the mass distribution
smoothed over the scale r > . vasy with r as 8M oc #*?, which is the usual
shot noise effect. The typical gravitational potential difference between
points at separation r is

8 ~ GEM/r oo #17? , (7)

The microwave background radiation measured at points in the sky
separated by angle 0 originated at points at spatial separation » ~ 8 Ho™'.
The difference of potential through which the radiation moved causes a like
difference in temperature,

8T/T ~ 8 e B2 . (8)

This produces an autocorrelation function of the background temperature

(eq. [21),
w(®ocd — 0, {9)

where 8i is a constant on the order of the size of the sample in which w
is estimated. We assumed no mass clustering on large scales and we have
arrived at large-scale fluctuations in the background temperature. It is this
feature that seems to be suggested by the results of the Melchiorri and
Wilkinson groups.

The expected magnitude of T/ T depends on the size of the rms mass
fluctuations M. That is determined by the mass autocorrelation function

E(m = <pBipls +rp>/<p>r—1. {10y

The mean square fluctuations in the mass found within a randomly placed
sphere of radius r is

(SM/M)2:IJV1dV2<(Pl— <p>Yp— <p>y> /(<p> V)P
= [E(t — 1) dV;dVo/V? (11)

= 47 JB (”/V 5
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where

¥

J5(r} = d['. wdrE (). (12)

The last of equations {11) assumes & () is small or varies slowly on the
scale # of the sphere. We can estimate J3 on the assumption that the large-
scale fluctuations in mass agree with the fluctuations in the distribution
of bright galaxies, & = &, where £ is the galaxy two-point correlation
function. The best estimate of the integral of &, is (Clutton-Brock and
Peebles 1981)

Ts (2) = {960 = 125} h—=*Mpc® , x = 30h" Mpc . (13)

At x > 30 h™' Mpc we know [E;| < 1; but & could have a small positive
tail at large separations that could make J» at large x much larger than
in equation {13); and it is equally conceivable that & has a negative tail
that makes J: at large x quite small.

Let us consider first the possibility that & is neglipibly small at
x 2 30 h™ Mpc, so equation (13) is a good approximation to the integral
Js to very large . Then in an Einstein-de Sitter cosmological model we get
(Peebles 1980, § 93; 1981h)

(8T/TY = {Io/c)* Jz sin 0/2 ,
(14)
8T/T == 1.8 % 107% Q2 .

In the second equation 9 is expressed in degrees. For an open cosmological
model computation of 8T/T apparently requires a simplifying model for
the mass distribution, as in Kaiser’s {1981} spherical model, or else a four
dimensional numerical integration. Figure 1 shows results of a numerical
integration for the Friedmann-Lemaitre model with A =0, Q=03
(Peebles 1982), The upper curve is given by the first of equations (14)..
Both curves scale with the integral of € as 61/ oc J3'

The size of 51/7T at large 8 changes by a factor ~ 2 when {k changes
from 0.3 to 1. The more interesting point, however, is that for “reason-
able” values of © we expect 8T/T ~ 107* at large 0, comparable to what
has been observed, It is this coincidence that suggests to me there may
be something in this model for the anisotropy of the microwave background.
However, we must take note of the key assumption that the mass auto-
correlation function £ (#) vanishes at » = 7. ~ 30 h™ Mpe, If large-scale:
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kY 1 1 { 1 1 L H

0 20 40 . 80 80
Qdegrees

Fic, 1, Sachs-Wolfe effect. In the top curve the density parameter is , = 1, in the lower
curve, £, = 0.3, The vertical axis is defined in Equation {1).

clustering made € > 0 at » » 7. it could greatly increase J5 and hence the
expected value of 8T/T. For example, if we added a tail £ = 0.1 extending
to » = 100 h™ Mpc to represent large-scale clustering we would increase
the expected value of &1/T by a factor of 6, which likely would put it out-
side the obsetvational limits on 8T/T. Thus if the positive tail of £ existed
we would have to find some way to avoid the Sachs-Wolfe effect. Perhaps
the easiest way is to assume the mass distribution is anticorrelated on scales
~ 100 h™* Mpe, say, so £€<<0 at » = 100 h™" Mpc. That could greatly
reduce the integral J: and so make 8T/T smaller than the above estimates.
The cases of positive and negative long-range tails of & are discussed further
in the next two sections.

3 - LARGE-SCALE CLUSTERING?
The estimates of 8T /T shown in Figure 1 are based on a galaxy two-

point correlation function that falls to & = 1 at 7 = 7 = 5 h™' Mpc and is
assumed to vanish at # > #o ~ 30 h™! Mpc, There has heen considerable
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recent discussion of the fact that one can find holes and superciusters
considerably larger than that (Einasto 1978; Qort 1981). This might lead
one to ask whether the adopted &, is too small, which would call into ques-
tion the coincidence of the abserved and expected values of 8T/T. It scems
worthwhile therefore to discuss the relation between the actual galaxy dis-
tribution and the measure of it by the n-point correfation functions., The
theme of this section is that the visual impression of a map of the galaxy
distribution can be a misleading indicator of the degree of long-range cor-
relation. In particular, the new redshift samples do not seem to be in-
consistent with the two-point correlation function used here.

A prescription for the space distrihution of galaxies based on the
ohserved angular correlation functions was proposed by Peebles and Groth
(1975) and used by Soneira and Peebles (1978 hereinafter called SP} to
make a model map that could be compared to the Lick map of the distribu-
tion of galaxies at 7z <Z 19. In the SP prescription the two-point correlation
function is & = 1 at r = 5h™* Mpc, and £, = 0 at r > 20 h™" Mpe. We
can use this same prescription to make models to compare to the maps
from recent redshift surveys. In the following mode! the limiting magnitude
has been adjusted to get about the right number of galaxies, and to reduce
fluctuations I have eliminated the rare richest clumps (with 12 levels).
These are the only adjustments to the SP prescription.

Kirshner ez al. (1981 hereinafter XOSS) have found redshift distri-
butions for the galaxies brighter than R = 16.3 in tbree fields with areas
of two square degrees each. Their data for the three fields are shown in
the top three histograms in Figure 2. The next five histograms are model
results for five square fields with areas of two square degrees spaced at 5°
center-to-center intervals along a line. The bottom histogram is the redshift
distribution for the full mode! field, 10° by 40°, scaled to the mean number
in a two square degree field, The results in Figure 2 are based on a conse-
cutive string of numbers starting from the first in the computer’s random
number generator. The next numbets in the string were used to make the
second model shown in Figure 3.

Particularly striking are the large gaps in the redshift histograms. In
the models this is the result of the small-scale clustering of galaxies: where
there is one galaxy there tend to he others nearby, and since redshifts appear
in clumps it must leave gaps between the clumps. It will be noted that
the distance between clumps is not directly related to the clustering length.
It is a function of the mean space density of clumps. I conclude that the
model histograms look reasonably similar to the data. Models with peculiar

i2
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Fi. 2. Redshift histograms at the KOSS {Kirshner ef al. 1981) depth. The top three histo-

grams ate observed redshift distributions in threc KOSS ficlds. The next five histograms

ace from the model (see text, sec. 3). The bottoin histogram is the mean for the 100 Ly
400 model field and normalized to a two squate degree field.
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Tis. 3. Redshift histograms at the KOSS (Kirshner ef #l. 1981) depth. This shows the model
results for a second set of random numbers,

velocities that can be compared to the Center for Astrophysics redshift maps
at m < 14.5 will be discussed elsewhere in collaboration with M. Davis and
R. Sonecira. Here again the model is a not unreasonable approximation to
the data although the isolated nature of the clumps is apparent in the model
maps and somewhat objectionable.

The space distribution of the galaxies in the model in Figure 2 is
shown in more detail in Figure 4. The maps show angular positions and
distances of the model galaxies in fields 1° by 40° and hrighter than the
model limiting appatent magnitude. The field center lines are 1.5° above
and below the line of centers of the square fields in Figure 2. In this model
palaxies have been placed in clumps with diameter ~ 20 h™ Mpc. To make
the correlation among galaxies vanish at » > 20 h™' Mpc we had to place
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P16, 4. Space distributions of galaxies in the model. ‘The unit of the radial coordinate Is
1 h=t Mpc. The fields are 19 by 40°, and the centerlines of the fields are separated by 3e.
This is the same mode} as in Figare 2,

the clumps at random. That means there must be the usual statistical ac-
cidents in how the clumps are placed, and as the eye is very sensitive to
patterns one can readily pick out the accidents. Thus in the right hand map
in ligure 4 one can male out a band of galaxies some 100 h™* Mpc long run-
ning from lower left to upper right. Just below it is a roughly circular hole
~ 50 h™" Mpc across with a tight knot of galaxies just below the center,
Neither of these features is apparent in the other map at ~ 10 h™* Mpc
distance; they are statistical accidents in a tbin slice.

Configurations like those in Figure 4 may well exist in the real galaxy
distribution. The models show that such real configurations need not mean
there is large-scale correlation among galaxy positions. Indeed, if such
arrangements could not be found it would suggest we were wrong in as-
suming there is negligible large-scale correlation. It appears therefore that
the observations of large chains and holes in the distribution of galaxies
do not necessarily tell us & has been undesestimated.
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This argument also suggests to me that we should be cautious in
interpreting large-scale features in the galaxy distribution. If such features
exist then of course they represent physical situations, but that need not
mean they are the result of processes operating in a coherent way over large
scales; they could be the accidents of a random process, as in the models,

4 . ANTI-CORRELATION AND MODELS FOR THE ORIGIN OF CLUSTERING

A second possibility to consider is that £ (r) < 0 at # = 30 h~' Mpc
50 the integral J to x ~ ¢Ho™! is much less than the value in equation (13).
That means each mass concentration is balanced locally by a hole, as in the
“swiss cheese” model of Kantowski (1969), so there is negligible large-scale
mass fluctuation and thus no source for large-scale fluctuations in the micro-
wave background. This situation arises if some process locally rearranged
the originally homogeneous mass distribution, If the cohetence length for
the rearrangement is xc then £ < 0 at x ~ x. and Ja (%) ~ 0 atx » x. We
lknow that if Js initially is very small gravity keeps it small (even if the
clustering is strongly non-linear on scales < x; Peebles and Groth 1976).
Thus if we can convince ourselves that the observed large-scale fluctuations
in the microwave background are not due to sources in our galaxy or to the
primeval “isothermal” fluctuations mentioned in Section 2 we will have
evidence that Js (x) is about constant for radii 30 h™' Mpe < & < ¢Ho™' and
so we will bave evidence against this local rearrangement picture.

As Ostriker describes at this conference he has shown there are some
very attractive features in the idea that galaxies were produced by pressure
forces. In the scenario of Ostriker and Cowie (1981} mass is redistributed
by supetnova explosions that pile up matter to make new stars and new
supernovae. A somewbat similar scenario was discussed by Doroshkevich,
Zel’dovich and Novikov (1967). Rither version would predict negligible
rearrangement of mass on scales = x. ~ 30 h™' Mpc and so a negligible
Sachs-Wolfe effect. The same is true of Press’ idea that density fluctuations
on the comoving scale x. originated at bigh redshift from spontaneous stress
fluctuations with cohetence length x. (Press 1981).

To produce the observed large-scale temperature fluctuations by the
Sachs-Wolfe effect we need initial uncorrelated density perturbations, that
is, a roughly flat spectrum. It might be useful to mention one ad hoc
scheme that vields what is wanted. Suppose the entropy in the hot Big
Bang model is produced at epoch z in an initially bomogencous universe,
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and suppose the energy (neglecting gravity) is somehow deposited in a
strictly thermal, Gibbs distribution.  This makes thermal fluctuations
(Peebles 1968)

&M ET* oy Y12
(o)
M WV

in the volume V, where # is the energy per unit volume and ev the heat
capacity per unit volume. If « consists of a few species of neatly free re-
lativistic quanta so # ~ 4T this flat initial spectrum grows to the wanted
amplitude of density fluctuations at the present epoch if

7o~ 102, BETi~ 10%eV | 4 ~ 10"% secs | (16)

In the cold Big Bang model discussed by Layzer and Hively (1973), Rees
(1978), Hogan (1981} and others one obtains similar results for the micro-
wave radiation produced at z ~ 100 by assuming the baryons ate random-
ly placed at a suitably chosen initial redshift z:, which again represents
strictly thermal fluctuations.

5 - THE CLUSTERING T.ENGTH PROBLEM

If the observed large-scale anisotropy of the microwave background
is due to the Sachs-Wolfe effect it suggests the primeval density fluctuations
were adiabatic with a roughly flat spectrum. The short wavelength patt of
an adiabatic spectrum is dissipated during the expansion of the universe.
That fixes the coherence length of the mass distribution when the first
generation of protogalaxies or protoclusters is forming. There is a problem,
that the coherence length tends to be uncomfortably large compared to the
present clustering length of galaxies (Press and Vishniac 1980, Peebles
1981c, Davis cf al. 1981), As will be discussed here it appears that, if the
universe is dominated by massive neutrinos, there are enough parameters
that the coherence length can be reduced to an acceptable value.

Suppose {irst the major components of the universe are batyons, zeto
mass neutrinos (with Fermi energy « &T), and the primeval fireball radia-
tion. Then if the primeval spectrum is flat the coherence length of the
residual mass distribution after decoupling is (Peebles 1981c)

As e~ 25 {2 B3~ Mpc . (17)
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This is the comoving length at which the mass autocorrelation function is
half its value at zero lag. It is mainly determined by the matter-radiation
Jeans length (eq. [41). Now if the primeval mass distribution approximates
a random Gaussian process then, when the rms density fluctuations have
grown to < (8p) > ~ < g > the first generation of objects is just
forming and these objects have sizes comparable to %;. Thercafter gravity
tends to increase the clustering so we would expect to find that the present
mass clustering length is 70 > % Since ro ~ 5h™ Mpc this condition is
violated even in a dense universe, £ h* ~ 1.

The problem can be stated more quantitatively using the following
result. Though the evolution of non-linear density fluctuations in an ex-
panding universe is difficult to deal with, the integral of the mass auto-
correlation function satisfies the simple equation

Ts (%, ) =0'fx2afxa(x, Hoc DE)

&D 2 de 4D
o = 4w GPD .
d ¢ a di de ‘

The variable x is a comoving coordinate, so x a {#) is the proper radius. The
upper limit in the integral must be large enough that Js £ x°/3. For a
derivation and tests of the equation in analytic and N-body models see
Pechles and Groth (1976) and Efstathiou (1979). The equation is based
on the fact that the integral Js gives the mean value of the mass in excess
of random within distance x of a mass element. Non.linear motions on
scales less than x rearrange the mass distrihution around each mass element
but have little effect on the net mass within x.

We can rewrite equation {18) as

Js(x, ) = §(0,8) C I D{w)/D (1) I,

c:fodxa(x,:)/a(o,:) .

Here 4 is the present epoch and & is the mass autocorrelation function at
comoving separation % and epoch £ If ¢ is chosen eatly enough that the
density fluctuations are small then C is a function of ¥ alone and can be
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computed in Jinear perturbation theory (Peebles 1981c). If the initial
spectrum of density fluctuations is flat, one finds

C (30 Mpc) ~ 5200 (Qeh?)-%5 Mpc | (20)
We bave from equations (13), (19) and (20)
E0,) [D@)/DW I ~E(0,%) <02 . (21)

This says the mean square value of the density fluctuations at the present
epoch is § (0, &) < 0.2. That is, to get agreement with the observed value
of T» we had to make the initial amplitude so small that bound systems
would not yet have formed.

Several ways out might be considered. First, one could imagine the
density fluctvations were non-linear prior to decoupling, which would
vitiate the computation of C(r). However, that requites that non-Jinear
adiabatic verturbations exist at high redshift where the length scale of the
density fluctuations exceeds the horizon. In this case only special initfal
conditions would prevent the dense parts from forming black holes rather
than orotoclusters. which seems unsatisfactory. Sccond, one can adjust the
shane of the initial spectrum of densitv fluctuations, increasing the amphi-
tnde at short relative to Jong wavelenaths to counter the effect of the dis-
sioation at short waveleneths. The soectrum 18:* oc & vields a rezsonahly
small cohetence Tenath if Qah? = 0.1. We would need to join this to a
rouehlv flat spectrum at % 2 10 Moc if we wanted to account for the large-
seale Thuctwations n the microwave backeround by the Sachs-Wolfe effect.
To nrevent non-linear curvature fluctuations on small scales we would
have to introduce another break to 8% rouchlv flat at 2 < 1 Mpe. (For
further details sec Pecbles 198Tc. § VI). With these adiustments we
obtain a model that agrees with known constraints but seems contrived.
Third. one could droo the assumption that the initial mass density ap-
nroximated a random Gaussian nrocess. T the initial power spectrum varies
as &' with » > 1 then the acoustic oscillations prior to decounling mix
phases and so make the residual mass distribution approximate a Gaussian
brocess even if it was not Gaussian to beein with. If the initial spectrum
is flat the residual distribution is dominated by the vart at 2 ~ %5 (eq. [47)
and so vhase correlations would persist. We could therefore imagine that
isolated protoclusters with comoving size ~ 2 {eq. [171) form well hefore
the rms contrast reaches unity. The problem now is converting the matter
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between these protoclusters into galaxies; perhaps the explosion process
discussed at this meeting by Ostriker would do.

An important recent development has been the recognition that the
universe might be dominated by massive neutrinos (or some other weakly
interacting massive particle). In this picture the thermal motions of the
particles define a smoothing length cfar, where £ is the epoch at which
the thermal energy becomes nonrelativistic, This has been discussed by
several authors (Wasserman 1981 and references therein), As cfw is com-
parable to the galazy clustering length for interesting choices of the para-
meters in the model, it is useful to get a more accutate value for the
coherence length by numerically integrating the evolution of the neutrino
distribution function. The results presented here assume the universe is
dominated by one type of massive neutrino with B = 2 spin states, € = 4
spin states times types of massless neutrinos, and matter plus radiation
treated as an ideal fluid. The results are not much changed if B or & are
doubled. The distribution of massive neutrinos in phase space is computed
as a function of the magnitude and direction of the momentum. The present
value of the density parameter, (s, is supposed to be dominated by the
massive neutrinos.

Figure 5 shows the autocorrelation function of the residual mass dis-
tribution after the neutrino velocities have become unimportant and before
the density fluctuations have grown nonlinear. The primeval density
fluctuations are adiabatic and have a flat spectrum. The comoving separa-
tion is measured in units of megaparsecs at the present epoch. As indicated,
lengths in the computation scale as {{ h*)~'.

In the top anve the neutrino temperature is the conventional value

Ty = Ty o= (4/11)47, (22)

It is lower than the radiation temperature T. because thermal contact
between neutrinos and radiation is broken at redshift z ~ 10", and sub-
sequently at z ~ 10" the thermal electron-positron pairs annihilate and
add their entropy to the radiation, This model yields a coherence length
~ 7 (2 h) " Mpc. If Qh* ~ 1 this is comparable to the present galaxy
clustering length.  Also, if Qoh*=1 we get C (30 Mpc) = 600
Mpc®, which is less thar Js (eq. [131). Though little room is left for the
growth of clustering after the first generation forms this model might be
just acceptable. If (W h* = 0.3 then C (30 Mpc) = 5000 Mpc® and we
encounter the same problem as for the massless neutrino case {egs. [20],
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Fig. 5. Autocorrelation function of the residual massive neutrino distribution for a flat initial
spectrum.  In Curve 1, the neutrino temperature is the standard value T in Equation (22);
in Curve 2, T, = T,/2V% in Curve 3, T, = T,/2, and in Curve 4, T, = 0. In all cases it

>

is assumed that the massive neutrinos dominate the present mass of the universe.

[211). As was discussed above we can reduce the coherence length by
increasing the primeval density fluctuations on small scales relative to
large, but then we must introduce two breaks in the spectrum, making it
close to flat at short wavelengths to avoid diverging curvature fluctuations
and also close to flat at long wavelengths to produce the Sachs-Wolfe
effect. Another perhaps more attractive way out was suggested by Davis
et al. (1981). They remarked that the length ctw is quite sensitive to the
neutrino temperature and that Tv might have been teduced by the decay
ot annihilation at z < 10" of possible undiscovered species of particles.
The sensitivity of the coherence length to T. is shown by Curves 2 and 3
in Figure 5, where T\ has been reduced from the value in equation {22)
by factors 2 and 2 respectively.

White (1981) pointed out that if Ty « T the evolution of the power
spectrum may be determined by another effect. The density contrast
8, = 8,/p. (defined on hypersurfaces of fixed proper time kept by freely
moving observers) grows as 8, oc ¢ until the wavelength becomes compar-
able to the horizon ¢f. Then pressute makes the radiation distribution
oscillate as an acoustic wave, and the neutrino contrast 8, stays roughly
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contrast until g, ~ p. and the universe hecomes dominated hy the massive
neutrinos. Since the epoch at which the radiation leaves &, scales with
the comoving wave number £ as ¢ c¢ £°? the power spectrum is multiplied
by &4, which strongly suppresses the short wavelength part. Curve 4 in
Figure 5 shows the autocorrelation function of the final mass distribution
for a flat primeval spectrum in the limit Tv = 0. Here the weakly intes-
acting particles have been treated as a zero pressure ideal fluid; the particles
could he very massive neutrinos or any other species that can he arranged
to produce present mass density p ~ i and low enough pressure.

In the limit T. £ T./2 the coherence length of the residual mass dis-
tribution is not very sensitive to 1., and for a flat spectrum amounts to

Mo~ (13 % 0.5) (oh?) ! Mpe | (23)

If Qbh* ~ 1 this is comfortably less than the galaxy clustering length,
Also, it is interesting to note that % is comparable to the mean distance
between galaxies. Thus we could imagine o determined the scale of division
of matter into galaxies.

6 - SUMMARY

It is an interesting coincidence that if the mass clustering on scales
< 30 h' Mpc were comparable to the observed fluctuations in the galaxy
distribution and if there were little contribution to clustering from larger
scales then the gravitational potential of the mass distribution would cause
a background temperature anisotropy 8T /T comparable to what is observed.
If the anisotropy were a local effect like radiation from our galaxy and
the limit on the extragalactic anisotropy could be lowered a factor of 10
or so we would be led to consider several possible implications: mass may
be less strongly clustered than galaxies; the mass distribution may be anti-
correlated at larger scales so each mass concentration is balanced locally by
a hole, or mass fluctuations may have appeared only recently so the radia-
tion along different lines of sight did not pass through significantly different
potentials. If there were appreciable clustering of galaxies on scales
= 30 h™' Mpc in addition to what is seen on smaller scales then the
expected Sachs-Wolfe effect would violate even the present limits on
8T/T and we would be led to consider the above three possible interpreta-
tions. However there is no evidence yet available that the galaxy two-point
correlation function has been significantly underestimated.
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If the microwave background does have irregularities 8T/T ~ 10~
on angular scales of several tens of degrees two interpretations seem
reasonably possible. The effect may be intrinsic, in the initially isothermal
perturbations that become temperature fluctuations when pw » o, That
requires primeval matter density fluctuations 8g/p ~ 3 X 107* on the
comoving scale ~ 3000 h™ Mpe, which seems high but pethaps could be
arranged,  The Sachs-Wolfe effect is negligible here because & << 0 at
r ~ Ar {eq. [4], and the coincidence between the observed value of §T/T
and the computed values in Figure 5 would be only an accident. The second
possibility is that the coincidence is significant, the large-scale irsegularities
in the microwave background being due to the gravitational potential of
the shot noise of the mass distribution. It is of pasticular interest that this
is inconsistent with a broad class of models for the origin of the clustering
of matter in the universe, those where mass clustering originated from
stresses coherent over scales x. <« the present horizon. What is wanted
is illustrated by the thermal model in equation (15); uncorrelated perturba-
tions to the mass of the universe.

This research was supposted in part by the National Science Founda-
tion of the United States.
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DISCUSSION

S1Lx

1) The large scale anisotropy of the cosmic microwave background radiation
has been computed recently by M, Wilson in weakly inhomogeneous models
with £ < 1. He finds that while the dipole and guadrupole anisotropies are
somewhat reduced if the normalization is unchanged an interesting cffect enters
associated with the radius of curvature of the universe. This effectively acts as
a diverging gravitational lens that results in the generation of higher multipoles.

2) The dipole anisotropy can be appreciable for a flat spectrum of adiabatic
fluctuations and sets important constraints.

3) One could argue (on philosophical grounds admittedly!) that if some
initial spectrum of density fluctuations led to the formation of galaxies and
clusters, nature would have to have been rather perverse to disguise all traces of
smaller fluctuations on larger scales.

PrrBLES

1) No comment.

2) T like to separate the dipole moment with the inttinsic part and that
due to our motion. I do not think the former is too big in a flat primeval
spectrum. The latter is comparable to the expected rms value i © £ 0.3,

3} No comment.

WEINBERG

You have told us the expected magnitude of the fluctuation in baclground
temperatute over large scales. What do you expect the background temperature
to look Iike as a function of angle when it is accurately measured? In particular,
poing back to Silk’s question, what do you expect to find for the dipole moment,
apart from our peculiar motion?

PrrpLzs

T expect that the background temperature as a function of angle would
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lock like a random Gaussian process with spectrum proportional to ~ £7* sa
that large-scale (luctuations dominate and on them are superimposed smaller
angular scale fluctuations with smalley amplitude. The intrinsic dipole moment
is expected to be ~ 10 percent of the abserved wvalue; the rest presumably is
the result of our peculiar motion,

Hawxing

¥ you can explain

If you have white noise with § m/m proportional to s~
the large-scale microwave anisotropy, but you do not have enough fluctuations
on shorter length scales to produce galaxies. On the other hand, if you have
8 m/m proportional to m™', you do not have enough large scale fluctuations to
account for the microwave observations. Would an intermediate fluctuation

spectrum Smz/m o m** account for both?

PEEBLES

In the spectrum 8ue/m oc m™* the integral over the mass correlation
function goes to zero at large r so 1 would expect this model yields §T/T « 10~
at 0 ~ 90°,

(GUNN

You are saying, are you not, that there is mo satisfactory power-law
spectrum, since one needs a rising spectrum at high spectral frequencies which
does not vanish at the origin?

PeERBLES

That is the case if the universe is dominated by the usual baryons, electro-
magnetic radfation and zero-mass neutrinos. If you allow low-pressure weakly
interacting matter, I can get by with a power-law powet spectrum.

Davis

I believe it is difficult to cool the neutrinos below their standard tem-
perature of 1.9 K. Tf additional entropy is injected, say at z ~ 107 by the decay
of some exotic elementaty particles, then the resulting y-rays will completely
destroy the fragile deuterons before they thermalise with the blackbody radiation.
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This result was first pointed out by Lindley (Mon. Not. Roy. Astron. Soc., 1979,
188, 15 P) a few years ago.

PrEBLES

In that case I might fall back on the GeV neuirinos which Lee and Wein-

berg discussed some years ago.

Rers

You have mentioned a specific scheme whereby your preferred spectrum
of fluctuations could have been set up at an eatly epoch. I would like to ask
how much credence you would put in this, or any other, scheme which yields
a power law, One could alternatively envisage that a “preferted mass® is fed
in “ab initio” (after all, # 0 < 1 there is in any case one preferred mass, the
mass within the Hubble sphere at epochs corresponding to z £ Q7). Also, an
initial power law will translate into a post-recombination power law only on
mass-scales exceeding the pre-recombination Jeans mass, Does this affect the
way vou normalise 1o the galaxy clustering?

PeeBLES

I understand that you mean by “prefesred mass” a power spectrum of
primeval density fluctuations that vanishes outside some fairly narrow range
around co-moving wavelength on the order of 10 Mpc, In that case the power
at A ~ 3000 Mpc is negligible, so J3 ~ 0, and one expects no Sachs-Wolfe effect.

I do not know of any good argument for a power-law power spectrum; but
the 8 T/T ~ 10* effect does rule out some otherwise attractive possibilities,
namely, those where the mass distribution initially is homogeneous and that is
broken by the local gathering of material on scales ~ 30 Mpe, The thermal
fluctuation model was only meant as an example of what T think may be wanted.
It is not meant to be taken at all seriously.

I normalise at # ~ 30 h! Mpc; the observed and expected & T/T agtee if
the spectrum is flat longward of that.

Gunn

Since the coincidence you have been discussing depends upon the cutoff of
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a divergent integral in a region in which the integrand is pootly, if at all, known,
it is difficult to have much appreciation of the likely uncertainty involved. How

large do you feel it is?

PEEBLES
The estimate of the integral Js (r) to » = 30 h™! Mpc is based on the integral

i

Jw(@edo
0

where w (0) is the angular galaxy two-point correlation function in the Lick
sample. I think J5(30) is know to 30 percent. Direct measurements of the
galaxy distribution do not provide useful constraints on the contribution to
Js at # ~ 3000 h~! Mpc and I am instead using 8§ T/T to constrain [s.
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ABSTRACT

The White-Rees theoty of galaxy formation via hierarchical clustering
and core condensation is used to develop a model for the structure of disk
galaxies. Disk parameters such as rotation velocity, radius and sutface
brightness scale directly in proportion to the corresponding halo parameters,
which are in turn determined by hierarchical clustering from primordial
density fluctuations. If the original fluctuation spectrum was a power law,
scaling relationships among luminosity, velocity, and radius are predicted
which lock much like the observed Fisher-Tully and radius-luminosity laws.
Evidence is presented which suggests that the slope of the fluctuation
spectrum must have been flatter than white noise on a scale size from
galaxies to clusters of galaxies.

1 - INTRODUCTION

This paper and the one following discuss several properties of normal
palaxies which appear to be intimately related to the nature of non-luminous
halos and, through them, to the global properties of the early universe, 1n
prepating these papers T have come to believe that there exists a direct
structural link between the luminous postions of galaxies and their non-
luminous halos. Appreciation of this close connection not only aids in undes-
standing the structure and dynamics of present-day galaxies but also sheds
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light on the density perturbations from which they came. It is this further
connection that is of special relevance to cosmology.

The conceptual framework for this paper is a picture of galaxy forma-
tion hased on dissipationless gravitational clustering of non-tuminous halos,
coupled with dissipational settling of gaseous matter within the halo cores.
Originally put forward by White and Rees (1978), this picture is able to
provide a natural explanation for many of the observed properties of
galaxies and clusters (a brief review is given below). The idea of hierarchical
clustering increases in power still further when coupled to the notion of
angular momentum gain via tidal torques (Hoyle 1953, Peebles 1969,
Efstathiou and Jones 1979, Fall and Efstathiou 1980). These concepts
collectively serve as a point of departure for the present discussion,

In what follows a carefully defined vocabulary will be helpful. I use
the term Aalo to refer to the non-luminous and dissipationless matter sur-
rounding visible galaxies. Halos are assumed to be spherical, or perhaps
slightly flattened. The words luminous and ordinary are used interchange-
ably to denote the dissipative matter which today constitutes the visible
portions of galaxies, that is, the stars, stellar remnants and interstellar
medium, This luminous component is further distinguished into two
dynamically distinct sub-components, the spheroidal bulge and the disk.
I often speak of elliptical galaxies and spheroidal bulges collectively as
spheroids.

The aim of this and the following paper is to work out what the
structure of the luminous portions of galaxies should look like in the context
of the hierarchical clustering and dissipation picture. Power-law relations
in radius, internal velocity and mass are derived, which look remarkably
like the observed relations. These ideas also lead to a tentative picture for
the nature of the Hubhle sequence. This first paper presents the major
concepts in broad outline and then concentrates on the structure of disk
galaxies. The following paper is concerned principally with the formation
of spheroids.

2 - PROPERTIES OF PRESENT-DAY GALAXIES AND CLUSTERS: A BASIS FOR
FURTHER DISCUSSION

It is appropriate to begin by enumerating the most fundamental pro-
perties of galaxies. Such a summary serves not only as a framework for
further discussion here but also as a platform for cosmological speculation
at this conference. The following list of properties is a distillation down
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to the bare essentials. It proceeds from well-established fact, through
likely supposition, and ends with a speculative but potentially powerful
hypothesis.

A. Galaxies are easily discernible as discrete entities, whereas groups
and clusters of galaxies are not. Put another way, if one were to sclect a
star at random from the universe, it would nearly always be possible to
identify its parent galaxy with confidence. The analogous assignment of
galaxies to groups and clusters is, in contrast, usually very uncertain,

B. The luminosity function for galaxies is distinctly non-Gaussian
with a long tail extending to low luminosities. Fall (1980) points out that
this form is typical of clustering or coagulation processes in general. It is
significant, therefore, that the luminosity function for galaxies beats a
familial resemblance to the multiplicity function for groups and clusters.
Both of these in turn closely resemble the multiplicity function in N-body
clustering simulations (Bhavsar, Gott and Aarseth 1981), which are of
course built up in just this way.

C. There are large peaks in the density distribution of non-luminous
matter, and these in turn surround the visible portions of galaxies. To put
this idea quantitatively, the average density of non-luminous matter within
groups and clusters is typically only ~ 107 g em™, as judged from yirial
estimates. In contrast, the density of matter at the optical radius of a
spiral galaxy is ~ 107 g cm™, most of which is known to be non-luminous.
The density of non-luminous matter in the immediate vicinity of galaxies
is thus some three orders of magnitude greater than its average density on
the scale of groups and clusters.

D. The specific angular momenta of galaxies correlate closely with
optical morphology. As the data in Table 1 indicate, ellipticals rotate the

TABLE 1 - Specific angular momenta of galactic components.!

Bare Spheroid (E Galaxy) 240 km s-! kpe
Spheroid in Disk Galaxy 600 km s~ kpe
Dislk 4000 km st~ kpe

1 Values refer to “typical” luminous E, spheroidal bulge, and Sc spiral and age based
on data in Burstein ef al (1981) and Kormendy and Iiingworth {1981). They are mecan
values determined by integrating over the entire luminous component.
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least, spirals the most, with spheroidal bulges somewhere in between, One
would very much like to sce these data presented for each Hubble type
individually. However, to be meaningful, such a comparison would have
to be carried out at constant total mass. Defining total mass is such a
difficult problem at this stage that I have decided to bypass the issue and
present only the very schematic comparison in Table 1. On such a gross
level the differences are so well established that mass uncertainties cannot
obscure the basic trend.

E. Morphological types of galaxies are related to the density of
galaxies in the immediate neighborbood. This important fact was discover-
ed by Dressler (1980) from studies of morphological types in 55 clusters.

F. Radii and internal velocities of galaxies correlate well with galaxy
luminosity. These corrclations take the form of power laws. For spirals
the well-known Fisher-Tully relation states that L oc ¢°, with « in the
range 4 to 5. Similarly L oc R®, where B is close to 2, i.c., surface brightness
is nearly constant. Essentially identical relations hold also for eflipticals
(with different zero-points). This similarity in behavior hetween two
families of galaxies having radically different internal structure is a remark-
able fact in need of explanation.

The above assertions are all strongly supported by the available evi-
dence and may be considered astronomical “fact”. Less well established
is the following proposition:

G. The ratio of luminous to non-luminous matter is everywhere
constant on scales greater than 100 to 200 kpc. This statement might at
first seem at odds with what is well known about larger mass-to-light ratios
scen in great clusters of galaxies (e.g. Faber and Gallagher 1979). This trend
in large clusters would naturally lead one to suspect a continually increasing
fraction of non-luminous matter on large scales. Part of the trend, how-
ever, can be attributed to the difference in mean stelfar population in great
clusters compared with small groups — the E and SO galaxies prevalent
in large clusters contain mostly old stars, which emit less light per unit
mass.

It can further be plausibly argued that the remaining deficit is made
up by the larger mass of hot intergalactic gas in great clusters. This material,
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TaBLE 2 - The ratio of ordinary matter to total matter.

Hubble Consiant
50 km s~ Mpe-t 100 km s~ Mpc-!

A, Small Groups

1) Model M), /Ly for average spiral-dominated

groupt 29 x 190 47 & 1.6
2) Obsgerved M, /1% 40 ]1,3 80 ij)g
3) B o= My, /M, 0.07 005 006 & 0.05

B. Coma Cluster
1) Fraction of mass in stars:

M, /1y for old stellar populations? 64+ 1 124 2
M, /1y for Coma Cluster? 325+ 30 650 = 100
My (stars)/M,, 08 = 005 0.018 == 003
2} Fraction of mass in IGM:
TFraction of core mass in pas® 007 +0.04 002 #0011
(= My, (828)/ My,
3) TP = (M, (stars) 3 M, (gas} /M, 0.09 4 04 0.04 =002

UM, includes stars, LT, and H,. Relative proportions of Fubble types come from
Dressler (1980), F T contributions from Roberts (1969). ¥, mass is arbierarily set to 0.30
My M/ for E's and SOs from Faber and Gallagher (1979). M,,./Ly for Sd-Tix 1
is set cqual to the solar neighborhood value of 1.5 (Faber and Gallagher 1979). M./ Ly
for Sb - Sc is scaled from solar neighborhood value by addition of bulge with M, /I, = 6.0.
Pinal values assumed: F (8.0}, S0 (6.0), Sb-3c{2.0), Sd-Tur {1.5).

2 Taber and Gallagher (1979).

3 Lea et al. (1973).

if formed into luminous galaxies, would add substantially to the total light
[I am indebted to a remark by Gunn (1980) that makes this point]. A
crude comparison of the ratio of luminous to non-luminous matter in Coma
and in small groups bears out this belief (see Table 2). As the notes show,
this comparison rests on numerous assumptions and uncertain data. Never-
theless, within the limits of present knowledge, it would seem permissible
to assume that the fraction of ordinary matter in large clusters is identical
to that in small groups. From this point, it is but a short step to conclude



196 S, M. FABER

that the ratio of ordinary to total matter is everywhere constant on scales
greater than a few hundred kiloparsecs.”

Proposition G is extraordinatily attractive for its essential simplicity
and also for the uncomplicated picture it implies about the homogencous
distribution of ordinary and non-luminous matter in the early universe.

Since 100 to 200 kiloparsecs is comparable to the hest present estimates
for the size of galaxy halos (Ostriker, Peebles and Yahil 1974), Proposi-
tion G leads naturally to a further, more daring idea. There admittedly
exists at present essentially #o direct evidence for this further speculation.
As with Proposition G, however, the potential power of simplification is
so great that I put it forward as a useful working hypothesis:

H. Al protogalaxies initially contained the same ratio of ordinary to
total matter. From the data in Table 2, a reasonable estimate for this ratio,
hereafter denoted by F, is roughly 0.07.

As noted by White and Rees (1978), the hypothesis of hierarchical
clustering and dissipation (or HCD) is able to account for many of the
above properties of galaxies in a completely natural way. The theory is
notably successful in explaining the discrete nature of visible galaxies, the
extended non-luminous envelopes, the galaxy luminesity function and the
excess density of non-luminous matter in the environs of galaxies, When
tidal torques are added 1o the theory, roughly the right order of magnitude
is obtained for galaxy angular momenta. The idea of a constant ratio of
luminous to non-luminous matter in all protogalaxies is also philosophically
quite consistent with the HCD pictute and would arise naturally under the
simplest assumption of a well-mixed early universe. Six of the eight proper-
ties enumerated above are thus nicely subsumed under the theory.

Of the remaining two propertics, one — the link between galaxy
mortphology and environment — is still a subject of ongoing research at
present (Aarseth and Fall 1980, Silk and Norman 1981). Adding a new
process, such as mergers, to the basic theory may be able to account for
this correlation as well.

1 Proposition G might alse appear to conflict with Davis’ finding (Press and Davis
1981; also Davis, this conference) that the virial mass per galaxy is larger in big clusters
like Coma. ‘The two views are not necessarily incompatible, however, if the mumber of
galaxies created per vait mass was lower in dense clusters than elsewhere. This might happen,
for example, # the formation of low-density galaxies was distupted by the interaction of
protogalaxies. In this view, the copious intergalactic medium in Coma would consist of gas
which was not able to remain bound into individual galaxies.
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The eighth and final property — structural scaling laws — has, to my
knowledge, never been addressed in the context of the HCD picture. It is
one of the principal themes of the present work.

3 - HIERARCHICAL CLUSTERING AND THE COOLING DIAGRAM

Rees and Qstriker (1977) have devised a simple diagram to identify
graphically those protogalaxies in which gaseous dissipation seriously af-
fects the dynamical structure. Roughly speaking, these are objects in which
the cooling time is less than the dynamical time. Figure 1 is an updated
version of their diagram showing the locations of present-day galaxies and
clusters. Since just the ordinary matter is dissipative, only its density,
fum, is plotted. For groups and clusters, #nm was assumed to be F times

-4

|Og nlum
~2t

(&7 / ////////////////f/
/ mﬂ/////m/ﬂ

Fig. 1. Ostriker-Rees cooling diagram showing the actual locations of present-day palaxies
and clusters. Data on galaxies came from the following sources - E's: ¢’s from Terlevich
et al. (1981), M ,/L from Faber and Gallagher (1979); 8c's: o,,'s and radii from Busstein
ef al. (1981), M;,,./Ly assumed to be 1.6; Ir’s: Thuan and Seitzer (1979). Data on groups
and clusters flom Rood and Dickel (1978). Cross is mean mass turning around today (White
and Rees 1978). Heavy straight lines are clusteting loci for various values of #. Light lines
are the mass of a self-gravitating body composed putely of ordinary matter. Dashed line is
a sample track for rapid dissipation within a heavy halo (see Figure 2).
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the virially determined mass density. For galaxics, mum was derived as
explained in the figure caption and refers to the mean density of Iuminous
matter within the optical radii. The necessary data for this plot presently
exist only for Ii’s, Sc¢’s, and irregular galaxies of low surface brightness,
which occupy the hatched regions. One supposes that the neighboring
regions (stippled) are occupied by intermediate Hubble types and will be
filled in when the necessary data become available.

The two cooling boundaries refer to self-gravitating structures com-
posed of purely gaseous ordinary matter having zero and solar metaliicity.
The dynamical temperature used as the abscissa is related to the mean
kinetic energy per particle (T == 0.2 24 v* £ for a fully ionized gas of pure
hydrogen and helium). The masses shown (diagonal lines) are schematic
only. They indicate the mass of a self-gravitating body of purely ordinary
matter having that density and temperature. In objects where the non-
luminous matter contributes significantly to the total mass density, the
indicated mass must be multiplied by a cotrection factor (#um/ )"

According to Figure 1 all present-day galaxies appear to lie within
the region where cooling is rapid relative to the dynamical timescale, The
diagram thus quantitatively confirms the notion that dissipation was a major
factor in determining the final luminous radi of galaxies and is thus res-
ponsibie for their appearance as discrete, well-separated entities. Groups
and clusters lie well apart from palaxies, above the cooling boundary. If
the ordinary matter were by some process to become uniformly distributed
within these structures, the cooling time would be long compared to the
dynamical time. This is, of course, the minimum requirement needed to
account for the long-lived intergalactic medium seen in groups and clusters.

It is worth emphasizing that the clear separation of three ordets of
magnitude in density between galaxies and groups and clusters is purely a
result of focussing on the luminous matter. If mo were employed as ordi-
nate instead of #wem, groups and clusters would move to higher densities by
a factor of I, or ~ 10. Galaxies on the other hand would be represented
by their mean halo densities, which are some two orders of magnitude
lower than the densities within the optical radii. The gap of three orders
of magnitude in the present diagram would thus completely disappear, and
we would see a smooth, unbroken procession in density and temperature
from halos of small galaxies, through large galaxies, to groups and clusters.
This continuum is naturally expected in the TCD picture, whete galaxy
hafos and groups and clusters both originate from the same spectrum of
initial density fluctuations via dissipationless clustering.
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4 « THE MOTION OF PROTOGALAXIES IN THI COOLING DIAGRAM

The cooling diagram becomes even more useful when used to trace
out the tracks that clustering masses follow on their way to becoming
galaxies and clusters, In the HCD picture clustering starts with small
density enhancements somewhete in the lower left-hand region of the
diagram. At every epoch there is a characteristic mass just then separating
out from the background and turning around. One such point corresponds
to the present epoch and has been estimated by White and Rees {1978).
Tt is shown as the cross in the upper right.

Consider now the clustering as evidenced by the dissipationless com-
ponent, and imagine that it begins at time 40 with mass Me and temperature
To. If the specttum of initial density enhancements is a powerlaw (e.g.
Peebles 1974, Gott and Rees 1975}, we may write

8() (f@) M —Y2 —nf6
= . {1)
6 (o) Mo

A value of # < 0 indicates more power on farge scales than that expected
for white noise.

If this initial power-law spectrum clusters hierarchically and dissipa-
tionless in a universe with & = 1, it is easy to show (Gott and Rees 1975)
that the structure and turn-around times of successively larger aggregates
obey the following laws:
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Under these conditions, the mean locus for clustering in Figure 1 is a

straight line given by
T -3 @)
"= m [ J B (3)
To

The exponent in this expression is quite sensitive to #. Slopes for # = 0,
— 1, and — 2 are shown in Figure 1.

This locus applies to the non-luminous component only. In the HCD
picture, the luminous and non-luminous components are initially well mixed.
As long as there is no dissipation in the luminous matter, this matter also
clusters along a straight-line locus, parallel to that above but down by a
factor of F in density.

The process of dissipation itself consists of two phases. At first, when
the gas has not contracted too far relative to the non-luminous component,
the gravitational attraction of the non-luminous matter atises principally
from the halo. Since the halo is essentially isothermal with constant » (R},
the dynamical temperature of the luminous matter stays constant, despite
the fact that its radius is shrinking.

After a collapse factor of roughly F~'==10, the density of the ordinary
matter within its own radius begins to exceed that of the halo. The sell-
gravity of the ordinary matter now becomes dominant. Within this
crossover point, the internal velocity of the luminous matter is given by

GMlum 12
Vium & (——-~——— J (4)
Rhnu
and hence
Tham o Rlumw1 o Ham* P (5

Dissipation in phase two is thus accompanied by an increase in dynamical
temperature,

Figure 2 illustrates this process schematically. An isothermal halo
with core radius one-tenth the outer radius is assumed. The luminous
component has a mass 0.07 times the total mass. If dissipation is rapid
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Fig. 2. Two possible dissipation tracks for fuminous matter condensing to form a visible

galaxy. The straight line is the clustering locus for ordinary matter without dissipation. The

solid curved fine shows a sample track when dissipation is much more rapid than clustering.

The clbow marks the transition between the dominance of the halo potential (phase one)

and seif-gravitation of the luminous matter {phase two). The dashed line is an llustration
of what might happen when dissipation and clustering occur contemporancously,

relative to the clustering timescale, the halo properties may be considered
essentially constant during collapse, and the collapse path is as given by
the solid line. The change in slope marks the transition between phase one
and phase two. If, as is more likely, the clustering and dissipation time-
scales are comparable, there will be a more gradual divergence of the
luminous and non-luminous matter, and the precise path taken will depend
on the dissipation history. One such possible path is shown schematically
by the dashed ine.

To summarize, the HCD picture in a universe with @ =1 and a
power-law initial density spectrum predicts that dissipationless clustering
will follow a straight-line locus in the cooling diagram, the slope of which
depends only on the power-law exponent, Non-luminous halos of galaxies
and groups of galaxies should be found along this track. The luminous
portions of galaxies depart from this track via dissipative processes, moving
downward to higher densities and, ultimately, also to higher dynamical
temperatures.

These arguments can be used to place an interesting upper limit to
the power-law exponent ». Note that the mean clustering locus must
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intersect the Jocation of the mean group collapsing today. Three possible
loci are shown in Figure 1. Recall aiso that the mean clustering locus must
lie above the region occupied by galaxies. These considerations appear to
rule out values of 7 as low as 0 since the clustering track would then lie
below too large a fraction of present-day galaxies.

It s difficult to set an exact uppet limit to » with this type of
argument owing to an additional complicating factor that the clustering
locus has finite width, Such a spread might arise from stastistically
random variations in the density of individual fluctuations at fixed
dynamical temperature (see Section 5 below). The sizeable width in the
area occupled by groups and clusters in Figure 1 suggests that this spread
might be considerable?

Even if the clustering locus were imagined to have a width fully equal
to that displayed by groups and clusters, however, a value of 7 = 0 would
still be incompatible with the location of galaxies; with this value, most
irregular galaxies would still lie above the track. A value of z = — 1, on
the other hand, would seem to be marginally compatible with the irregulars
while a value 2 = ~ 2 would be fully compatible. These conclusions apply
if =1, If Qis less than unity, the clustering locus is no longer a straight
line but curves upward (White and Rees 1978), For £ even as small as 0.2,
however, this curvature is small and has little effect, Its sense is such as
to reduce the above upper limit on 7 still further.

To summarize, if the power-law hypothesis is valid, a reasonable upper
limit to #» would seem to be — 1. This value implies that, on mass scales
from galaxies to groups and clusters, the powerlaw spectrum of the
universe is flatier than white noise. There seems to be growing evidence
for such a flat power-spectrum from observations on larger length scales
as well. Examples include the large-scale distribution of galaxies (Kirshner
et al. 1981, Davis, this conference) and the multiplicity function for groups
and clusters (Bhavsar ef al. 1981},

5 - Tue HussLr sEQUENCE: DISSIPATION OR DENSITY SEQUENCE?
. :

It is only a short step from the preceding discussion to the beginnings
of an idea for the formation of the Hubble sequence. Because dissipation

2 Note, however, that the indicated range for groups and clusters in Figure 1 s illustrative
only; the data used to identify this range are in no sense statistically representative,
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carries galaxies downward from the clustering locus, it would be natural
to conclude that objects Jowest in the cooling diagram have dissipated and
contracted the most. In this picture, the Hubble sequence would be a
scauence in the amount of coflapse and condensation of the luminous
matter relative to the non-luminous halo.

T shall ultimately embrace this view, but only after much discussion
here and in the following paper. The way to this conclusion is not as clear
as the simple Jogic above would imply, for there is a competing explanation
for the Hubble sequence which deserves careful consideration. This
alternative idea is based on the notion that there must be some intrinsic
width to the clustering locus owing to statistical fluctuations. For an
individual inhomogeneity, for example, Eq. (1) would read

SP M —~3/2 —nfé
—m ) (,_____] . {6)
p Mo
The parameter 7 here expresses the deviation of a particular inhomogeneity
from the mean density enhancement of all inhomogeneities of that mass.
Eq. (3) now becomes
Lo T .z
n = Tf 11 [ J l-n ) (7)
To

With # in the range — 1 to — 2 (see above), the exponent of 7 lies he-
tween 4 and 6. Small random fluctuations in % might thus induce consider-
able width into the clustering locus.

We now ask whether such an occurrence might not have produced
the entire spread in galaxy densities in Figure 1. If so, ellipticals would
be dense today simply because they evolved from perturbations whose
initial % was greater than average. Under this hypothesis the Hubhle
sequence would be interpreted primarily as a sequence in 7.

For clarity, let us call these two ideas the “dissipation” and “density”
pictures, respectively. In my opinion, the available data on the structure
of galaxies somewhat favor the dissipation picture, although no clear dis-
crimination berween the two processes is really possible at this time.
Indeed, both may operate at some level.

The evidence supporting the dissipation scheme will take some time
to assemble. Much of it hinges on the structure of sphetoids and is there-
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fore deferred to the following paper. The remainder of this paper is
devoted largely to further exploration of the dissipation hypothesis and to
comparison between it and the observational data.

One of the more important features of the dissipation picture is its
prediction that the fraction of non-luminous matter within the radius of
the ordinary matter should he greater in late-type galaxies than in early
types, This behavior should atise from the lower condensation of late-
type galaxies within their surrounding halos. As emphasized by Tinsley
(1981), observed mass-to-light ratios of galaxies along the Hubble sequence
do indeed display such a trend. Table 3 presents quantitative estimates
similar to Tinsley’s. For practical reasons, the radius of the ordinary matter
has been set equal to an isophotal optical radivs. This definition is satis-
factory for the spirals but considerably underestimates the radii of irregulars,
in which a great deal of gas is often present outside the optical fmage.

The trend of the data in Table 3 is consistent with the dissipation
picture, in which the Hubble sequence is a sequence of increasing luminous
concentration. The [uminous bodies of Sa galaxies appear to be strongly
concentrated within their halos. Sc’s are transition objects in which the
fractions of Juminous and non-luminous matter witbin the optical radii are
comparable.  This conclusion is consistent with the location of Sc’s in

TABLE 3 - Fraction of luminous and non-luminous matter within the optical

radins.
Type Dynamical :
M, /Ly M./Lg? M, /Ly Fraction,,,,,, Fraction,,,
Sa 6.5: 55 0.13 0.86: 0.14:
Se (3.5-5.0) 1.1 0.52 (0.32 - 0.46) {0.54 - 0.68)
e T > (2.5-3.2) t.25 0.65 < {0.28 - 0.36) > (0.64-0.72)

! Values refer to optical Holmberg radius. Sa: Faber and Gallagher (1979); Sc: larges
value is raw from FG, smailer contains additional correction for internal absorption (Burstein,
private communication); lrr I: smaller value is mean from Fisher & Tully, quoted by FG,
larger vafue from Thuan and Seitzer (1979). Both values for Irx Us are lower limits owing
to the fact that the optical radius may systematically underestimate the radius of the ordinary
matter (see text).

2 Model M./Ly, from Tinsley (1981), Larson and Tinsley (1978), at appropriate (B-V),.

3 My from Roberts (1969} for 8a and Sc and from Thuan and Seitzer (1979) for Irr T,
increased by 3096 for T,
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Figure 1, near the elbow of the dissipation track. This elbow marks
the transition to self-gravitation in the luminous matter, and hence also
the point whete the densities of luminous and non-fuminous matter are
equal within the optical radius.

The status of irregulars as diffuse, low-concentration objects would
be even clearer if 21-cm rather than optical radii had heen used. The
Gaussian line profiles and lack of flattening in irregulars (Thuan and
Seitzer 1979) suggest that they are at least partially supported by random
motions rather than by rotation. These low-surface-brightness irregulars
may be small galaxics whose collapse and dissipation have been delayed
by energy input from young stars.

A second prediction of the dissipation picture comes {rom the rising
dynamica!l temperature of the luminous matter within the sclf-gravitating
regime. As a result of this process, at constant mass we would expect
internal velocities in early-type galaxies to be higher than in late types.
The observations of rotational velocities in early Hubble types do indeed
show such a trend (Rubin, Ford and Thonnard 1980). In the following
paper this effect is estimated quantitatively and shown to he consistent
with the observational evidence.

6 - Tur FisneR-TULLY RELATION FOR Sc SPIRALS

We turn now to the important question of scaling laws in luminosity,
radius and internal velocity. Since Sc spirals in the dissipation picture
have not contracted very far, the Fisher-Tully relation for them turns out
to be particularly simple. We start there and move on to other Hubble
types and other scaling laws in the following section.

Attempts to explain the Fisher-Tully relation have concentrated thus
far on the behavior of disks themselves. Schechter (quoted by Aaronson,
Hucbra and Mould 19792) observed that the relation L oc v* is expected
for disks of constant surface brightness and constant M/L in dynamical
equilibrium.  Carrying the argument further, Silk and Norman (1981)
invoked cloud-cloud collisions, viscosity, and other gaseous processes to
account for the observed constant central surface brightness.

A critical look at Sc galaxies suggests that this focus on the micro-
physics of disks may be the wrong approach. We have seen that within
the optical radii of Sc’s, luminous and non-luminous matter contribute
about equally, This conclusion is supported not only by the data in Table 3
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but also by stability arguments for disks themselves, which require a mas-
sive, stabilizing halo (Ostriker and Peebles 1973). (Since Sc’s have only
small spheroidal bulges, this halo cleatly must consist of non-luminous
matter), It therefore seems a mistake to focus solely on the physics of
the luminous matter, which is the soutce of at most only half the total
gravitational force,

This argument can be buttressed further. In several late-type spirals,
rotation cutves can be followed in neutral hydrogen to two or three times
the optical radii. Rotation velocities are found to be essentially constant
over this range. At these large radii it is prohable that the circular velocity
of the halo itself is being sampled. If these galaxies are any guide, then,
the rotational velocity at the optical radius of Sc spirals must be essentially
equal to that of the surrounding balo itself. 'This result is also expected
theoretically if Sc’s are transition objects not yet fully ir the self-gravitating
regime (see the vertical dissipation track in Figure 2).

The import of these arguments is clear: the rotation velocity which
figures in the Fisher-Tully relation for Sc spirals must reflect the structare
of the halo rather than that of the disk. Eags. (2) for the structure of the
dissipationless halo now apply, and Eq. (2¢) becomes

12

Mg o (ﬂrol) i 8)

Within a given Hubhle type, the assumption of constant Mum/l, may be
reasonably accurate, Constant I then implies constant Miw/L. We obtain
finally

12

L oC {yml) i=n 3 (9)

a power-law relation which looks like the Fisher-Tully law.

The observed value of the exponent in the Fisher-Tully law is not
accurately known. DBurstein ez al. (1981) recently determined a value of
5.7 for Sc galaxies. This is an upper limit, however, owing to the manner
in which the residuals were minimized. The true value is probably in the
range between 4 and 5. The corresponding limits on 7 are — 2.0 to — 1.4,
in agreement with the upper limit of — 1 set in Section 4. If this explana-
tion for the Fisher-Tully law is cosrect, we have still further evidence for
a relatively flat spectrum of initial density inhomogeneities.
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7 - THE ROLE OF ANGULAR MOMENTUM
i) The opiical radii and surface brightnesses of spiral disks

If galaxies of different Hubble types collapse and dissipate by dif-
fering amounts, as is required in the dissipation picture, the question natuyal-
ly arises as to what mechanism controls the extent of the coilapse. As
suggested by Fall and Efstathiou (1980), the collapse of disk galaxies is
most probably halted by their internal angular momentum. In this picture
the final radius of the luminous disk is thus determined by the amount of
angular momentum absorbed by the protogalagy.

In the initial stages of protogalaxy condensation, both luminous and
non-luminous matter are spun up by the tidal torques of neighboring
protogalaxies. In Pecbles’ (1971) notation, the quantity A=.£ B G~ M~
is a dimensionless measure of this angular momentum (here £ is the total
angular momentum, E the energy and M the mass). Analytic estimates
(Peebles 1969), as well as numexical simulations {Peebles 1971, Efstathiou
and Jones 1979), suggest that the mean value of % expected in the HCD
picture is ~ 0.07.

For disk galaxies the collapse factor and final disk radius are uniquely
determined by *. Fall and Efstathiou (1980) originally derived this result
from numerical models, but it can be obtained easily from simple arguments,
Let Ry be the halo radius, Ro the final disk radius, and wp the circular
velocity at the edge of the disk. Assume initially that the luminous mass
is so small that its self-pravity can be neglected. The velocity oo is then
also vu, the circular velocity in the halo. Define a dimensionless radial
coordinate X = R/Ry and set Xo = Ro/Ru. The non-luminous mass within
radius X can be written fi (X) Mo, where fu is a dimensionless function.
We assume also that the halo mass distribution, fu, is unaffected by the
inward redistribution of the luminous matter, i.e. a rigid halo potental.

The final radius of the disk is then such that
:RD UD2 = G (Nilum = f'li (XO) Mlul) == GMlot fﬂ {XU) . (10)

If the specific angular momentum of the disk is constant as it falls in, we
also have

DQD rE(ul

(Rp vp) v == : vp = v = 22 ) GMiw . (11)
Mham Mlol
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Comparison of Egs. (10) and (11) yields the implicit solution for Xo:
fa-r (X(}) == 21"2 ;'\ . (12)

If % is large and the collapse factor not too great, in an isothermal halo
fu (X} = R/Ru, Thus
Rp = 2" % Ru (13)

(see Fall and Efstathiou 1980). Rapidly rotating galaxies therefore fall in
only slightly, whereas slowly rotating galaxies fall in a long way.

The above argument requires only slight modification if some of the
simplifying assumptions are relaxed. If the self-gravity of the disk cannot
be neglected, for example, Eq. (12) becomes

Rp 2 A

—_— (14}
Ry F + fH (Xﬂ}

Provided fu is the same in all galaxies of a given mass, we have once again
an implicit solution for Xe which depends only on %, Write this solution as

Rp = 14 (1} Ru . (15)
It is also straighforward to derive the related result:
vp = 15 (/\) [ (16)

{In the previous section we found, for example, that, for Sc galaxies,
By =~ 1),

These equations are examples of a general rule. For given A, F and
Mi:/L, each disk parameter is directly proportional to its corresponding
halo parameter. Scaling laws among them may thus be derived directly
from Egs. (2). As pointed out by Buistein and Sarazin (in preparation),
the radius-luminosity law for disks is a particularly nice example. To see
this, recast Eq. (2b) in the form

[
L oc Rp5*" | (17)

If » is set equal to — 5/3 {corresponding to a Fisher-Tully exponent of
4.5), one finds L oc Rp'®, the observed radius-luminosity law for Sc
spitals (Burstein ef al, 1981).
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It is also instructive to consider disk surface brightness, o, as a
function of luminosity. We find via Eq. (2¢) that

S PR
Jp CC L3 . (18)
With # = — 5/3, op cc L%, a very weak dependence. This result is

noteworthy because 9p has figured so prominently in attempts to explain
the Fisher-Tully law. In the HCD picture the near-constant surface bright-
ness of disks derives from the near-constant surface mass density of halos
rather than from any internal physics of disks themselves.

To summatize, this section suggests that angular momentum is the
primary factor controlling the extent of the collapse and dissipation in the
luminous component. To reproduce the Fisher-Tully relation we require
X to be constant for a given Hubble type. Sc galaxies in this picture have
high angular momenta and did not collapse very far. Ellipticals and
spheroidal bulges in contrast are low angular momenta systems which
collapsed to high densities. The data on specific angular momenta in
Table 2 are consistent with this idea.

It is interesting to note that angular momentum varfations seem to
fit quite naturally into the dissipation picture for the Hubble sequence, in
which differing amounts of central condensation in the luminous matter
are required. There is no analogous role for % variations in the density
picture, where all Hubble types in the mean have the same degree of
luminous concentration, Indeed, % variations are an actual hindrance in
the density scheme, since they introduce scatter into any predicted structural
scaling laws. It is to be counted a small plus for the dissipation picture
that it can turn the inevitable angular momentum variations to good ad-

vantage.
The basic idea of this section — that the scaling laws reflect
the halo properties rather than the internal physics of disks — would

be true in both pictures, however, The main difference in the density
scheme is that the functions g (A) and 5 (%), which reflect the central con-
densation of the luminous matter, do not vary systematically with

Hubble type.
ii) The independence of X and %

The parameter 7 was introduced in Eq. (6) to describe the initial oves-
density of individual density fluctuations. In this section, a potential
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coupling between X and % is examined. Such a coupling might be anti-
cipated since denser perturbations have shorter collapse times and thus less
time for tidal torquing by their neighbors. They also expand less and have
smatler quadrupole moments. Both of these factors could tend to reduce
angular momentum transfer,

These effects may be estimated by applying Peebles’s (1969) analytic
estimates of tidal torques to perturbations of differing initial overdensity.
Somewhat surprisingly, the analysis indicates that X is independent of 7.
Since the results arc negative, only a short summary is given in the
Appendix.

If this analysis is correct, it would appear that variations in angular
momentum could not have arisen from differences in initial overdensity
but instead from statistical varfations in the quadrupole moments of
protogalaxies and in the strength of their nearest-neighbor interactions.
Furthermore, because the tidal -torque mechanism provides no coupling
between 7 and 2, the effect of % and2 differences on Hubble type should
remain separate and distinct.

8 - SUMMARY

In this paper I have attempted to develop further the theory of
galaxy formation via gravitational clustering and dissipation and, thereby,
to sharpen comparison between theory and observation. From the work of
White and Rees (1978) it is already known that the theory is naturally
compatible with many of the hasic properties of galaxics — their discrete-
ness, extended non-luminous halos, angular momenta, and luminosity func-
tion, With three new assumptions added to the basic HCD picture, it has
been possible to make considerable fusrther progress. These assumptions
include the idea that all protogalaxies began with a similar ratio of luminous
to non-luminous matter and that 2 and Mi/L are, in the mean, constant
within a given Hubble type. These ideas in tusn imply that the luminosity,
radivs, internal velocity and angular momentum of visihle galaxies all scale
in proportion to the corresponding halo quantities. The visible galaxy can
thus be used as a direct probe of the clustering process itself. It is this
notion that is of interest to cosmology.

Under the further assumption of a power-law density fluctuation
spectrum, it Is possible to derive power-law relationships for visihle
galaxies that closely resemble the ohserved Fisher-Tully and luminosity-
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radius laws. To get a good match to the observed power-law exponents,
a rather low value of # between — 1 and — 2 seems to be required, imply-
ing excess power above white noise on large scales. Further evidence for
a flar power spectrum comes also from the location of galaxies relative to
groups and clusters in the cooling diagram (Figure 1). This trend toward
more power on large scales seems to agtee with other recent results from
the multiplicity function and from large-scale surveys of galaxies.

Despite the simplicity and attractiveness of a powet-law clustering
model, many of the conclusions of this paper ate not inextricably wedded
to this assumption, For example, Blumenthal and Primack (1981) have
attempted to account for the observed Fisher-Tully exponent without re-
course to an assumed power law. Their theory is based on gravitational
instability in a medium of dissipationless gravitinos. Because their theory
yields M oc ¢ directly over a very wide mass range, clustering of their
initial density fluctuations would follow a straight-line locus with the right
slope in Figure 1. Most of the ideas here would thus carry through equally
well with gravitinos, including the derivation of the Fisher-Tully and radius-
luminosity scaling laws,

An important question was raised but left unanswered concerning
the nature of the Hubble sequence. Two interpretations of the sequence
seem possible in the HCD picture — one of dissipation and relative con-
centration of the luminous matter, the second of initial overdensity . The
choice between these possibilities is intimately bound up with the structure
and formation of spheroids. These issues are the principal concerns of the
following paper.

I would particulasly lke to thank P.J.E. Peebles and James Gunn
for helpful discussion at the conference, in which several errors in my
original ideas came to light, I would also like to thank David Burstein
and Craig Sarazin for permission to quote their work prior to publication.
Many lengthy discussions with David Burstein added greatly to the present
paper. Vera Rubin, Kent Ford, Norbert Thonnatd and David Burstein
deserve special mention for their extensive observations and incisive analysis
of spiral rotation curves. Although not extensively referenced in this final
version, their work in fact provided the original inspiration for many of the
arguments both here and in the following paper. Finally, I particularly
tbank my Lick Observatory lunchtime colleagues George Blumenthal, Peter
Bodenheimer, William Burke and Douglas Lin for their active assistance
in the development of these ideas. Much of this work was completed
while the author held an Alfred P. Sloan Foundation Fellowship.
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APPENDIX
THE LACK OF DEPENDENCE OF A ON 4

According to Pechles (1969), there are two stages in angular momentum
transfer to protogalagies. The first stage occurs while the perturbation is still
growing linearly, the second after the perturbation is well-separated from the
surrounding medivm and is torqued up according to its quadrupele moment, Q.
These two phases arc represented by the rising and falling lines in Figure 3.
The angulat-momentum transfer rate during the transition period presumably
Jooks something like the dotted line. Let the intersection point of the two
straight lines be (z, £.). The total angular momentum transferred is clearly
proportional to L.

Peebles noted that the time of peak angular momentum transfer {~ £)
oceuts somewhat before the turn-around time for the perturbation, #um, and scales
directly with it. To find £, one then simply scales the expressions for either
stage one of two o a different value of 7 and evaluates at # = #. The expression
for stage two is the easier one to consider. In stage two, the torque T is pro-
portional to

T ¢ — (A1)

Fic. 3. Angular momentum transfer rate as a function of time in the tidal torque theory.
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with Q oc MR?, R the radivs of the protogalaxy. Generalizing Eq
include 7 yields

54 n

Roc M5 5 |
Hengce
d.t Q im
t—— = tToc—oc MTET ol
de £
Similarly, Eq. (2e) becomes
34

fgn 0C MTHT ""’]—'yz .

Thus

du{g 24
ag(_‘ = f— oC M 12 ‘fjﬁl/z .
di .y

With A = LE" G M % we have

IVJ:2 1:- n
Eocwmmoc M & 5 |
R
and
Aoc M

The parameter X is therefore independent of both M and 7.

. (2h) 1o

(A2)

(A6)

(A7)
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DISCUSSION

(Note by editors:  In her presentation Dr, Faber discussed the age of the
Galaxy as determined from globular cluster ages. This discussion is not included
in the paper published here but some of the results are included in Table 1 of
the Concluding Remarks by Longair).

S1Lk

You indicated that the age of 47 Tucanae was uncertain by 11 billfon years.
This large uncertainty does not inspire confidence in the small uncertainties
you quoted for other globular clusters.

FaBER

47 Tucanae is a special case, owing to the large disagreement conceraing
its metal abundance {some say metal-rich, some say metal-poor). T believe that
this disagreement will be worked out in the next few years and that 47 Tucanae
will no Ionger stand out so prominently.

Davis

Brian Flannery and Carol Johnson (in preparation) have been applying dif-
ferent statistical techniques to some of the globular clusters studies by Brace
Catney and conclude that the same data are consistent with ages as young as 10
years. IHave you seen this work?

Faner

No, but I think that Carney’s results are hased to some extent on new,
unpublished data, so T wonder whether all the data are indeed the same. 1 am
not famifiar enough personally with this suhject to give an informed critique
of the two results,

WERINBERG

T wanted to quote the same calculations by Flanpery of globular cluster
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ages that were mentioned by Davis, I am not enough of an expert in the subject
to have a definite opinion of how old globular clusters actually are, but Flannery
convinced me that they could be as young as 10" years.

FABER

I likewise do not feel sufficiently familiar with this dispute to give an
informed reply.

Aupouzr

My comment is about the age of the universe deduced from the globular
clusters. You know that this age can also he deduced from nucleocosmochrono-
jogy techniques, I would like to mention the work performed by a group from
the Institut de Physique du Globe at Paris (Luck, Birck and Allegre, Nature,
283, 256, 1980). These authors have deduced a “nucleosynthetic age” hy using
the "¥'0s/®Re pair in a sample of iron meteorites, They found an age of about
20 hillion vears in agreement with the ages that you quote from Carney’s
analysis,

WOLTIER

Does the Juminosity function of galaxies end somewhere at the low lumi-
nosity end, or does the mass distribution continue into the globular cluster
domain? As a related question, what is the minimum mass galaxy where there
is evidence for invisible matter?

FABER

I cannot answer the first part of your question. The faint galaxies in
question would lie in and around the questionable areas in the {nym, T) diagram,
where observational selection effects are formidable, With regard to your second
question, I would say that the smallest galaxies which show strong evidence
for non-luminous matter are the smallesy Sc galaxies of Rubin and co-workers,
with total masses of about 10" Mg within their optical radii.

PEEBLES

Your estimate of the index # from the density-temperature relation compares
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galaxies, groups and clusters. When I estimated » from the general clustering
of galaxies, I got # ~ 0, but the relative position of “groups” and “clusters”
in your graph could suggest # &« — 1.

FABER

I would not pay any attention to the shape or slope of the region in the
diagram denoting groups and clusters. These regions represent different per-
turbations which collapsed at more or less the same time but with varying
amount of initial overdensity. They, therefore, do not constitute a hierarchical
evolutionary sequence, which they must do if one is to derive the value of #
from them. Rather, one should look at the position of galaxies as 4 group,
relative to groups-and-clusters also considered as a growp. This is a proper
point of view, I believe, because it is probably true that galaxies do cluster
hierarchically into groups-and-clusters, and so the sequence is an evolutionaty
one in this case.
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ABSTRACT

It is argued that ellipticals and spheroidal bulges are highly condensed
systems in which the ordinary luminous matter falls deep into the central
core of the surrounding non-luminous halo. Star formation may be trig-
gered when the density of the luminous matter rises above a threshold level
set by the halo, thus preventing further collapse. These ideas are consistent
with the observed structural scaling laws for elliptical galaxies and the
velocity dispersions of spheroidal bulges in spirals. This view of spheroid
structure fits naturally into a picture of the Hubble sequence as a sequence
of increasing dissipation and central concentration of the luminous matter
relative to the surrounding dissipationless halo.

1 - STAR FORMATION AND THE HALT TO SPHEROID COLLAPSE

The preceding paper advanced the view that the structural properties
of visible galaxies relate directly to the non-luminous halos in which they
ate embedded. This proposition was relatively easy to defend for spiral
galaxies. Under the likely assumption that the radial collapse of spirals
is halted by angular momentum (Fall and Efstathiou 1980), it was possible
to show that the disk radius and rotational velocity are fixed functions of
the corresponding halo quantities by an amount which depends only on
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the angular momentum parameter A, Structural scaling laws resulted which
looked much like the observed scaling laws for spiral galaxies.

As emphasized in the previous paper, the scaling laws as observed for
ellipticals and spirals are essentially identical. This similarity strongly sug-
gests that, for ellipticals, a connection with the halo properties is again the
root cause, When one attempts to apply this logic to elliptical galaxies, how-
ever, a difficulty is immediately encountered — spheroids, including el-
lipticals, are not supported by rotational motion. Tt is therefore clear that
angular momentum plays no essential role in halting their collapse. Some
other mechanism must operate.

White and Rees (1978) have suggested that radial collapse ceases in
spheroidal systems when the luminous matter turns from gas into stars.
At that point dissipation ends and further collapse becomes impossible.
If true, the final density, radii and velocity dispersions in spheroids are all
determined by the star-formation process.

These two ideas —— a link to the halo and the role of star formation —
seem to point quite clearly towards an interesting conclusion: the onset of
star formation in spheroids must be controlled somehow by the properties
of the halo.

There exists a plausible theoretical argument for just such a connec-
tion. In the beginning of collapse, before dissipation has proceeded very
far, the gravitational potential of the background halo is still dominant.
Mathews (1972) points out that, under this condition, the ability of the
gas to fragment into stars is severely inhibited. Let £%uwm and p%e. be the
initia! average densities of luminous and non-luminous matter (note that
P/ P'wn = F in the notation of the previous paper). If dissipation is
rapid, the collapse of the gas is essentially pressure-free, a case studied
analytically by Mathews. He finds that fragmentation is inhibited until the
gas density rises to the point where £%um/ 0% exceeds F2, With F = 0.07
(see previous paper), this criterion predicts that the final density of
luminous matter within spheroids should be roughly 200 times greater
than the mean matter density in the surrounding halo. Not until the
collapse has proceeded this far will efficient star formation be possible.

For several reasons this estimate of 200 ought not to be taken too
literally. Collapse would continue for some time beyond this density
threshold, during which time the luminous matter density would continue
to grow. At the same time, on the other hand, Mathews’ criterion ignores
the possibility of cloud-cloud collisions and shock fronts, which might raise
the local density well above average and thus induce star formation earlier.
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Nevertheless, Mathews’ calcufations do give substance to the idea that
passage over a critical density threshold is the key factor in halting spheroid
collapse.

2 - THE SELF-GRAVITATION OF LUMINOUS MATTER IN SPHEROIDS

The following sections work out some of the quantitative implications
of this idea, which seem to agree well with observations. The structural
scaling laws for ellipticals fall out quite directly, for example. Before
moving to these points, however, I fitst want to return to the discussion
begun in the previous paper on the origin of the Hubble sequence. Recall
that two ideas were developed there, termed the “dissipation” and “density”
hypotheses. In the former picture, all non-luminous halos (of a given
mass) are imagined to have similar density, The higher luminous density
of early-type galaxies is due to their higher degree of dissipation and central
condensation relative to their halos. In the density scheme, by contrast,
all galaxies dissipate by similar amounts. The higher luminous density of
carly-type galaxies is seen to reflect a highes-than-average halo density,
presumed to have arisen from random vatiations in the density fluctuation
specttum.,

Two small pieces of evidence were given in the previous paper which
favored the dissipation picture. The first was the higher proportion of non-
luminous matter within the visible boundaries of late-type galaxies (Tinsley
1981), an indicator of their lower luminous concentration. The second
point, a weaker one, was the way in which angular momentum variations
fit naturally into the dissipation scheme - they become the primary
determinant of collapse factors and, through them, of Hubble types.

We now have still a third argument in favor of the dissipation idea —
the analytic calculations of Mathews. If thesc results ate at all relevant
to spheroid collapse, they imply very strongly that star formation cannot
occur until the average density of luminous matter far exceeds that of the
halo. Since we know that Pium/fuen 18 near unity in late-type spirals (sec
previous paper), this reasoning automatically requires that the luminous
matter be much more concentrated in spheroidal systems than it is in late-
type spirals.

There also exist considerable dynarnical data on spheroids to support
the dissipation picture. The key idea here is this: the dissipation scheme
implies very strongly that the luminous materia! of spheroids must be fully
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self-gravitating out to a sizeable distance from the nucleus. This has to he
so in the dissipation picture because, in it, no halo density ever approaches
the high densities that are observed in the cotes of spheroids. Non-fuminous
matter is, therefore, always an insignificant component near the core (see
Figure 2 below). It is a basic tenet of the density picture, by contrast,
that the average densities of luminous and non-luminous matter are roughly
comparable within the optical radii of all galaxies. The halo matter would
therefore strongly influence the gravitational potential deep within the
spheroid, and the Juminous matter would not be fully self-gravitating.

Velocity dispersion profiles afford a check on these ideas. If the
luminous matter dominates the potential, the dispersion should decline
with radius since the luminous density profile falls off more steeply than
isothermal, If, on the other hand, the luminous matter coexists within a
dominant, non-luminous, isothermal component, o should remain roughly
constant with radius.

Davies’ (1981) velocity dispersion profiles for eight E galaxies are the
most comprehensive body of dispersion data at large radii we now have. In
all eight objects, the dispersion falls away from the nucleus by an average
of 25% at the last measuted point, typically 25 core radii, Three out of
four spheroidal bulges studied by Kormendy and Illingworth (1981) show
similar behavior. In all of these objects, the dispersion profiles are
consistent with self-gravitating King or de Vaucouleurs models, just as the
dissipation picture would predict.

Mathews (1978) reached a similar conclusion from models of the
X-ray source around the elliptical galaxy M87. To match the X-ray surface
brightness, two components to the gravitational potential are clearly re-
quired: an inner component where the mass-to-light ratio of old stars is
distributed radially like the stellar light; a second component having much
larger extent and lower central density — the non-luminous halo. In
Mathews’ model the gravitational potential is dominated by luminous matter
out to a radius of fully 30 Kpc. {This large value for the sphere-of-influence
of the fuminous component agrees well with the schematic model shown
in Figure 2 below).

Further insight into the structure of sphetroids comes from the shape
of spiral rotation curves. Trom their analysis of rotation data in 21 Sc
galaxies Burstein e al. (1981) conclude that the rotation curves constitute
a single-parameter family. Each curve consists of a rising portion near the nu-
cleus and a powet-law segment beyond, within which ove is nearly constant.
One possible way to parametrize these curves is based on the length of the
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power-law portion of the cusve within the optical radius. TFrom the
published curves I have measured a suitable indicator of this quantity,
called (A log R),. In galaxies with large (A log R); the rotation curve
rises steeply near the nucleus and then remains flat over most of the visible
galaxy. As noted by Burstein ef al. (1981), galaxies of this type must
possess a dense concentration of matter near their nuclel,

Within this sample of 2% objects there exists a close correlation be-
tween (A log R}, and optical morphology, in the sense that galaxies with
latge (A log R), have large spheroidal bulges. I have estimated bulge
strengths from the direct photographs and spectra published by Burstein
et al. (1981) and Rubin e¢ 4l (1980). The resultant correlation (Figure 1)
shows a well-defined trend.

Fall and Efstathiou (1980) attempted a similar comparison between
rotation-curve shape and optical morphology for a larger but more hetero-
geneous sample of galaxies. They found no good correlation. The reason
for the disagreement with the present results is not known, but their
sample does contain objects like NGC 4594 (the Sombrero), in which the
measured rotation curve near the nucleus clearly does not represent true
circular motion (cf. Faber and Gallagher 1979). Until a careful study of
these problems has been carried out, no absolutely firm conclusions can be
drawn. Pending such a study, however, 1 am guardedly optimistic that
in these 21 Sc galaxies the gravitational signature of the spheroidal bulge
has actually been detected.

{ T 1
strong | -
buige R
intermediate |- sed § PO
no []
bulge ¢ 7]
! 1 1
o5 18] 1.5
(Alog Rl

Pra. 1. Length of the power-faw section of the rotation curve, (A log R),, versus prominence
of spheroidal bulge for the Sc galaxies of Burstein ef 4l (1981),
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0.3 - 3
Rikpc)

Fis. 2. Schematic comparison of spheroid and hale density profiles in a moderately luminous
elliptical galaxy. The central density of the spheroid profile is normalized to measurements
of core M/L hased on central velocity dispetsions and core radii, The hale profile is a
“best guess” ohtained from scaling halo densities and core radii of small Sc galaxies from
Burstein ef al. {1981), using the scaling Iaws of the previous paper. Low-luminosity Sc’s
were employed here since they have no spheroidal bulge. Their halo core radii can thus
be estimated directly by making only a relatively small correction for the effect of the disk mass.

If true, spheroids clearly dominate the gravitational potential within
their own fadii and must be strongly self-gravitating. The Sc rotation
curves thus contribute a final piece of evidence in favor of the dissipation
picture,

Since there exists considerable if not conclusive support for the
dissipation scheme, let us adopt it and see where it Jeads. It is interest-
ing to ask, for example, at what radius in a moderately luminous elliptical
galaxy the mass densities of the luminous and non-luminous components
become comparable. A schematic rendering of the two density profiles is
attempted in Figure 2 (see caption for details). Although the uncertainties
are large, especially for the halo, the two profiles are seen to cross rather
far out, at roughly 10 Kpc. This is just slightly smaller than the standard
isophotal radii of large elliptical galaxies. If Figure 2 is at all correct, then,
it predicts that strong dynamical evidence for non-luminous matter around
E galaxies will not appear until velocity measurements are pushed out to
radii comparable to the optical size.
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3 . SCALING LAWS FOR E GALAXIES

Let us adopt the idea from Mathews’ work that passage over a critical
density threshold induces star formation in spheroids and thus halts the
latter’s collapse. Structural scaling laws for elliptical galaxies then arise in
a completely natural way. Define ps» and s as the mean densities of matter
in the spheroid and halo. If the threshold idea is correct, py = Q px in all
spheroids, where Q is related somehow to the threshold factor. Since, in
ellipticals, Msp is approximately FMs, one finds

3 Msp o 3 F ’Mh i3 F 3
47 Py 471 Q By Q

The Juminous radius for eliipticals is, therefore, directly proportional to the
radius of the surrounding halo, exactly analogous to the situation in spirals
(see previous paper}.

Since spheroids are presumed to be self-gravitating in the dissipation
picture, we also have

Msp 12 MI\ 1/2
Tsp OC ( J oc (—-—-w } oc gy (2)
Rsp Rh

and thus by Eq. (2¢) of the previous paper and constant Meet/L,

1 - -

05]>OCMtot 7 oC LTZMW- y (3)

or

12

Locogpi-w . (4)

This is just the (L, 0) faw for elliptical galaxies. As for spirals, the observed
value of the exponent between 4 and 5 {Terlevich ef 4. 1981, Tonry and
Davis 1981) implies # between — 2.0 and — 1.4. The near-constant sur-
face brigbtness of E galaxies is also easily derived, just as it was for spirals
(see previous paper).
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4 . Two QUANTITATIVE COMPARISONS WITH OBSERVATIONS

i) Ellipticals Compared to Sc Spirals

If Eqgs. (1) and (2) are derived more carefully, keeping track of the constants
of proportionality, it is possible to work out quantitatively the scaling
factor between spheroid velocity dispersion and circular velocity in the
surrounding halo. This factor can then be compared with the observed
ratio of o to wwe between E galaxies and Sc spirals of the same mass. Let
Repe and Rue be the core radii of the Iuminous and non-luminous matter
respectively, g the nuclear velocity dispersion in the spheroid, and 2w
the rotation velocity in the halo. One then obtains the following two
equations for I and Q:

Rsp,c 3
FQ' =A J , (3)
Rh,c
and
ols.p,x: 3
FQ" =3B ( ) , (6)
Prot

where A and B are geometrical factors that depend on the density profiles
of halo and spheroid.

These two equations can be used to solve for F and Q from the
observational data. The geometrical factors were estimated crudely by
modeling the spheroid and density profiles as in Figure 2. Despite the
appearance of Egs. (5} and (6), the important geometrical parameters in
the model turn out to be the spheroid core radius, here set equal to 300 pe
for a moderately luminous E galaxy {King 1978), and the outer cutoff to
the isothermal halo density law. This latter quantity was set equal to the
canonical vatue of 100 Kpc (Ostriker, Peebles and Yahil 1974) but is not
well determined. ‘

To obtain 9w/ from the observations we must compare velocities
in E’s and Sc’s of similar mass. The zero-points of the (L, &) and (L, #wot)
relations can be used for this purpose, if adjusted for the different Mim/Ls
in E’s and Sc’s. With this ratio set to 8 for ellipticals and 1.6 for Sc’s (see
previous paper), the data of Burstein e al. (1981) and Tonry and Davis
{1981) yield ¢upe/vra = .95 % 1.



GALAXY FORMATION: THE STRUCTURE OF SPHERQIDS 227

Egs. (5) and (6) can now be solved simultaneously for F and Q. One
finds Q ~ 190, not far from the theoretical prediction of 200 in Section 1,
and F = 0.07, identical to the result in the previous paper. These close
agreements are undoubtedly fortuitous, but they do show at least that the
sclf-gravitating model is consistent with other known constraints on the
matter distribution.

When an adequate sample of rotation curves for Sa and Sb spirals
becomes available, it will be possible to intercompare rotational velocities
among the various Hubble types using an analysis similar to the E-Sc
comparison above. Owing to the increasing central condensation and self-
gravity of the luminous matter along the Hubble sequence, rotational
velocities (at constant mass) should increase from Sc to Sa. As noted in
the previous paper, this effect may play a role in the observed higher
rotational velocities in early-type spirals (Rubin et 4. 1980). An upper
limit to the magnitude of this increase can be estimated by comparing
E galaxies with Sc’s. The central velocity dispersion in ellipticals is first
adjusted downward by ~ 40% ' to correct to the edge of the spheroid.
This dispersion can then be transformed to an approximate circular velocity
at that point using the equation of hydrostatic equilibrium and the observed
luminesity profile:

d 11} p’lum
N (7
dins
If Oupe/ v = .95, one finds that the circular velocity at the luminous radius

of an T galaxy should be roughly 1.15 times the circular velocity far out
within the halo. The effect of internal heating thus amounts to about
15%. For Sb’s and Sa’s, intermediate in Hubble type, one thercfore
anticipates rotational velocities roughly 5 to 15% higher than in Sc’s of
similar mass.

ity Spheroids Compared to their Surrounding Disks

The preceding section estimated the scaling factor between the central
velocity dispersion in elliptical galaxies and the circular velocity in their sur-
rounding isothermal halos. Sphetoidal bulges within spiral galaxies invite
a similar analysis. The method must be modified slightly since only a

I This value was obtained by extrapolating Davies’ (1981} curves 1o the optical radii.
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fraction, call it f, of the fuminous matter now makes up the spheroid.

Hence
Msp S fFth B (8)

This fraction f can be estimated from the observed bulge-to-disk ratio if
Mup/Lep and Ma/La are assumed known. Eq. (6), slightly rearranged, now
becomes

GSPC

_ fl.n’.’; B---US Fl;’.‘a Q1!6 - C]lh'?a , (9)

vl'Ol

This equation says that Gspe/vw should vary as f*, where f is the fractional
spheroid mass. Since f is unity in elliptical galaxies, the constant C should
equal the ratio found in the previous section, namely Ts.e/vee = 0.95.

Whitmore, Kirshner and Schechter (1979) give values of s, bulge-
to-disk ratio, and rotational velocity for several spiral galaxies. Un-
fortunately, most of their galaxies are of fairly early Hubble type (Sa-Sb).
Their rotational velocities may therefore somewhat exceed the true halo
velocities by 5 to 15% (see above). In a first reconnaissance this potential
source of error has been ignored and uncorrected values of Tup.c/ o vetsus
f ate plotted in Figure 3. The solid line is the prediction of Eq. (9),
assuming (M/Ls)e = 6.5 and (M/Le)a = 1.6, The shape of the cutve fits
the data reasonably well.

The vertical position of the curve was adjusted to optimize the fit.

1 ]
-5 =10 -056 0
;Og [—SD/LfOf

FIG'. 3 The.data of Whitmote ef al. (1979} on ¢/v,,, versus bulge-total luminosity for a
varety of spiral galaxies. The solid line is the theoretical prediction of Eq. (9) which has
been shifted vettically to match the data.
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This is equivalent to determining the constant C in Eq. (9). The value
given by these data is 0.75 = 0.02, somewhat smaller than the value 0.95
from E’s versus Sc’s. This difference may stem in part from the source
of error mentioned above. If the disk rotational velocities were an average
of 510 15% too high, C would need to be corrected upward by ~ 10 to
15%. The two estimates would then agree within the errors.

This explanation should be checked with careful mass and rotation-
cutve models for the WKS galaxies to test whether the rotation curve
shapes are in fact consistent with an enhancement over halo velocity of
5to 159%. Until this test is carried out, the numerical results of this section
look promising but cannot be considered definitive.

To summarize the resuits of Section 4, observed internal velocities
as a function of Hubble type are generally consistent with the dissipation
theory and seem to show the moderate increase towards early Hubble types
that the theory would predict. The data also seem to support the idea
that spheroid density scales directly with halo density and thus that
spheroid coflapse is halted by passage over a critical density threshold.

5 - CONCLUSION

The preferred picture of galaxy formation which emerges in these
two papets is one in which galaxies of various Hubble types collapse and
dissipate by differing amounts, depending on the angular momenta they
absorbed as protogalaxies. Spheroids in this picture consist of extremely
low angular momentum material in which an enormous radial collapse is
in principle possible before a final equilibrium disk forms. Long before
they actually reach this state and, hence, wbhile they are stil! essentially
spherical, the gas density rises above a critical threshold imposed by the
surrounding balo and stars are able to form.

The greater angular momentum of late-type spirals prevents coliapse
by such a large factor. As long as the luminous matter remains spherically
distributed its density can never exceed that of the background halo by an
amount sufficient to permit star formation. Not until the material settles
down into a disk does the density of luminous matter climb to the point
where fragmentation into stars becomes possible. The local self-gravity
of the gas is then sufficient to make stars even though the global gravitational
potential might still be governed by non-luminous matter, These arguments
imply a fundamental difference between star formation in disks and
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sphetoids — a difference which might well repay closer theoretical scrutiny.

These ideas are consistent with several important properties of present-
day galaxies, including the structural scaling laws, the lower angular
momentum of spheroids relative to disks and the higher velocities in early
Hubble types. Two other properties not mentioned previously can also be
added to this list. They are the systematic increase in bulge-to-disk ratio
along the Hubble sequence and the apparently higher rotation of spheroidal
bulges relative to ellipticals. These, too, fit in quite naturally if angular
momentum (%) varies systematically with Hubble type.

Many important questions remain unanswered in the present picture.
Chief among these is a theory for the gaseous dissipation rate. When did
dissipation start and how fast did it proceed relative to the clustering rate?
These two factors together set the characteristic mass of galaxies and must
also have played an important role in determining their final structure.
A refated need is a detailed picture of the formation of disk and spheroid
components. Exactly how and when did the first stars form, how did the
level of heavy elements build up, and how were the final density profiles
determined? Without answers to all of these questions we cannot claim
truly to understand galaxy formation.

I would kke to acknowledge once again the help of al} those persons
named in the previous paper especially James Gunn, who helped greatly
to sharpen the comparison between the dissipation and density hypotheses.
I also thank G.R. Knapp for important cotrespondence regarding velocity
dispersions in spheroidal bulges. Willlam G. Mathews contributed several
valuable insights on the nature of star formation in a background potential
and the mass-density implications of the M87 X-ray source. The majority
of this work was completed while the author held an Alfred P. Sloan
Foundation Fellowship.
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DISCUSSION

S1LK

i) Infall of pas into a dark potential well and dissipation will increase the
specific angular momentum parameter A. Is this consistent with the initial
conditions on X inferred from simulations so as to result in ellipticals with lower
2 than spiral bulges?

i) The amount of gas in rich galaxy clusters may bave been appreciably
anderestimated because the gas-to-galaxy mass fraction increases with radius.
One recent result finds a value of 20 percent for the gas fraction relative to the
cluster mass. This suggests that the fraction of ordinary to dark matter may not
be a universal constant,

FaBer

i) T interpret that you are asking whether the dispersion in A in the tidal
torque theory is large enough to account simultaneously for slow rotating
ellipticals and rapidly rotating spirals. 1 have thought about this, but I
frankly do not know. It is an important question.

ii) These estimates are all rather uncertain since the gas cannot be followed
out as far as the galaxies, and its total extent is, therefore, unknown. In the
face of uncertainty, I find a simple hypothesis preferable to a more complex one.
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ABSTRACT

The recent observational evidence on the evolution of galaxies is
reviewed and related to the framework of current ideas for galaxy formation
from primordial density fluctuations. Recent strong evidence for the
evolution of the stellar population in ellipticals is presented, as well as
evidence that not all ellipticals behave as predicted by any simple theory.
The status of counis of faint galaxies and the implications for the evolution
of spirals is discussed, together with a discussion of recent work on the
redshift distribution of galaxies at faint magnitudes and a spectroscopic
investigation of the Butcher-Oemler blue cluster galaxies. Finally a new
picture for the formation and evolution of disk galaxies which may explain
most of the features of the Hubble sequence is outlined.

1 - PreamBre: GavLsxy FormaATION BY GRAVITATIONAL COLLAPSE

We will here adopt the picture that galaxies formed by the collapse
and subsequent virialization of perturbations present in the matter density
in the universe subsequent to the combination of the primeval plasma at
about 4000 K, or a redshift of about 1500. This implics a strong prejudice
on the part of the author, and pethaps other scenatrios fit the scanty
observational evidence as well; the “standard” one serves here mostly as
a framework for discussion.
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Of the parameters of the original perturbation that are of interest
currently, probably the most important are the coflapse time and, of course,
the total mass. The collapse time is related only to the mean amplitude
above the critical density at some epoch, and for a roughly spherical
perturbation is given by

7t
fe = —— (§7) (1}
H,

where 8% is the mean fractional amplitude interior to the shell of interest
and H; is the Hubble parameter at that epoch. The maximum expansion
factor, i.e. the ratio of the radius of the shell at maximum expansion to
its original radius, is just (87)7 (see, for example, Gunn and Gott 1972).
If the structure forms without any dissipation, the maximum radius and
collapse time can be obtained from observed dynamical parameters of the
present structure, viz.

Rmax = ]70 kPC MIZ 0100.“2 3 (2)
and
fe= 2.2 X 10° yr My o™ (3)

where My, is the mass in units of 10" solar masses and Cm is the one-
component velocity dispersion in units of 100 km/sec. For the Galaxy, the
“timing” argument based on the orbit of M31 and the Galaxy (see, eg,
Peebles 1971 and the paper by Lynden-Bell at this conference) give a mass
for the Local Group of about 3 X 10" solar masses, of which about 2
third, or 1 % 10%, probably helongs to the Galaxy. The circular velocity
in the Galaxy is now thought to be about 220 km/sec {Knapp, Tremaine
and Gunn 1978, Gunn, Knapp and Tremaine 1979, Lynden-Bell and Frenk
1981) which corresponds to a velocity dispersion in an fsothermal halo of
220/ 2, or about 160 km/scc,

The bulge component in the Galaxy falls off in density more rapidly
than the #~* halo, and its velocity dispersion should be correspondingly
lower, by a factor of V(2/3) if pouge cc #*. The relation

Gpuige == Lef V3 (4

in fact seems to be closely satisfied for a large number of spiral galaxies
of widely different bulge-to-disk ratios (see, for example, Knapp et dl.
1981, and the data of Whitmore, Kirshner and Schechter 1979, Hlingworth
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and Kormendy 1981, and Ilingworth and Schechter 1981) for the
central velocity dispersion in the bulges. Since it must hold in the region
of space where the potential is dominated hy the dark 1/# halo, the
implication is that the bulges are roughly isothermal. The case for clliptical
galaxies is not so clear, since there is no direct evidence that they have
halos at all, and the measurements of the spatial variations of the velocity
dispersion in ellipticals is somewhat confusing. We will assume here that
the central velocity dispersions are sufficiently representative of the velocity
dispersions in the stellar population in elliptical galaxics, and thus assume
that the halo velocity dispersions in ellipticals are V(3/2) times larger.
(We assume, of cousse, that ellipticals do have halos, or, at least, once had
halos; the missing mass problem in clusters and groups otherwise needs
an independent solution. See, for example, Gunn 1980 and Tremaine and
Gunn 1979 for a discussion).

With this assumption and the assumption that the halos are in fact
dissipation-free we can for any galaxy calculate the collapse time and the
maximum expansion radius from presently observed dynamical properties,
provided we know the mass. What we can obtain to fair accuracy is the
mass in stars, from stellar population models for other galaxies and from
direct observation in the Galaxy. It can easily be shown (Gunn ef al. 1978)
that, if the universe contains two non-interacting fluids at the era of
decoupling with arbitrarily different density perturbations, they very quick-
ly evolve together on all scales larger than the greater of the two Jeans
masses and that, consequently, the ratio of masses in the two components
is the same in all such resulting structures. We will here assume that this
is the case on the scale of galaxies (which means for the massive neutrino
advocates that the mass of the relevant neutrino is at least of the order
of 30 eV or so).

For the Galaxy, the mass of the bulge and disk can be estimated
dyramically, and is about 7 X 10" solar masses for a local surface density
of 70 Mo/pc®, R = 8 kpe, and a scale fength of 3.5 kpc, with the rotation
curve of Gunn, Knapp and Tremaine (1979). For a total mass of 1 10? Mo,
this gives a ratio of “ordinary” to “halo” mass of 0.07. It is intesesting
that Dr. Faber has arrived at the same figure using completely independent
data on other galaxies {see her paper in this collection), We will adopt it
in the discussion that follows. For other systems, we use the mass-to-light
ratios for the stellar population obtained by Faber and Gallagher (1979),
and correct to total mass with the factor obtained above. Velocity dis-
persions for ellipticals were obtained from the list of Tetlevich ef al. (1981)

i6
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and rotation velocities for spirals {these are values from rotation curves,
note, not from total HI line widths) from the list of Faber and Gallagher
{1979).

The result is shown in Figure 1, where halo velocity dispersion is
plotted against total (and luminous) mass. Also shown are lines of constant
collapse time. The plotting symbols ave different for galaxics of different
type and are explained in the caption. Rees and Ostriker (1977) and later
White and Rees (1978) in the current context of massive halos have shown
that sttuctures larger than about 2 x 10" Me cannot cool in a dynamical
time and, therefore, are unlikely to malke single galaxies; however, structures
which have a collapse time of less than about 5 X 10° yrs will cool by
Compton cooling on the microwave background. It is gratifying that
galaxies avoid the forbidden region, and there is a strong suggestion that
cllipticals are primarily Compton-cooled objects, as might be the bulges
of spirals as well.

The upper envelope of the clliptical galaxy distribution (all of which
have collapse times much shorter than the spirals) has a much shallower
slope than the constant collapse time loci, and fits very well a line of slope
1/6 which also goes through the Coma Cluster. Since that structure must
also be at or near the upper envelope of abjects in the mass range around
10" solar masses (less than about 1% of the mass in the universe is in
clusters of that mass as tightly bound as Coma), the implication is that the
specirum of primeval perturbations which gave rise to the galaxies and the
clasters must have a characteristic run of amplitude with scale such as to
give the observed one-sixth power law. This relation implies that the RMS
density fluctuation varies as the inverse cube root of the mass {# = — 1),
at least over the range 10° to 10% solar masses. This result was obtained
by Turner et al. (1979) by a comparison of small groups and great clusters
with #-body experiments, and our result gives some credance to the view
that galaxies and clusters are all part of the same gravitational hierarchy,
one which has significantly more power at large scales than that generated
by white noise. Faber (this volume) has also arrived at an 7= — 1
hierarchy by quite different considerations conceraing the present structure
of galaxies.

The curve drawn on the vertical axis in Figure 1 is the expected dis-
gribution of velocity dispersions in these coordinates. The shaded curve
indicates schematically the effect of the destruction of long-collapse-time
objects by more typical ones as the hierarchy develops, and represents
something like the expected final distribution. The observed scatter in
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properties is not too different from the expected one, and lends some
support to the hierarchical picture. (We assume, of course, that the dis-
tribution of density fluctuations is a Gaussian random process to detive
this distribution, a state of affairs guaranteed by the Central Limit Theorem,
if the fluctuations have random phase and extend to much smaller scales
than the ones of interest here). The assumptions going into Figure 1
doubtless need refining, but & great deal of the physics of galaxy formation
is encapsulated in it, and it will guide much of the subsequent discussion.

2 - Tue EvorLurion oF ELLIPTICAL GALAXIES

Elliptical galaxies as seen today tempt one to think that they are struc-
turally simple objects, and the fact that they are all, as we have scen, objects
with very short collapse times, makes it seem fikely that the bulk of their
“interesting” evolution occurred very early in the history of the universe. In
patticular, most of the star formation must have occurred early, by arguments
first advanced by Eggen, Lynden-Bell and Sandage (1962) for the bulge
of the Galaxy. The stellar population of ellipticals supports this view; the
light is dominated by old K giants, and there is no direct evidence for
continuing star formation. That the situation is not quite as simple as it
first seems has been suspected for some time. The recent detailed spectral
synthesis by Gunn, Stryker and Tinsley (1981) makes it clear that there
are stars which are indistinguishable from young main-sequence stars in
these systens, but that most of the main-sequence light is from very old stars
with a turnoff near B-V = 0.8. It is not clear whether these blue objects
are “blue stragglers” or are really young, but their presence confuses simple
models for the evolution of the colors and luminosities of ellipticals quite
badly. The evidence is consistent with the large majority of the mass in
ellipticals having formed stars very early, and indeed the fitting of the hest
current isochrones for the evolution of metal-rich stars in the televant mass
range demands ages for the stars of greater than 10" yr. The evolution of
the light and color of ellipticals is of interest, of course, for the classical
cosmological tests, which use sizes and luminosities of calibratible standard
candles and metric standards to determine the deceleration parameter.

The crucial parameter determining the Juminosity evolution is the
logarithmic slope of the main sequence, since the luminosity at any time
is just proportional to the number of giants present at that time (the



THE EVOLUTION OF GALAXIES 239

Juminosity, tempetature, and lifetime of red giants are quite insensitive to
the mass of the progenitors over the range of intetest) and so is proportional
to the rate at which stars are evolving off the main sequence. This rate is
just the number of stars per unit mass divided by the rate of change of
lifetime with mass. Thus the number of giants is

dt”ls -l dNDL\‘
Ng = zg e —— ) _— ) 5 (5)
dm dm o

and, if {(dN/dm)w = Cm~¢"® the rate of change of visual luminosity is

dlogL
e == 1.3 - 0.3 & (6)
dLogi

(Tinsley 1973). Luminosity evolution is indistinguishable from a change
in the deceleration parameter in first order, and if one ignores luminosity
evolution or makes an error in it, the error one makes in the deceleration

parameter is
2 1 d Log L
Ag = , 7}

2—0 Ho & dLOgi‘

where & is a parameter related to the effective aperture correction (Gunn
and Oke 1975) which we discuss further below. TFor & = 1 and for
g~ 01,4 ~ 0.7 Ax. Thus x must be obtained to quite exquisite pre-
cision, if the deceleration parameter is to be measured well. The models
all require x to be smaller than about 1, and the solar neighborhood value
is near 0. It seems clear that one cannot learn more about x from the
spectra of galaxics at the present epoch, but there is hope that the study
of high signal-to-noise spectra of high-redshift galaxies might provide the
answer, since the relative contribution of the main sequence to the visual
luminosity is much larger at early times.

It is quite clear that one does see the cxpected stellar evolution in
ellipticals as one looks to larger and larger redshift objects. The spectrum
of a first-ranked cluster galaxy at a redshift of 0.756 obtained by Hoessel,
Oke and the author with our PFUEI CCD camera/spectrograph (Gunn
and Westphal 1981) on the Hale telescope is shown in Figure 2, with a
typical (but somewhat lower resolution) energy distribution of a small-red-
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P16, 2. The PFUEI spectrum for a first-ranked cluster galaxy at a redshift of 0.756 obtained

by Oke, Hoesscl, and the author. The G band of CH and Te, the IT and K Call resonance

lines, and the violet CN band, the strongest features in galaxy and red giant spectra in this

regien, arc marked, as are several telluric features. The dotted line is the average spectrum

of several low-redshift giant cluster ellipticals at somewhat lower resolution shifted in wave-

length to agree with the high-redshift galaxy. It is clear that the local ebjects are considerably
vedder than the high-redshift one,

shift giant elliptical superposed. The much bluer color and smaller break
across the Cafl H and K lines is obvious in the high-redshift spectrum.
The effect is also quite pronounced in the color-redshift relation for bright
ellipticals, as is sbown in Figure 3, also plotted for the data of Hoessel, Oke
and Gunn. The colors were derived from high accuracy CCD images of the
clusters in our survey for distant clusters of galaxies. The dotted line is
the relation expected from the “K-correction” alone; it is clear that the high-
tedshift objects are much bluer than their nearby counterparts. These
effects have also been noted by Kristian, Sandage and Westphal (1978) and
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T16. 3. The gt colors of the OkeHoessel-Gunn sample plotted against redshift. The dotted

Tine is the locus expected for no evolution of the stellar population. The crosses are colors

of galaxies with unusual spectra found in the survey. Some are doubtless spirals in front
of very distant clusters, but some are probably analogues of NGC 1275,

by Spinrad and collaborators (see, for example, Smith e al. 1979). The
color evolution is of the order of magnitude predicted by the population
models (Tinsley and Gunn 1976) but the colors themselves are uniformly
too blue, certainly the result of the small number of “young” stars in the
galaxies, There remains an enormous amount of work in this area to be
done, and the recent tragic death of Beatrice Tinsley probably means that
it will be done more slowly and mych less well than it might have been.

It is now generally recognized that there is ancther evolutionary term
which is likely to be as important or more so than the stellar evolutionary
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one, viz. dynamical frictional processes whereby the giant central galaxies
in clusters consume smaller ones and add to their total mass and light
(Ostriker and Tremaine 1975, Gunn and Tinsley 1976, Hausman and
Ostriker 1978). If the frictional evolution is roughly homologous (and the
data suggest that it is; thete is no marked difference in profiles for brightest
cluster ellipticals except in their very outer parts, whete other processes
are likely to dominate) then there are definite relations predicted between
the structural parameters of a cannibal galaxy and its total luminosity. In
particular, the parameter « introduced by Gunn and Oke in terms of which
the aperture correction in cosmology takes a very simple form (cf. equation
7) is related in a simple monotonic way to the total luminosity, « is simply
the logarithmic derivative of the luminosity contained within an aperture
of some standard radius (in our work 16 kpe for H = 60 and 40 = 1/2).

Hoessel (1980) has obtained direct measures of & for the nearby Abell
sample of Hoessel, Gunn and Thuan (1980) and those data are shown in
Figure 4, along with the predictions of the homology theory (which are

_23‘_._
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a

T're. 4. The absolute magnitude vs alpha relation for the sample of nearby Abell clusters of
Hoessel, Gunn and Thuan {1980). The error flags are the sample standard deviarions, not
the standard errors of the points plotted.
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themselves indistinguishable from the Monte Carlo calculations of Haus-
man and Ostriker). The error flags in this figure are the sample error flags,
not the errors of the means (of typically ten points) which are plotted, The
fit is quite acceptable, and applying the correction to the luminosity derived
from the theoretical curve approximately halves the standard deviation in
the Juminosity and temoves the trends corrected for separately hy Sandage
and coworkers (see, for example, Sandage and Hardy 1973) for richness
and Bautz-Morgan class, as might be expected if those corrections are in
reality corrections themselves for cannibalism. The most interesting facet
on the a-correction is that it is in principle cpoch-independent, since it
measures the cannibal’s growth to the epoch the measurement is made.
Thus if the cluster galazies in a sample are individually @-corrected, no
further statistical correction need or should be applied for dynamical
effects.

Oke, Hoessel and the author have for the past few years been
gathering deep CCD imaging data on our distant clusters, and it is evident
that with sufficiently good signal-to-noise, ® can be measured from the
ground for all the galaxies in that sample, in which the largest redshift so
far measured is 0.92. At that redshift the standard aperture subtends an
angle of about three arcseconds, so the sceing corrections are manageable
for good data. Space Telescope, of coutse, will be able to do the job with
exquisite precision (Gunn 1979). One of the unfortunate effects of all this
is that the effective & in the stellar evolution correction to go becomes 1.0
instead of the mean @ for the sample, which increases the precision required
for the stellar patt for a given precision for ¢s by about a factor of about 1.4,

It would seem that we find ourselves at a place similar to that occupied
just prior to the realization that dynamical effects are likely to be important,
i.e., that stellar evolutionary effects are the main uncertainty in using the
Hubble diagram for cosmology. The uncertainties are probably smaller
then they were at that time and the problems are certainly better under-
stood, but it still seems likely that it will be a long time before the problem
is solved. And this in spite of the fact that quite accurate data to very
large distances for the Hubble diagram itsef — redshifts and magnitudes
and even &’s — will be available quite soon. It should be remarked that,
in principle, the stellar evolution can be solved for by using the surface
brightness data contained implicitly in a complete set of »z, z, % for a sample
of brightest cluster ellipticals, but the statistical efficiency of the scheme
is very low and it requires extremely good data. It may in the end prove
to be the only workable way to do the problem.
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3 - CoUNTS AND THE EVOLUTION OF SPIRALS

Spiral galaxies account for about 809% of the light and a roughly equal
fraction of the nearby counts of galaxies. Since they are on average much
hiuer than ellipticals and so suffer smaller K-cortections, they must com-
pletely dominate the counts of galaxies at moderate redshifts. The count-
magnitude relation is independent of the cosmological model through second
order in the redshift, so the counts and mean colors of galaxies with
magnitude provide a tool which in principle informs us about the evolution
of spirals in a reasonahly clean fashion.

The use of the faint counts, however, is not completely straightfor-
ward, in part because the agreement among various workers is not very
good and, with the notable exception of the work of Kron (1980}, insuf-
ficient detail concerning the techniques of reduction and the various cor-
rections that have been made to the data have been published to allow
independent assesments of its quality. The situation with counts at brighter
magnitudes, to which the faint counts must be tied, is not much better.
The counts of the Zwicky catalog suffer both from the effects of the local
supercluster and from less than ideally accurate magnitudes, and the counts
in various versions of the Shapley-Ames ate completely dominated by the
local supercluster. Probahly the best compromise is the catalog of Kirshner,
Qemler and Schechter (1978) which is complete in several fields to a
limiting J magnitude of 15.7. Those authors did not take account of red-
shift effects in their normalization of the luminosity function, which results
in an underestimation of about 309 of that normalization, and there is
evidently an additional numerical error which is smaller but in the same
direction.

When these are accounted for, models with the resulting luminosity
function and normalization and no evolution fit their counts and the counts
of Kron (1980) and of Tyson and Jarvis (1979) to a magnitude on their
J* system of about 23, beyond which Kron's counts are much larger than
Tyson and Jarvis’, which are, in turn, much larger than those predicted by
the model (which by this point is rather inaccurate). The median redshift
at that magnitude with no evolution is about 0.35, and there is clearly
little room for significant evolution since that epoch. The counts are
plotted in Figure 5. Kron's counts suggest that there might be a significant
evolutionary contribution beyond that, but it is my opinion that both better
models than mine and corroboration of the steep rise in the faint counts are
needed before the result is taken too seriously. Indeed, a faint survey with
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Fic. 5. The faint number counts, in absorption-corrected J+ magnitudes. The counts of

“Tyson and Jarvis are schematically represented by the dashed line and those of Kron by the

dotted line. A model with no evolution which fits the counts of Krishner, Qemler, and

Schechter (the circle at the lower left) predicts the solid line. There is no evidence for
evolution at §+ magnitudes brighter than about 23,

the PFUEI CCD camera by Young, Kristian, and the author fails on
preliminary reduetion to reproduce Kron’s steep slope.

A set of quite detailed models has recently been constructed by
Bruzual {1981}, but it is not clear in the distributed version of the work
how he handled the bright-end normalization, so the model counts them-
selves are not easily assessed. His calculations for the color and redsbift
distributions are not affected by those uncertainties, however. He has made
models hoth with no evolution and with various evolutionary schemes,
using more complete UV data on both galaxies and stars than has been
employed heretofore, The median color as a function of redshift turns out
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to be a very poor discriminant, and Bruzua! finds that the observations of
Kron are adequately fitted by both non-evolving models and by various
reasonable evolutionaty ones.

The median redshift at a given magnitude is a rather stronger dis-
criminant, although not a cosmology-independent one. The median red-
shifts for both pon-evolving models and a model with strong evolution are
plotted in Figuse 6, as are Kron’s observed colors. The only results available
on redshift distributions are from a survey by Turner, Sargent and myself
using the SIT spectrograph on a random sample of Kron's galaxies at
J* == 20, the median redshift from which agrees very well with Bruzual’s
value for no evolution. The distribution of redshifts in the sample of 58
spectta, however, does not agree at all well with that expected in the sense
that there is a significant number of galaxies which are much too distant
(and therefore much too bright). The situation does not correspond to any
of the smooth, simple evolutionary models of Bruzual and Kron (1980) or
of Tinsley (1980a, 1980b), and exactly what is going on is not at all clear.

The galaxies in that sample which are responsible for the excess are
also systematically blue, and one can speculate whether they are related to
the blue cluster galexies found by Butcher and Oemler (1978). Is there a
significant population of blue, bright galaxies in the early universe which
disappeared only a short time ago, say at redshift 0.3 or conceivably even
a bit later? Investigations of the Butcher-Oemler blue galaxies are a crucial
start to the answering of that question.

Dressler and I have begun a spectroscopic investigation of these
objects in the 3C295 cluster (z = 0.46) and in the very rich cluster
0024 + 16 (z = 0.39). Easily the most enigmatic objects which are ap-
pearing in this survey are the bluest, which typically have no features at
all in our spectra. Some of the objects have Seyfert spectra and others
spectra not unlike late-type spirals. Tt is fairly clear, however, that the
objects are not spirals, or at least not spirals of the sort we see today; their
surface brightnesses are much too high. It is likely that these are small
systems which are undergoing vigorous star formation in some transient
phase; but why such systems are scen never or at least very rarely now is
not understood, nor are the processes responsible for their activity. We
do not, of course, know the redshifts of the featureless-spectrum blue
galaxies, and it is possible that they have nothing to do with the clusters
but represent high-redshift objects in some very bright phase. We are
currently attempting to obtain very good spectra of some of these galaxies
in the hope that some features will materialize,
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Fia. 6. (Top) The median colors in Kron’s counts versus J* magnitude. The length of the
flags represents the range of colors encounfered. {Bottom) The median redshift as a function
of T+ magnitude for two of the models of Brizeal, the (n)o evolution model, and a model

with {s)trong evolution.

Sargent and Gunn,

The circle is the median redshift for the sample of Turner,
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4 - A MopeL ror THE EvoLuTioN oF Disx GALAXIES

The data to date suggest that there is no rapid evolution of spiral
aalaxies, and the evidence has been accumulating for some time that spirals
are very likely still accreting signilicant amounts of mass today (Tinsley
1981, Larson et al. 1980, T'warog 1980). This suggests that the disks of
spirals are formed relatively slowly from infalling material. We have seen
that spirals are formed from pertusbations that have long collapse times,
and those perturbations inevitably have “tails” which fall in slowly (Gunn
1977). This is emphasized by considering the bulge of the Galaxy as a sepa-
rate system; it has a collapse time which is short, as short as that of elliptical
galaxies of the same mass (see Figure 1), and the recent dynamical results
of Frenk and White {1980) demonstrate that, if the globular cluster system
of the Galaxy shares the dynamics of the bulge, the bulge has a specific
angular momentum only about a third that of the disk.

The latter result is important, It militates against the currently
popular idea that galaxies grow from little subsystems, since in that picture
the stars in the protogalactic lumps form the bulge and the gas forms the
disk, and there can be no way that the two systems can have different
specific angular momenta. [t suggests rather the somewhat older picture
of a rather coherent collapse, the coherence being very likely brought about
only by the presence of a single dominasnt lump in the primeval soup which
tells its neighbors to form a galaxy here, not there. The picture in which
the galaxies acquire their angular momentum via tidal torques then would
predict that the innermost, presumably densest parts, of the initial per-
turbation would receive the smallest moment. If the initial angular velocity
is roughly constant at a time when the perturbation is still roughly
homogeneous (this is the expected state of affairs because most of the tidal
acceleration occuts before the perturbations go strongly nonlinear; see e.g.
Peebles 1969) then one expects the specific angular momentum to be
propottional to the 2/3 power of the mass fraction. The bulge is probably
about 209 as massive as the disk in the Galaxy, and thus one would expect
it to have about a third of the specific angular momentum in this simple
picture. Fall and Efstathiou (1980) have shown that the tidal torque
picture can nicely account for the total angular momentum of disk galaxies,
if one takes into account that the disks as we see them today are imbedded
in massive nondissipative halos; without halos one cannot account for the
obscrved angular momentum via this mechanism, The magnitude of the
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total angular momentum imparted by tides is described by a dimensionless

parameter A,
L= ][R M G (8)

which has a mean value about 0.07 (Peebles 1969) and whose distribution
was shown by Efstathion and Jones (1979) from n-body experiments to
be roughly normal with a standard deviation of about half the mean. One
would expect, however, that in a given gravitational hierarchy the value
of % would be correlated with deviations from the mean hierarchical
behavior, those perturbations with the shortest collapse times at a given
mass scale feeling the smallest torques and ending with the smallest values
of A This may well account for the observed small angular momenta of
ellipticals,

Let us carry the angular momentum argument one step farther. Mestel
(1963} first noted that the discs of spirals have angular momentum dis-
tributions which are not very dissimilar to that of a uniformly rotating
uniform sphere, and the same is true for elliptical galaxies {Gunn 1980,
Fall and Efstathiou 1980). Mestel investigated the properties of self-
gravitating discs which have such angular momentum distributions, the
form of which, if #2 (b) is the mass with specific angular momentum 5 or
smaller, is

m By =M [ 1 (1 — h/IIY?7 . {9)

He showed that there were at least two solutions, one a uniformly
rotating disc with a very flat density distsibution and another which is quite
centrally concentrated and which is quite strongly differentially rotating.
It is quite easy to find the surface density distribution corresponding to a
flat rotation curve in the potential of an isothermal halo, and that dis-
tribution is plotted in Figure 7 for two values of the inner turnover radius
for the rotation curve. The dotted line is an exponential disc with a scale
length of a quarter of the outer radius, and it is clear that the two are quite
similat.

I would like to suggest that the mystery of the approximately ex-
ponential form of observed disks is nothing more complicated than this.
If the original angular momentum distribution is approximately conserved
as the disk is built up out of the gaseous component of successively infalling
shells, the density distribution grows homologously, which means that it is
approximately exponential throughout its growth. Its scale radius and
central surface density depend on how the rotational velocity changes as.
the disk grows. If the rotational velocity grows as M, i.e., in a fashion:
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I16. 7. The surface-density-radius relation for the apgular momentum distribution of a

uniformly rotating uniform sphere which rotates with constant circular velocity after collapse

(salid line) and the same except for a small constant angular velocity core of radil 0.5 and

0.8 scale lengths (dotted lines). The dashed line is an expenential surface density distribution,
and the fit s quite good over about three and a half scale lengths,

consistent with the parent hierarchy, then the Lagrangian radius of a given
ring (of fixed A) varies as M~ the central surface density is constant, and
the scale length varies as M'2. Thus the disk grows self-similatly, is always
roughly exponential over about 4 scale lengths, and evolves at roughly
constant central surface density; and all this happens without appeal to
any exotic transport processes.

Let us now discuss the evolution of the vertical structure of a disk
which grows in this fashion. The disk material can cool as it falls, and
can be expected to be at a temperature just below that for the onset of
collisional ionization of hydrogen, about 15000 K, which corresponds to
a one-dimensional velocity dispersion b of about 10 km/sec. At first there
will be insufficient material for the disk’s self-gravity to affect the vertical
structure at all, and the characteristic height in the disk will be
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When sufficient material has accamulated such that the surface density &
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self-gravity becomes important, and the height (as in the previous casc the
equivalent Gaussian one-standard deviation height) is

2

1§ (12)
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The velocity dispersion will still be roughly that of the gas, about 10 km/sec.

The star formation rate at these early epochs might be expected to be
small, since the disk is still stably pressure-supported at the gas temperature.
{See also Fall and Efstathiou 1980 who made this point about the final
configurations of very low-mass galaxies). This point is perhaps debatable
since, if the infall is not smooth, cooling shocks can be driven in the disk
by the infalling clouds and one might have significant star formation in
the absence of instability of the disk structure itself. As the surface density
grows still more, however, and reaches the value

V2 0. 0p
\'ﬁzcril ~— (13)
T G e

the disk becomes Jeans unstable (Goldreich and Lynden-Beli 19654,
Toomre 1964), and continues to be so as more material fal{s in. Since the
gas cannot with reasonable energy input be heated, the instability will
persist, driving inhomogeneities which in turn drive star formation. Only
whben most of the mass has formed stars can the disk begin to heat and
stabilize itself. Since infall continues, however, the resulting structure
wiil always be on the threshold of instability. Once most of the mass is
in stars, the velocity distribution will in general be anisotropic, with
g, = 2 for a flat rotation curve. The vertical velocity dispersion is, in
principle, decoupled from the other two, but in the presence of large-scale

17
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collective Jeans instability must emerge of the same order as they, We will
adopt here a value 1.6 times smallet than ¢, based on the approximate
ratio for old-disk stars in the solar neighborhood. The vertical velocity
dispersion then becomes, at the threshold of instability,

14GZr
T e s (14)

Ve
with a corresponding characteristic height of

LG
Ha~ 045 —— . (15}

e

Actually, the growth of the sutface density itself increases the velocity
dispersion through the conservation of the adiabatic invatiants. The net
effect is still to make the disk unstable for all gr > 0.75 (27! is the scale
length of the disk) and for all ar if the flat outer rotation curve makes a
transition to an inner solid-body part at ar = B > 0.5.

The consequences of this simple picture are as follows:

1) Exponential disks are produced in a natural fashion; furthermore,
the disks remain exponential throughout their relatively slow growth.

2) The disks of spiral galaxies grow from the inside out, with the
scale length growing as the squatre root of the total disk mass. They grow
seculatly, since a given shell has an infall time which is typically very much
larger than the dynamical time of the disk. In the case of the Galaxy, the
material currently being added to the disk (primarily, as we shall see, at
radii only a little outside the Sun) has fallen in from radii in excess of
70 kpc.

3) The velocity dispersion is predicted simply as the disk grows; it is
always the larger of 10 km/s and the value required for Jeans stability.
One expects a dramatic decrease of the gas content of disks at the onset
of Jeans instability. It is instructive to look at these relations for the
Galaxy, as a function of g, the fraction of the current disk mass present
at 2 given epoch. We take for these calculations the following parameters:
the current disk mass, Mo = 5.3 % 10 Me, the surface density at
Ro, %o == 70 Mo/pc*, the scale length «~'= 3.5 kpc, the solar radius
Ro = 8 kpc, the circular velocity ve = 220 km/s, and the trapsition radius
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B =08. The velocity dispersion as a function of ¢ is given for these
parameters in Figure 8 as a function of the radius in scale lengths; recall
that the scale length varies as ¢'*, and that the radius of a given parcel of
matter in the disk as ¢7*. Notice that the Sun, whose position is marked
on the curves with a solar symbol, has entered the Jeans-unstable regime

Fi. 8. The one-dimensional velocity dispersion versus radius in scale lenpths for the model
discussed in the text, The parameter g is the fraction of the present disk mass of the
Galaxy accreted at a given epoch.  The dotted lines below 10 km/sec are the velocity
dispersions corresponding to Jeans instability in the low-density regimes where the real dis-
persion is set by the gas turbulence at about 10 km/sec. The circles are the Sun’s location
in scale radii. Note that the Sun has enly recently {in terms of g) moved into the
Jeans-unstable regime,
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Fie. 9. The scale heights as a function of physical radii for the three cases of Tigure 8,

Note that the scale heights are almost constant until the disk flares at the point that the

velocity dispersion goes to the 10 km/sec floor. Abour 1 scale length facther cut the scale
height is essentially that for a non-self-gravitating disk.

only relatively recently in terms of the ¢ paramerer. We will return to the
question of the timescale for all of this later.

4) The characteristic height of the disk is also predicted, and is
plotted, this time in physical radius units, in Figure 9. Notice that over
the whole region where the dispersion is determined by Jeans stability the
height (and hence the exponential scale height, which is just 1/V2 times
our characteristic height) is almost constant, varying by no more than
10% inside the place where the disk flares out to its non-self-gravitating
H oc # behavior. The latter, incidentally, is in excellent agreement with
the observations for the Galaxy {Gunn 1980) and constitutes probably the
best direct evidence that the dark mass is in a nearly spherically symmetric
halo. Van der Kruit and Scarle (1981) have recently determined the stellar
scale heights for a few nearby edge-on spirals and find that they are es-
sentially constant, in agreement with these models. They also find an
abrupt cutoff in their disks. Whether this is to be identified with the
cutoff of star formation at the place where the disk flares or only with the
sudden drop in surface brightness due to the flaring itself is not clear, but
it would be extremely interesting to know.

5) The infalling material keeps the disk marginally unstable to the
Toomre-Goldreich-Lynden-Bell-Jeans modes, and the criterion for that
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instability is also the one for the shear amplifier (Goldreich and Lynden-
Bell 1965b, Julian and Toomre 1966) to be very efficient in making large-
amplitude spiral disturbances out of random ones. If the infall is not
absolutely smooth, the random ones are built in to the infall process. Thus
the infall probably drives spiral structure, which, without excitation,
propagates away (Toomre 1977) in a few revolutions. Furthermore, the
form of the spiral pattern should be corselated with the infall rate; when
the swing amplifier is driven hard, the spiral pattern will be open, near
the angle of peak response, but for weaker driving the effect of differential
rotation will be larger and the spiral will be tighter. If these conclusions
withstand more quantitative scrutiny there is offered a natural explanation
of the Hubble sequence. Since infalling gas must be converted into stars
on the infall time scale to retain marginal stability, systems in which the
infall rate is high should be blue and dominated by young stars. If the
same infall drives an open spiral pattern, one needs nothing else to explain
the properties of the late Huhble types; conversely, the galaxies with low
current infall rates should be red and tightly wound,

6) Stars formed when the disk was not yet Jeans unstable have large
scale heights at formation {see Figure 9). The preservation of their vertical
adiabatic invariant requires that their scale height decreases only as the
inverse cube root of the local surface density. Thus the increase of scale
height with age is a consequence of the formation history of the disk, and
does not require secular acceleration.

Thus in this picture the place a galaxy occupies on the Hubble
sequence s an accident of its infall rate, which as we shall see is not easily
predictable. It is the case, however, that the infall rate at late times will
in general be larger for those systzms with long collapse times than those
with short, and it is certain that no infall at all can occur for galaxies in
sufficiently dense clusters, thar the cluster itself has collapsed alteady and
heated all the intracluster gas to the virial temperature of the group. Thus
there should be no bona fid: spirals in collapsed clusters, even without
stripping. The material responsible for the infall is very loosely bound to
the galaxy and is thermally very fragile, and it does not seem unlikely that
the very large dependence of type on the density of the environment found
by Dressler (1980) can be so explained, as was firzt proposed Iy Larson,
Tinsley and Caldwell (1980}, Tt seems reasnuable that long-ccllapse-time
systems should have, in general, smalles sulsvstems with short collapse
times than short-collapse-time systems should have !, Thus gulaxies with
long collapse times should have smaller bulges than omes with shorter



256 JAMES LK. GUNN

collapse times, if in fact bulges ave the parts of galaxies thar collapse
quickly {and, for example, are Compton-cooled). If late-type systems are
generally those with long collapse times (and it appears that that is the
case in Figure 1) they should he expected generally to have small bulges;
conversely, carly-type systems, with short collapse times, will have large
hulges. Tt should also be the case that there are frequent exceptions to
these rules, since the present infall rate will depend on more complex things
than simply the collapse time, and the size of the short-collapse-time sub-
system, if any, depends on the (random) details of the form of the initial
density perturbation.

The model does not predict with any ease the evolution in time;
indeed, it predicts that one cannot predict that evolution without considera-
tion of the interactions with neighbors, since it is competition for material
that typically determines the infall rate at late times (Gunn 1977). At
carly times, the mass grows approximately like £, or M/M = 2/3 ¢, Later,
the infall rate depends on the environment, and is typically considerably
smaller than the relation for the early rate would predict. This is the case
even for an isolated galaxy, if € is considerably less than unity, and is small
in groups like the local group because of competition.

If we take a rate half the above, M/M = 1/3 ¢, it cotresponds to an
infall rate of about 2 Mo/yr for the Galaxy, which is quite reasonable. The
fractional growth in surface density is proportional to radius:

£/% =arM/M

so that at any epoch most of the mass is being added to the outside of the
disk. If £ is small, # = #/2 corresponds to z = 1, at which epoch ¢ = 0.78,
and the disk has about 609% of its present area within the Jeans-unstable
region. The star formation rate is roughly the mass infall rate into that
region, which is very neatly the same as the present rate. Thus the blue
luminosity of the Galaxy should have been much the same at z = 1 as it is
now, but the surface brightness much higher. If spirals do evolve in this
way, Space Telescope will be able to tell with direct imaging; in fact, the
“Planetary Camera” will allow the study of spiral structure at redshifts
near one with moderate resolution enhancement on images taken near
8000 A, which is near the peak response of its CCD detectors. This band
is, of course, near 4000 A in the rest frame, so the images will be directly
comparable with blue photographs of nearby spirals (Gunn 1980).

In great clusters like Coma, the growth is arrested quite early, when
the mass of a galaxy like M31 or the Galaxy is only of order half the mass
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it would have at the present epoch in more benign environments. Since the
cutoff in star formation, because of the cutoff of infall and the stripping
of the interstellar medium, leads to a population change which increases the
mass-to-light ratio by a factor of about two compared to average spirals in
the field and the disks of the cluster spirals only grow half as massive for 2
given initial perturbation (the rest of the gas being incorporated into the
intracluster medium), the M/L ratio of great clusters should be about a
factor of 4 larger than that of small groups and the field, consistent with the
values of about 250 and 70 for those cases found by Faber and Gallagher
{1979} on their system (H = 50, Br).

In summary, this picture of slow disk formation accounts in a natural
way for most of the systematics observed in disk galaxies and may account
for cssentially all of them, if the suggested connection between the infall
rate and the spiral pattern can be corroborated. Infall models have long
been the best candidates to explain the observed aspects of chemical
evolution in the solar neighborhood (sce, e.g., Tinsley 1981, Twarog 1980);
this picture simply extends those ideas to include dynamical consequences.

The author would like to thank Martin Rees and Donald Lynden-Bell
for warm hospitality at the Institute of Astronomy in Cambridge, where
much of the last part of this work was done, and those gentlemen and
Gillian Knapp, Sandra Faber and Jerry Ostriker for illuminating conversa-
tions. The work was supported in part by the National Science Foundation
and the National Aeronautics and Space Administration of the United States.
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DISCUSSION

SiLx

If cloud infall is responsible for the build-up of disks, then collisions between
clouds and the resulting viscous transfer of angular momentum may dominate
disk evolation.

(GUNN

That is perhaps true, but to the extent that the cloud system behaves like
a fluid its cloud structure does not matter, and T suspeet that, if the initial
conditions are not too chaotic, it does not matter even if the cloud mean free
path is long.

OSTRIKER

The picture of galaxy formation that you propose is overall very attractive
but I think it would be best if the time scale were short and if every little infall
were occurting at our epoch. If a system accretes 1Mg per year, it would be
expected to dissipate 10" ergs per second emitted as soft X-rays — two orders
of magnitude larger than seen by the Einstein satellite.

You pointed out at the beginning of your talk how distiner were the
spheroidal bulge and disk components, What physical process predicted their
distinetion in the model you propose?

(GUNN

The argument given by Larson and Tinsley on the processing rate for gas
in spirals convinces me that infail is necessary in any case, so the problem is
with us independent of this model. I have no pet solution and it is true that
many of the possible ways out complicate the simple picture, as, for instance,
the infall being viscously modified by a hot wind.

Regarding the second question, I have not given very much thought to
the formation of the bulge. Tt is clear that the requirement of small specific
angular momentum demands that the bulge form from the inner region of the
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perturbation which is presumably densest. One can argue from the position of
ellipticals in the o-M diagram that the competition between the star formation
rate and collapse time must be tipped in the direction of high star formation
rate (i.c., formation rate going faster than 2} at high densities. Doubtless one
can obtain an empirical form for the necessary physics from the observed
distribution, but I have not done that.

SeTTI

Concerning the excessive production of soft X-rays due to infall of gas in
the Galaxy, it should be borne in mind that this will depend on the precise
magneto-hydrodynamics of the flow where galactic magnetic fields and cosmic
rays are properly included. Tt may very well happen that the gas will not be
shock-heated to high temperatures, but that instead the greater part of the
kinetic energy of the infalling matter will be used up in accelerating the
relativistic particles. {Puppi, Setti and Woltjer, 1967, IAU Symposium no. 31,
p. 289).

(GUNN

Some such process may well work, but still the energy loss rate is high.
We would certainly not see it if it went into the cosmic ray gas with high ef-
ficiency, but I do not know how efficiently it might be done.

AUDOUZE

In tbe discussion between J.P. Ostrilker and you about the occutrence
of infall, among many arguments in favor of such an infall, I would like to recall
the very large luminosity in the far infrared wave band of the ring at 5 kpe.
This means that there is a very rapid formation of massive stars going on in this
region. Infall is needed to replenish quickly the gas in this region.

{GUNN

Possibly. T think it more likely that the gas in the ring is mostly deposited
there by the action of a bar in the inner part of the Galaxy.

Qorr

In connection with the presence of young stars in elliptical galaxies, Sanders
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has made the suggestion that star formation in these galaxies might be a
“yelaxation” process: the gas produced by the evolving stars would accumulate
until it is sufficiently dense for star formation to take place. The young stars
would compress the gas and blow it away. Such a picture might explain both
the virtual absence of gas during a long fraction of the time as well as the
presence of some young stars.

GUNN

If the gas builds up gradually half the amount at star formaticn should
be seen in an average object. It is also difficult but doutbless not impossible
to prevent the star formation from being very centrally concentrased.

Davis

Al! this scenarfo occurs in a background of a 1/72 halo. Are you still happy
that your model for dissipationless formation of such a halo will work?

Gunn

Yes. T think that recent Nebody models have shown that after infall is all
over, the outer part of the resulting structure has 1/# profiles, but as far as I
know no effort has been made to investigate the profiles in a cosmological setting,
while they are growing in realistic hierarchical conditions. Dekel has recently
attempted such a simulation which seems to show 1/# structure, but it is of
limited dynamic range. Remember also that the “extended” rotation curves
probably sample only the inner parts of the real halo distribution,

PrEBLES

The value # = — 1 you favor for the spectrum ~ £ of primeval density
fluctuations makes the intepral J3 diverge as Js o¢ r; so your power law must be
truncated at # <5 30 Mpe to avoid excessively large Sachs-Wolfe effect.

GUNN

I fully agree that # = — 1 cannot extend to very large masses, so one
can argue whether one should use 2 power law at all,



THE COLOURS OF FAINT RADIO GALAXIES

— Finding Ellipticals at z > 0.5 —

H. VAN DER LAAN and R.A, WINDHORST
Sterrewacht Leiden. The Netherlands

1 - INTRODUCTION

The automation of deep plate photometry has increased the magnitude
range and the statistics of reliably complete, flux-limited galaxy samples
enormously in recent years (Kron 1978; Tyson and Jarvis 1979; Ellis
1979). Near the faint end of the apparent magnitude scale it is not pos-
sible to distinguish the different galaxy types morphologically.  Because
the galaxy fuminosity distribution is very wide and the colour evolution
as a function of cosmic epoch depends strongly on the time-dependent star
formation rates, which probably means on galaxy type, it is not possible
to relate, even approximately, the apparent magnitude and a single colour
of a faint galaxy image to its redshift. If one wishes to study the spectral
evolution of a single galaxy type over a substantial redshift range, one has
to distinguish members of that type from all other galaxy images on the
same plate, mixed in colour and in apparent magnitude with the type to
be selected.

As discussed by Guan in his review at this Study Week, one can
attempt to single out giant elliptical galaxies by searching for clusters on
deep plates and by taking spectra of the brightest cluster members, t0
distinguish them from foreground galaxies and from companion spirals in
the same clusters. Such a program is very demanding in large-tclescope
time, even for optimally quantum-efficient spectrometers, We have fol-
lowed another route to forming substantially large samples of giant el-
liptical galaxies near the faint end of deep plate magnitude scales. In this
contribution we briefly report the method and its current results.
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2 - FINDING FAINT LUMINOUS ELLIPTICAL GALAXIES

Our method uses a combination of deep radio images and optical
plates of the same fields. It relies upon the fact, known for twenty years
and established with the ever increasing numerical weight of hundreds
of measured redshifts, that strong extragalactic radio sources, those with
monochromatic powers above the hreak at Puws s, = 10%* W Hz! in the
radio luminosity function, if they are not quasars, are uniquely and without
exception associated with luminous carly type galaxies, ellipticals and S0’s.
For these radio galaxies the dispersion in absolute magnitude for nearhy
(z = 0.1) objects is very small. Given the very large range of radio flux
densities (~ 10° from the flux limit of the twenty brightest sources in the
sky to our faintest survey limits) and apparent magnitude limits of 7s = 23,
it is possible in principle to find large samples of giant galaxies in the range
z = 0.5 to 1.0 without time-consuming spectroscopy. Optical colour dis-
tributions for such samples can be related to galaxy population evolution
models very directly, while a good model fit yields a direct transformation
of an appatent magnitude scale into one for redshift. The essential step
is to find the giant ellipticals among the tens of thousands of faint
images per plate.

Early phases of this radio-optical program were summarized by
Katgert, De Ruiter and Van der Laan {1979). Westerbork radio sutvey
sources were identified, on PSS plates and on KPNO 4 m plates. The colour-
magnitude diagram of the identified radio galaxies was suhstantially dif-
ferent from that expected for either nom-evolving or passively evolving
giant ellipticals, A weakness of these early results was the lack of accurate
photometry: apparent magnitudes were estimated visually, However, the
simple fact that nearly all radio galaxies near the red plate limit are still
visible on the blue plates, is a strong indication of colour evolution if they
are ellipticals.

Several new major surveys have been completed at Wester-
bork for fields whete deep KPNO 4 m plates had been obtained.
Elsewherc in this volume this material is described, Radio positional
accuracies of the order of one atc second enahled reliable identifications
of ~ 50% of all the radio sources in our fields on the Mayall
telescope plates.  Accurate absolute photometry using a PDS machine
and the algorithms described by Kron (1978), yields magnitudes, hence
colours. The observational sample presently in hand is a factor of five
greater than what can be shown in this interim report, because only for
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one hundred or so galaxies is our photometry complete. The radio
surveys will be published by Katgert, Katgere-Merkelijn, Robertson, Wind-
horst and Van der Laan (in preparation). The optical photometry follows
the methods developed by Kron (1978, 1980). The optical identifications,
and a discussion of their reliability, completeness and photometric measures
will be published by Windhorst, Koo and Kron (in preparation) for the
Leiden-Berkeley Survey and by Windhorst (in preparation) for the Wester-
bork-Finstein Survey.
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Fic. 1. The colour-megnitude diagram for fourteen radio quiet ellipticals and for ane hundred

and two radio galaxies. See Kron (1978) for the J (4650 A) and F {6100 A) pass band profiles.

The redshift scale at the top of the diagram is the z to I match for the |4 = 0.7 model in 2

Friedmann cosmology with Flg = 100, g0 == 0 and < My > = — 21”3, The C-curve is a pas-

sively evolving elliptical with star formarion completed in one Gyr. The p= 07 cutve s

for continued star formation at an expopentially decreasing rate which had turned 709% of
the model galaxy mass into stars after I Gyr (Bruzual 1981},
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3 - THE COLOURS OF FAINT RADIO GALAXIES

In Figure 1 the J-F vs. F distribution for about one hundred radio
galaxies and for fourteen radio quiet ellipticals is shown. (See Kron 1978
for photometric passbands). Also plotted are two model cusves from the
work by Bruzual (1981) on evolutionary synthetic models of stellar popula-
tions. The curve designated “C’ is a model whete all star formation occurs
early, at a constant rate and is complete in 1 Gyr, after which the galaxy
evolves passively. The curve labelled 1 = 0.7 is for a model with con-
tinuing but exponentially decreasing star formation rate (SFR), where 70%
of the gas has been transformed into stars by the end of the first Gys..

Photometric errors lead to 1 v uncettainties of 0.1 at F == 20 t0 0.”3
near the plate limit. The one to two magnitude departure of the actual
colours from the C model prediction fules out the latter as a satisfactory
representation. The dispersion in J-F is large and the &t = 0.7 curve cannot
be called a good fit. The distribution is clearly muck closer to the ¢ = 0.7
model than to the C model: continuing star formation is strongly implied
by a comparison of such models and this distribution. Uncertainties con-
cerning the blue light contribution of horizontal branch star evolution
inhibit relating our colour distribution to any one single model prediction
unequivocally.  (Bruzual and Kron 1980; Tinsley 1980; Bruzual 1981).
Another caveat concerns our selection: are strong radio galaxies rypical
giant cllipticals or does the radio power peculiarity correlate with dif-
ferences in stellar population evolution? Nearby radio galaxies are not,
generally, distinguishable in broad band colours from non-radio giant el-
lipticals. It is important to attempt spectroscopic z-determinations for
some of these galaxies, near the b = 0.7 curve, to compare them with the
model’s redshift to apparent magnitude transformation.
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DISCUSSION

PrEBLES
Could you fit your data using the evolution model “C” by reducing the

time since galaxy formation?

VAN DER LAAN

No. The C-medels lose their blueness very quickly. The measured colours
cannot possibly be reproduced by any acceptable time shift,
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1 - InrropucTION

It has fong been known that normal giant elliptical gajaxies observed
at large redshifts cease to be optical objects but become infrared sources,
the maximum of the energy distribution occurring at about a wavelength
1.3 (1 + 2) m, where z is the redshift. Thus, it is of considerable interest
to study these galaxies at large redshifts in the infrared waveband and to
compare them with nearby galaxies.

A major problem is to find suitable galaxies which are bright enough
to be observed at redshifts of order 1. Simon Lilly and T have been study-
ing this problem using those giant elliptical galaxies associated with strong
radio sources (Lilly and Longair 1982a, b). This procedure has the great
advantage that we can select very distant giant clliptical galaxies in a
systematic way and that, for a number of them, redshifts are available.

Our work has concentrated on radio galaxies from the 3CR cataloguc
and in our preliminary survey observations of 35 galaxies spanning the
range of redshift from 0.03 to 1 have been made with the UK Infrared
Telescope (UKIRT) on Mauna Kea, Hawaii. The obsetvations were made
in the J (1.2 tm), I (1.65 pm) and X (2.2 pm) wavebands. The apparent
optical magnitudes of the galaxies range from 14 to 24. The optical mor-
phologies of these. galaxies are similar to those of first ranked elliptical
galaxies, including some cD systems and N-galaxies, the latter being as-
sociated with broad-line radio galaxies (BLRGs). The current sensitivity
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of infrared detectors is such that it has been possible to detect even the
faintest of these palagies in the infrared waveband. In addition, it has been
possible to detect some radio galagies which have no optical counterpart
in the optical waveband. We have confitmed the detection of 3C 68.2
reported by Grasdalen (1980) and have obtained a marginal detection
of 3C 437.

2 . COLOUR-REDSHIFT DIAGRAMS FOR 3CR RADIO GALAXIES

The simplest way of presenting the results is in terms of colour-red-
shift diagrams, the (F-K) and (J-K) diagrams being shown in Figures 1
and 2,

Consideting first the low redshift galaxies (z < 0.4), it is clear that,
with the exception of the four galaxies. classified as BLRG by Grandi and
Osterbrock (1977), and represented by crosses on the diagram, the infrared
colours of the radio galaxies occupy a well defined Jocus on the colour-
vedshift planes. This implies that they may all be represented, with small

H-K L ) §
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Fis. 1. The (K )-redshife relation for 3CR radio galaxics. The crosses are N-galaxies with
strong non-thermal components.
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F1. 2. The (J-K)-redshift relation for 3CR radio galaxies. The crosses are N-galaxies with
strong non-thermal components.

cosmic scatter, by a single energy distribution. This was derived using
the observed infrared colours of the galaxies with 7z < 0.4 and is shown
by the solid line on the diagrams. This mean energy distribution for a
giant elliptical galaxy is shown in Figure 3.

The zero redshift intercepts of the colours predicted from this energy
distribution ate very similar to those found in a large sample of nearby
elliptical galaxies by Frogel et al. (1978). We can, thetefore, conclude
that the infrared energy distributions of these galaxies are essentially
the same as those of normal elliptical galaxies, and that any additional
component associated with the active nucleus must be small. There is
no obvious relation between emission line strength and infrared properties
amongst the narrow line radio galaxies.

At higher redshifts the galaxies broadly follow the predicted relations
computed on the basis of the infrared spectrum constructed earfier and
the energy distsibution shortward of 1 pm of Coleman ef al. (1980). There
is no strong evidence for colour evolution in the infrared, and this is as
predicted by conventional evolutionary models of elliptical galaxies, for
example those of Bruzual (1981), Lebofsky (1981) has recently published
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FiG. 3. The standard giant elliptical galaxy spectrum derived from the radio galaxics without
strong non-thermal components with redshifts z << 0.4 and the elliptical galaxy spectrum of
Coleman ef al. {1980).

(H-K) colours of gL galaxies over a similar redshift range. We remark
that the two high z 3CR galaxies considered by her to have anomalous
(H-K) colours are not anomalous on our diagram, because of our improved
determination of the mean galaxy spectrum, and that we do not find
evidence for the large scatter in low z galaxies.

The BLRGs are clearly red in both (J-K) and (H-K), and from the
(K, z) relation it is deduced that these are brighter than the typical galaxies
in our study at all the wavelengths observed. Sandage (1973a} has shown
that these systems may be successfully decomposed into a central nuclear
component situated in a normal galaxy, and we have followed a similar
procedure for 3C 109, 234 and 382, using our observations of the other
galaxies to define the colours and magnitudes of the underlying galaxy.
To within the uncertainties of this subtraction procedute, we find that the
additional component has a power-law spectrum and that, in the case of
3C382, this extends to 3.5 1tm. In addition, the variahility of this latter
source, which we observed over a 6 months timebase, is compatible with
a nuclear component of approximately constant spectral index (x = 1.5)
but of varying intensity. In the small sub-sampie for which there exists
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sood spectrophotometry we find that the BLRGs displaying an infrared
excess have more than 10 times the HE flux as compared with those other
galaxies which do not.

The optical-infrared colours may be similarly constructed from publish-
ed optical photometry (e.g., Sandage 1972b, 1973b; Kristian et al. 1978;
Smith et al. 1979}, although greater uncertainty will be introduced. The
(R-K) and (V-K} colours as a function of redshift are plotted in Figures 4
and 5. At high redshift the CCD » magnitudes were transformed to the R
system using an extension of the colour equation given by Wade et 4l
(1979). In the diagrams the solid lines are the predicted colour-redshift
relations based upon the infrared energy distribution derived eatlier and
the optical spectrum from Coleman et al. (1980). The other lines are various
evolutionary models from Bruzual (1981). The reddest model assumes no
evolution, the others representing different histories of the star formation
rate {SFR), being either a constant burst of duration 1 Gyr (the C model)
or an exponential decay of the SFR with 0.7 and 0.5, respectively, of the
mass of the galaxy in stars at the end of the first 1 Gyr. At high redshifts
it is clear on both diagrams that there are large deviations from the relations

(R-K)

I ; I

0 05 1 1.5 .

Fig. 4. The (R-K)redshift relation for radio galaxies. ‘The straight line shows (R-K} values
for palaxies of uoknown redshift.  Open circles are from Lebofsky (1981).
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{V-Kl

Fia. 5. The (V-K)-redshift relation for radio galaxies, The uppermost lines show the predicted
relation of the galaxies which undergo no colour evolution.

predicted by the non-evolving models, We have included the colours
derived from the K magnitudes of the high z 3CR galaxies observed by
Lebofsky (1981), and these are represented by open circles. We cannot
exclude the possibility that part of the blue colours of sources such as 3C
263 may have a non-thermal origin. In this case, Smith ez al. (1979) have
shown that the optical spectrum does not possess stellar absorption features.
For the remainder of the galaxies, however, the V.K colours can be ac-
counted for by the evolving galaxy models, with relatively slowly decaying
SFR. We have also plotted on the (R-K} diagram the colours of 4 very
faint galaxies of unknown redshift, and it may be seen that these galaxies
have colours that are consistent with this conclusion. This result has
implications for attempts to detive the redshift of distant galaxies from
their colours alone.

3 - THE INFRARED HUBBLE DIAGRAM EOR RADIO GALAXIES

Because essentially all the observations were made through the same
aperture, we plot on the Hubble diagram, Fig. 6, the magnitudes as obsetved,
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F16. 6. The redshift-K magnitude relation for radio galaxies, The crosses are N-galaxics and

the open circles are data from Lebofsky (1981). The solid lines, fabelled 40 = 0 and 40 = 2,

show the predicted redshift-magnitude relation for these world models. The dashed line

shows the predicted relation in a g = 0 model with evolution described by Bruzual’s model
with &t = 0.5.

and we incorporate the K-corrections (which differ in the evolving and non-
evolving models} and aperture corrections (which are different for different
world models) into the predicted magnitude-redshift relations for different
values of 4. The aperture corrections were derived from the beam profiles
and from the curve of growth given by Sandage (1972a). The best fit model
may then be determined by a Chi-squared test, with the absolute magnitude/
Hubble constant combination a free parameter in each world model, This
method also gives the certainty with which other models may be rejected.
Also shown on the diagram are the sources with unknown redshifts and the
high z data from Lebofsky (1981), as horizontal lines and open circles, res-
pectively. With the exclusion of the BLRGs, the radio galaxies form a well
defined Hubble relation, the cosmic scatter about the best fit models being
0.40 mag, which is very similar to that found at optical wavelengths by
Smith (1977). For the unevelving energy distribution, the apparent, un-
corrected value of g0 is considerably in excess of 1. The best fit value occurs
at 2.8, and the g0 = 1 model may be rejected with 709 confidence. The
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relations for g0 = 0 and 2 models are shown in Figure 6. However, the
lack of infrared colour evolution does not imply a lack of luminosity evolu-
tion in the infrared. The effect of the 1t = 0.5 model discussed in connection
with the optical-infrated colour diagrams is to increase the predicted K
luminosity at a redshift of 1 by 0.8 mag. Application of the K-corrections
appropriate to this model result in a best fit value of go = 0.5. Therefore,
il lower values of g0 are preferred for other reasons, then the Hubble
diagram provides further evidence of substantizl evolution over lookback

times of half the Hubble time.

4 . CONCLUSIONS

The data indicate the great potential of observations in the infrared
waveband for the study of the evolution of the stellar component of giant
elliptical galaxies over cosmological time-scales. The present results are
preliminaty but suggest that the infrared properties of galaxies are less
susceptible to strong evolutionary effects than the optical properties,
Combining the optical and infrared properties provides additional constraints
on the evolutionary effects which influence the magnitude-redshift relation,
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1 - INTRODUCTION

The space density of quasars increases steeply with distance out to a
redshift of three at least. This phenomenon is a consequence of the varia-
tion of the quasar luminosity function with time, which reflects the col-
lective result of the births and subsequent evolution of quasars.

The first evaluation of the variation of the space density was based on
quasars that are strong radio sources (Schmidt 1968). Quasars contribute
a large fraction (around 25 per cent) of strong extragalactic radio sources,
hence carly studies concentrated mostly on these, However, the interpreta-
tion of the space distribution in terms of the variation of the luminosity
function is complicated by the fact that the latter is a function of both
optical luminosity and radio luminosity, which may be correlated (Schmidt
1970).

The derivation of the space distribution is, in principle, more straight-
forward for quasars that are selected purely optically. Until recently, only
a small complete sample of optically selected quasars was available. Several
surveys have been completed now and we base our discussion of the space
distribution on this material.
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2 - OPTICAL QUASAR SURVEYS

We confine ourselves to surveys of spectroscopically confirmed
quasars with fairly accurate optical magnitudes. The Braccesi list of quasar
candidates (Braccesi, Formiggini, and Gandolfi 1970) contained 175
objects.  Spectroscopic work is only complete for objects brighter than
B = 18, resulting in a complete sample of 19 quasars over an area of 36
square degrees.

Objective-prism surveys have increased dramatically the number of
optically selected quasars. Slit spectra are generally required to check
the quasar nature and the line identifications. Confirmed lists are now
available for a Schmidt survey (Osmer and Smith 1980) and the Tololo
4-meter reflector survey (Hoag and Smith 1977; Osmer 1980). The Schmidt
survey is not complete beyond B = 18. Tor the 4-meter survey I assume
that the completeness limit is B == 19.5. These surveys depend on the
detection of Lyman-a emission in the objective prism spectra, hence the
redshift should be larger than 1.8,

A large-scale search for bright quasars was started at Palomar in 1972
(Green 1976), Green covered some 10,700 square degrees with 2 color
(U, B) exposures with the 18-inch Schmidt telescope and selected several
thousand stellar objects with an ultraviolet excess (U-B < — 0.4). We
have undertaken spectroscopic obsetvations of all objects and have found
108 quasars which constitute a complete sample down to an average B
limit of 16.2 mag. (A few low-redshift objects have been added to the
list since the Study Week; these have little effect on the results discussed
below).

Recently, Kron and Chic (1981) have obtained a small, deep sample
of quasars in Selected Area 57, based on lack of proper motion, grating
prism observations, colors and variability. They find 4 spectroscopically
confirmed quasars with B < 21 in an area of 0.071 square degrees, cor-
responding to a surface density of around 60 per square degree.

Figure 1 shows the Hubble diagram for all quasars in the above
surveys that are brighter than the adopted limiting brightness for complete-
ness. The line corresponds to Ms = — 23 for a Hubble constant Ho = 50
km s7' Mpc™!. Many of the objects below this line may be classified as
nuclei of Seyfert galaxies.

3 - DISTANCE SCALE OF QUASARS

Between the effective limit of the Palomar Bright Quasar Sample
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(B = 16.2) and that of the Braccesi sample {B = 18), cumulative counts
of quasars increase by a factor of 8.5 per magnitude, or dlog N/dB =
0.93 + 0.06. This slope is significantly steeper than the slope of 0.60
that would be observed for objects having a uniform distribution in
Euclidean space, In fact, the observed slope would correspond to a space
density rising with distance » as *¢, Hence, if quasars were “local”, ie.,
residing in Euclidean space, we ourselves would be situated in a deep
density minimum in the quasar cloud — a conclusion to be rejected on
Copernican grounds. This argument only breaks down at quasar distances
that are so large that we are looking back in time over a substantial fraction
of the age of the universe. Hence, this argument leads to a distance scale
for gnasars that is of the same order as that corresponding to the cosmo-
logical interpretation of the large observed redshifts.

4 - STATISTICAL EVOLUTION

If the Hubble (B, log z) diagram of all quasars were known, then the
distribution of the B magnitudes at a given redshift would yield
directly the luminosity function at that redshift. The small number
of objects, and in particular, the incomplete coverage of the Hubble diagram
as shown in PFigure 1 makes this procedure unfeasible. Instead, we use
interpretation techniques based on the expectation that the luminosity
function varies smoothly as a function of luminosity and redshift. In fact,
we assume that the co-moving space density of quasars varies as exp (&7},
where T is the light travel time expressed in the age of the universe and %
is a function of the ahsolute magnitude Mi. We also assume that the
continuum energy distribution I (v) has a spectral index dlog F/dlogv
= o equal to — 0.5, corresponding to typical quasar colors as found by
Richstone and Schmidt (1980).

Since the detailed derivation of the statistical evolution of quasars
is being prepared for publication elsewhere, we present here some of the
main results. These are based on a value of the deceleration parameter
go = 0.5 (or & = 1) and a Hubble parameter Ho = 50 km 57" Mpc™'. We
find that the different surveys can be well represented hy adopting & =
—3 (Mi+21.6). The only exception is the Curtis Schmidt survey for which
predicted numbers are more than twice the observed numbers. The ap-
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parent deficiency of this survey relative to the 4-m Tololo survey has heen
discussed by Osmer (1980).

According to the & (Mn) relation given above the brightest quasars,
with My = — 30, will have & = 25, ie., their co-moving space density
varies with a characteristic time of only 0.04 of the age of the universe.
Quasars of low absolute luminosity, with Mp = — 23, show little variation
of space density with cosmic epoch.

Total numbers of quasars brighter than Mp = — 23 vary from
28 Gpe™ at z = 0, to 1600 Gpc™ at z = 1 and 10,000 Gpe™ at z = 3.
The Iuminosity function at different redshifts is shown in Figure 2.
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Fie. 2. Luminosity function ¢ (My) of quasacs at different redshifts, in units of Gpe=3 mag-!.

Parts of the lominosity function directly supported by observations are indicated by a solid
line.  Other parts depend on the adopted space density evolution law.
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5 - QQUASARS AT LARGE REDSHIFTS

It has long been suspected that the upper limit of the observed red-
shifts near 3.5 is not due to observational selection but, instead, reflects a
real scarcity ot absence of objects with larger redshifts. A relevant study
was finished recently by Osmer {1982) who searched an area of 5 square
degrecs by a prism grating technique with the 4-meter Tololo reflector.
He should have been able to detect Lyman-o emission from quasars with
redshifts in the range 3.7 to 4.7 down to an equivalent B magnitude of 20.5.
While he found some 15 objects with emission Ynes, none of these turned
out to be Lyman-a.

The statistical evolution model discussed above allows us, by a small
extrapolation, to predict the number of quasars in the redshift range 3.7 to
47. We find that Osmer should have seen some 20 quasars, in marked
contrast to his failure to detect any. While further searches for quasars of
large redshift should be conducted, at present our conclusion can only be
that the number of obsetvable quasars beyond a redshift of 3.5 is an order
of magnitude lower than that predicted on the basis of a smooth extra-
polation from lower redshifts.

The scarcity or lack of quasars at large redshift may reflect their turn-
on time at one-tenth of the present age of the universe, or it may be caused
by dust from galaxies in formation as proposed by Ostriker and Cowie
(1981). In connection with the interpretation of this important pheno-
menon, it will be important to get more accurate information on the red-
shift distribution near the cut-off.

6~ STATISTICS OF QUASAR BIRTHS AND DEATHS

If the lifetime {or the luminosity history) of individual quasars were
known we could, on the basis of the observed population of quasars, derive
the number of dead quasars and the birth rate of quasars. Lacking know-
ledge of quasar lifetimes and considering the large variation in absolute
luminosities, we assume that each quasar during its lifetime radiates a fixed
amount of energy, Exu.

The total space density of all quasars brighter than Ms = — 23 is
derived as the integral of the birth rate from the time cosresponding to
redshift 3.5 to the present. We find
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10% ergs
6 x 1074 ————E— Mpe™
Cirad

which for Ena = 10% ergs is approximately the space density of galaxies
brighter that Me = - 20.5, Hence, all such galaxies may contain an
extinguished quasar, or a fraction of all galaxies above a lower luminosity
limit may contain one. It should be remembered that Fua is very uncertain.

For the detection of gravitational waves it is of interest to estimate
the present observable birth rate of quasars. With the lifetimes discussed
above, the present observable rate for all quasars brighter than Mp = - 23
out to redshift 3.5 would be

10% ergs
0.6 | e |yt
Erad

7 - X-RAY BACKGROUND OF QUASARS

X-ray observations with the Einstein satellite have been obtained for
more than 60 objects in the Palomar Bright Quasar Sample, in conjunction
with H. Tananbaum ¢ al. By combining these X-ray observations with the
statistical evolution model discussed above, we can derive quasar X-ray
counts as well as the integrated background caused by all quasars.

In this derivation we find it particularly useful to write the luminosicy
function as a sum of inverse density-weighted volumes Vi, one for each
quasar in the Bright Quasar Sample. Then, by “tagging” each of these
contributions with the observed X-ray luminosity, we can easily derive
total counts and background. This method implicity takes into account
any correlation between X-ray and radio luminosities that may exist. It is
also unnecessary to derive a mean ratio of X-ray to optical luminosity since
the contributions of cach X-ray observed quasar is “automatically”
entered with the appropriate weight.

The details of the X-ray work on hright quasars will he published else-
where. A tentative evaluation shows that predicted quasar X-ray counts
arc close to observed extragalactic X-ray counts, and that the 2 keV back-
ground due to quasars is around 47 per cent of the total observed back-
ground (Schwartz 1978).

Early high estimates of the X-ray background due to quasars (Setti and
Woltjer 1979; Tananhaum et 4l, 1979) were based on a formula for quasar
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counts due to Braccest et al. (1980). For B = 21 this formula predicts 200
quasars per square degree, or about three times the number adopted in our
present work.

8 - NEED FOR FURTHER WORK

The evaluation of the statistical evolution of quasars suffers from the
poor survey coverage of the Hubble diagram as exhibited by Figure 1.
Further systematic surveys to fainter magnitudes are much needed. Once
these are in hand, the variation of space density with redshift for quasars
of given luminosity can be determined directly, so that po assumption
about the functional form of the variation wifl be nceded any more.

As mentioned above, further studies aimed at the precise density
profile of the quasar space distribution near redshift 3.5 are of major
potential interest.

This research was supported in part by the National Science Founda-
tion under grant AST 77-22615A01.



THE SPACE DISTRIBUITION 0T QUASARS 289

REFERENCES

Braccesi, A, Formiggini, L. and Gandolfi, E., 1970, Astrown. and Astrophys., 5, 264.
Braccesi, A., Zitelli, V., Bonoli, I'. and Formiggini, L., 1980, Astrow. and Astrophys., 85, 80.
Green, RF, 1976, Pub. Asir. Soc. Pac., 88, 665.

Ioag, A.A. and Smith, M.G,, 1977, Ap. }., 217, 362.

Kron, R.G. and Chiu, 1.G., 1981, preprint,

Osmer, P.S,, 1980, Ap. J. Suppl., 42, 523,

— 1982, preprint,

QOsmer, P.S. and Smith, M.G., 1980, Ap. ]. Suppl., 42, 333,

Ostriker, J.P. and Cowie, LL., 1981, Ap. J. (Letters), 243, L 127.

Richstone, D.O. and Schmidt, M., 1580, Ap. ]., 235, 377.

Schmidt, M., 1968, Ap. J., 151, 393.

— 1970, Ap. ]., 162, 371.

Schowarez, DAL, 1978, Proc. TAUJCOSPAR Symposium on X-Ray Astronomry, In press.
Setti, G. and Woltjer, L., 1979, Astron. and Astrophys., 76, L 1.

Tananbaum, . et al., 1979, Ap. . (Letters), 234, L9,



DISCUSSION

OSTRIKER

The argument for dust absorption can be made more simply than was done
by Ostriker and Cowie. An ordinary galaxy like our own should be opaque at
~ 1200 A to a radius of 15 to 30 kpc. Beyond a redshift of 3.5 the typical line
of sight comes within this distance of a galaxy (if they exist at that redshift) and
50 objects beyond that distance will be chscured.

If you take your evolutionary model of the quasar distribution you can
predict the log N - log S distribution at optical and X-ray wavelengths, You can
make the same prediction if you supplement your model by the additional as-
sumption that there are no quasars beyond z = 3.5. How different are the
predicted distributions in these two hypothetical cases from one another?

ScHMIDT

As T mentioned the predicted X-ray counts, based on a redshift cut-off of
3.5, agree well with the ohservations, Hence a prediction without a cut-off,
not yet carried out, will be of interest. For optical counts this is less so, since
the counts up to B = 21™ are fitted by construction and those beyond B = 21™
are not yet reliable.

LynpeEn-BrLr

Do we need to assume that the quasars disappear heyond z = 4 or just
that Le; is suppressed as would be the case for neutral hydrogen on the way?

ScumMipT

Lyman @ could he reduced or perhaps suppressed if neutral hydrogen is in
the way. In any case, it would be of interest to search for CIV emission at
redshilts larper than 3.5, ie., longwards of 7000 A.
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Scrama

I would like to suggest that the apparent cut-off in the quasar distribution
at a redshift of 3.5 could be due to the intergalactic medivm becoming neutral
at this redshift. If the IGM is photo-ionised, we would expect it to become
transparent at a critical red shift rather suddenly, and this would fit in with the
quasar cut-off being rather sudden (if it indeed is).

ScumMiIDT

I should reiterate that the objective prism surveys do not agree well among
themselves in the observed distribution of redshifts larger than 2.5. Hence it is
not clear as to whether the chserved cut-off is gradual or sudden.

SiLx

If the quasar cut-off is due to dust absorption in intervening galaxies, one
would expect to find both evidence for reddening of the spectrum and, more
importantly, an increasing frequency with redshift of absorption line systems.
characteristic of cold interstellar gas, including molecular hydrogen.

OSTRIKER

Yes, we did check Osmet’s sample of large redshift quasars for reddening.
He calculates a curvature observed in cach spectrum and we examined the
dependence of the curvature found on quasar redshift. We found a strong
statistically significant increase consistent with expectations based on notrmal
dust obscuration but the smallness of the sample and difficulty of the measure-
ment makes the result very uncertain,

ReEs

Tt is commonly thought that quasars are powesed by a large collapsing mass
or by a massive collapsed object (black hole), fuelled by accretion or by electro-
magnetic extraction of its spin energy. In the context of this model, the defi-
ciency of quasars at small redshifts compared with the numbers at z = 2 to 3 may
be due to the decline in the fuelling rate as the gas density in galaxies decreased.
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There seem to be four ways of accounting for the decline in bright quasar
numbers beyond z == = 3.5:; (i) intetveaing absorption (by neutral hydrogen
or dust) may be responsible; in this case radio emission and hard X-rays should
still ger through; {ii} galaxies may not form {and acquire weli-defined central
potential wells at their centres) until z = 4; one would then see no bright
discrete objects at larger redshifts; (iii} even if galaxies form much earlier, it may
take = 10° years for a black hofe to grow to 10® to 10° Me; one might then
expect imfrinsically fainter quasars at large z, but no ultraluminous ones; (iv)
there is so much uncondensed gas and dust in young galaxies that quasar activity,
even if it occurs, is “smothered”; the energy might then be reprocessed into a
diffuse infrared source.
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Quasars are relatively rare objects. Down to the 15th magnitude
there are thought to be less than a hundred quasars over the whole sky,
while there are a few million stars. At the 20th magnitude the situation
is mote favorable, but there still are ten to a hundred times as many stars
as quasars (Figure 1), Hence, if quasars are to be discovered with reason-
ahle completeness, sensitive selection criteria have to be used. The two
most important of these are: {a} the (U-B) ultraviolet excess, possibly
supplemented by other color criteria; (b) the presence of strong emission
lines. In the first technique photographs in U and B light are taken and
from these the objects with ultraviolet excess are found. These are then
inspected spectroscopically. At bright magnitudes the admixture of hot
white dwarfs, subdwarfs, etc. still is substantial, but beyond magnitude
17 the majority of the objects found are quasars, Most quasars with red-
shifts below z = 2.2 to 2.5 may be found this way, but at higher redshifts
the strong Ly  line moves into the B hand and makes the color criterion
less effective. However, objective prism techniques may then be used to
find the emission line ohjects directly.

% Throughout this paper Hy = 50 Km s~! Mpc~! has been adopted.
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1 - CLASSIFICATION

A variety of related objects are generally considered to belong to the
overall class here considered, but the criteria by which they are defined
are usually imprecise and influenced by the accidents of historical develop-
ments. In order to achieve some clarity, at least in our own papers in these

2b

30

proceedings, we define the following classes and subclasses:

B

Approximate integral numbers of stars, galaxies, quasars and globular clusters as a
The extragalactic globular clusters have been taken:
from van den Bergh (1979).
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I. Quasars

Blue continuum (U-B excess in continuum in rest frame)
Broad emission lines

M, < — 24

Subclasses ©:

QSO: “optical quasars” Log R<C15

QSR: “radio quasars” Log R> 15
subdivided in

Steep (radio} spectrum o< - 07

Flat (radio) spectrum o> — 0.5

I1. Seyferts 1

Blue nuclei of galaxics
FEmission lines; total width 1 lines > 3000 km s™*
M. > — 24

I11. BL Lac Objects

Moderately blue

No emission lines {or very faint)

Variable optical polarization with Pma: > 5 %
Variable luminosity with typically AB > 2 magnitudes

Subclass:
OVV (optically violent variables) quasars: same as BL Lac, but more
quasar-like emission lines.

Notes to classification

The quantity R (defined at 500 MIz) was originally introduced by
Schmidt (1970). It is not evident that QSO and QSR are really separate
classes or whether the transition is fully continuous. Fragmentary data on
the luminosity function weakly suggest a bimodal distribution in R,

The separation of steep and flat spectrum sources is not always un-
ambiguous in multicomponent radio sources.

At present, there is no evidence that quasars and Seyferts 1 differ in
any important way except in absolute magnitude. Frequently, we shall

F (5 GHz}
() R=—————— (in rest frame), F,ocv*
F (2300 A)
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refer to the whole class somewhat loosely as “quasars”. We shall treat ali
quasars with Mv > —24 as Seyfert 1, even when no surrounding galaxy
is visible. We have chosen Mv = —24 {or sometimes Ms = —23.8) as
the dividing line, since this was the discovery magnitude of Fairall 9 which
seems to represent an appropriate transition case between “fuzzy” quasars
and more typical Seyferts. It has been variously classified in the literature
as one or the other.

The Puas and AB for BL Lac objects and OVV depend, of course, on
the length of observation. For virtually all objects presently considered to
belong to this class a ten year observation period (and in most cases a few
years) would suffice to establish these characteristics. The object PHL 5200
which definitely does not befong to this class has P == 4 9 (presumably
due to a scattering envelope), but P > 19 is very rare in true quasars
(Stockman and Angel 1978},

2 - Tur NUMBER-MAGNITUDE RELATION FOR QUASARS

Many searches for quasars have been made, but in the following we
shall restrict ourselves to those for which sufficient information is available

to estimate the completeness of the samples.

(1) Green and Schmidt have searched an area of 10,000 square degrees
at relatively high galactic latitude for U-B excess objects down to about
B = 16 on the average. Spectroscopy is available for nearly all of these,
and a total of 105 quasars were identified. The resulting area density per
square degree is N (< 16) = 0.0105. Tor a mote complete discussion of
this material see the paper by Schmidt in these proceedings.

(2} Braccesi et al. (1970) have found 175 U-B excess objects in a field
of 37.2 square degrees. In a recent study by Véron and Véron (1982) a
list is given of the 21 objects brighter than b = 18.4, corresponding to
B = 18.27 (Setti and Woltjer 1973) which remain after the elimination
of two extragalactic F1 IT regions. Redshifts (mainly by Lynds) are available
for all but one of these. Three corrections are still to be applied to the
area density in this field. By repeating the counts Braccesi et al. (1980)
found that the survey is slightly incomplete. From their data it follows
that for UB < - 0.6 the counts have to be increased by a factor 1.13.
The density of U-B objects is lower at the edge of the field than in the
central parts. While the general inhomogeneity of the distribution precludes
an accurate discussion, we derive a correction factor of 1.22 from a com-
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parison of the area densities in the inner 4°.5 X 4°5 and over the whole
plate.  This correction is comparable to that found by Usher (1976-77,
Annual Report of the Hale Observatories, p. 161) in the Sandage-Luyten
field at 8h for which the plates were also obtained with the 48-inch
Palomar Schmidt.

A third correction is inferred from the near absence of quasars with
U-B > — 0.6. Among 3C and 4C radic quasars {at latitudes > 45%) with
well determined photoelectric colors and with z <0 2.2 there are 10 objects
with — 0.4 > U-B > — 0.6 against 48 objects with U-B < — 0.6 (Figure
2). Taking all the quasars in the Braccesi sample, the numbers are 1 and
28. Although a small portion of the effect may be related to the selection
of objects for spectroscopic investigation, and although the identity of the
color distributions of the radio and optical quasars is not guaranteed, most
of it is probably related to incompleteness in the sample (sce also the dis-
cussion of Braccesi ef al. 1980), and we therefore apply a further correction
factor of 1.17, bringing the total correction to 1.61. The surface density
of quasars in this field then becomes N (< 18.27) = 0.91, to which some
targe redshift objects stll are to be added. From the CTIO data (Figure 3)
this leads to a total N (< 18.27) = 0.95.
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Fic. 2. Photoelectric colors for high latitude quasars from the 3C and 4C catalogues and’
for BL Lac objects, Only objects at high galactic latitudes are included.
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REDSHIFT DISTRIBUTIONS

Fi6. 3. The redshift distributions of various samples discussed in the text. The dark arcas
correspond to Seyferts respectively in the Braccesi ¢ al. and in the Arp samples.

Some partial confirmation of the Braccesi counts of {U-B) excess
objects comes from a study of Steppe, Véron and Véron (1979). In a field
of 20.6 square degrees they compiled a catalogue of objects on the basis of
surveys by Steppe (1978) and Berger and Fringant (1977). There are 16
stellar objects in this catalogue between B = 17 and 18.27 with U-B <
— 0.60. In the Braccesi et al. catalogue, there are 27 such objects, cor-
responding to 15 in the area of Steppe e al., or 21 after the incompleteness
corrections have been applied.
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{3) The Sandage-Luyten field at 8h has been studied extensively by
Sandage and Usher using color and variability criteria.  Although the
published data are scanty, it is scen from the 1976-77 Annual Report of
the Hale Observatories (p. 161) that 39 quasars with B < 18,5 have been
confirmed spectroscopically in 42.7 square degrees. It is expected statistical-
Iy that 11 more quasars will be found among the bluer objects for which
spectroscopy is not yet available, as well as an unknown number among
the somewhat redder ones. 1n addition, Usher found an incompleteness
factor of 1.3 due to edge effects. This leads to a total of 65 objects in the
field as a minimum. Adding as before also some high redshift objects on
the basis of the CTIO sutvey, we come to an area density of N (< 18.5) =
1.56. For the Sandage-Luyten field at 15h similar results were found.
With an increase of about a factor of 7 per magnitude in the integral N (B)
relation, this would correspond to N {<C 18.27) = 1.01. Ia view of the
statistical uncertainties, of the possible addition of some redder quasars and
of the sensitivity of the result to the magnitude scales, this is in satis-
factory agreement with the result for the Braccesi ez al. (1970) field.

(4) The reduced Braccesi e/ al. {1980) field consists of the central
(.72 square degrees of the full field. IHere in a very extensive search 27
objects were found with U-B =~ #-b << —0.60 and 18.27 << B < 20 (For-
miggini et «l. 1980). Since the corrections for missing quasars with U-B >
— 0.60 and for contamination of the sample by stars should be about
equal and opposite, this leads to N (< 20) = 17, presumably for quasars
with redshifts 1 << 2.2. It is to be emphasized that this number depends
very strongly on the correctness of the magnitude scales which have been
adopted, on the still somewhat uncertain composition of the sample and on
its completeness,  Correcting for missing quasars with z > 2.2 on the
basis of the CTTO 4.m survey, we obtain for all quasars N (<0 20) = 19,
Véron and Véron (1982) have shown that, contrary to earlier Lepmts the
quasars in this field have a really “stellar” appearance,

(5) The CTIO spectral sutveys provide two samples with complete
data for magnitudes and redshifts. The CTIO Curtis-Schmidt (CS) survey
has been recently discussed by Osmer (1981) who found that the apparent
nonrandomness of the quasar distribution is probably due to one batch of
relatively insensitive photographic plates. Deleting these we are left with

190 square degrees of susvey. Inspecting the data, we found a further
effect which indicates incompleteness. Dividing Lhe plates in declination
strips of 0.5 degree width, combining strips at equal distance from the
plate center, we found for the total number of objects in each of the five

20
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strips (beginning at the plate center) respectively 25, 26, 13, 5 and 12,
This would seem to indicate that in the declination strips at more than 1°
from the plate center there is serious incompleteness. Assuming that the
central two stxips are complete, a correction factor of 1.56 to the quasar
density is indicated. Neo similar effect appears to be present in right
ascension strips.  The spectra of the quasars in the CS survey have been
measured with a vidicon by Osmer and Smith (1980). From these spectra
we have determined the B magnitudes of all objects.

The CTIO 4-meter telescope (4-m) survey (Hoag and Smith 1977)
covers an area of 5.1 square degrees. Spectra of the objects have been
measuted by Osmer (1980}, from which we have detesrmined B magnitudes.
Five bright quasars from the CS survey were used as plate centers in the
4.m survey; they are excluded from the following discussion. However,
since only one of the five is in the redshift interval 1.8 to 2.4 on which
the final area density will be based, this hardly affects the results.

In view of the fact that Ly« becomes difficult to observe below
z = 1.8, while few quasars exist with z > 2.4, we shall restrict the sample
to this intetval. In Table 1 are given the counts of such quasars as a func-
tion of B for the CS and 4-m surveys and the corresponding surface densi-
ties (in the case of the CS survey corrected by the factor 1.56).

From the table it is seen that, although our corrections have diminish-
ed the discrepancies (Osmer 1980) between the CS and 4-m surveys,
important differences remain. For example, the arca density of the CS
survey for B < 18.5 {the most pessimistic estimate of the magnitude where
incompleteness effects begin to increase) is 0.12 & 0.03, while the cor-
responding value for B <C19.5 in the 4-m survey cquals 3.0 & 0.7,

TasLr 1 - Numbers and area densities for quasars with 1.8 <2 <2.4 in
the CS and 4-m surveys in intervals of B magnitudes.

B e 7y Ngg Ny _p,
17 =175 1 01
175 - 18 2 02
18 — 185 11 2 09 0.4
18.5 - 19 20 3 16 1.0
19 —19.5 10 8 08 1.6

19.5 — 20 13 23
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Although with an increase of a factor of 7 per magnitude these numbers
are perhaps not entirely outside the range of statistical possibilities, they
suggest that the CS survey is still incomplete by a factor of 2 to 3. Among
the reasons for this may be the difficulty of detecting Ly « close to the
transmission limit of the CS which may be responsible for the low number
of objects with z = 1.8 to 2.0, and more generally the difficulty of re-
cognizing fainter lines at the low dispersions and small plate scales used
in the Schmidt work. Other Schmidt surveys appear to suffer similar
incompleteness, while also the magnitudes may be very uncertain (Véron
and Véron 1982),

Incompleteness in the CTTO-CS survey is also suggested by a com-
parison of the equivalent widths of the lines used in the search with those
in the 4-m survey (Osmer 1980). Of coutse, the question of the complete-
ness of the 4-m survey in this respect also remains to be answered. Spectral
measurements of a large unbiased sample of high redshift radio quasars
might be usefol in this context.

To obtain an estimate of the total quasar density from the CTIO
sutveys, we proceed as follows. In Figute 3 the redshift distribution of a
sample of quasars between B = 18 and 20 obtained {from U-B excess) by
Arp (1981) is compared with the redshift distribution of all radio quasars
in the catalogue of Hewitt and Burbidge (1980) in this range. Within the
statistical limits, there is no evidence for a difference. Therefore we may,
with some confidence, use the distribution of radio quasars (based on more
than 300 objects) as the standard redshift distribution also for optical
quasats in this range.

In Figure 3 we compare the standard redshift distribution with that
for the CTIO objects. To obtain the total area density of quasars, we
divide the values in Table 1 by the f{raction of the radio objects in the
1.8 < z<C24 interval. This yields from the CS survey N{<I 18.5) =
0.55 + 0.15 and from the 4-m survey N (< 19.5) = 13 = 3.5 and
N (<< 20) = 26 = 5. While the latter values are in excellent agreement
with the results from the reduced Braccesi field, the former again suggests
that the CS sutvey is incomplete by a factor of about 3. Of course, the
main advantage of the 4-m results in comparison with those of Braccesi
et al. is that they are based on spectroscopically confirmed quasars with
relatively well determined magnitudes.

(6) The deepest survey for quasar-like objects was made by Koo and
Kron {1982). In an area of 0.293 squate degrees they found 343 stars
{(and 2037 galaxies) down to about B = 23, On the basis of a three color
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classification they find 10 quasars for 20 << B < 21; 28 quasars for 21 <
B << 22 and 65 (?) for 22 << B < 23, corresponding to respectively 34, 96
and 222 quasars per square degree. A further search, in which also proper
motion criteria were used, was made in part of this field by Kron and
Chiu (1981), wbo identified 8 quasars with B <C 21 (two with B < 20} of
which six have been spectroscopically confirmed, These identifications
support the color criteria used by Koo and Kron.

The quasars found in the various surveys include true quasars
(My < —24), Seyferts (Mv > —24) and possibly some BL Lac. The fol-
lowing information may be used to estimate the proportion of Seyferts at
various magnitudes, Véron (1979) has studied a complete sample of nearby
Seyfert galagies from the Markarian surveys and determined the magnitudes
of the nuclei. In this list there are 3 Seyfert 1 nuclei with B < 15 and 16
with B<16 in an arca of 6000 square degrees. Most have My in the range
— 20 to — 22, but a few are brighter. In the Braccesi sample to B = 18.27
there are 8 Seyferts out of 21 objects; 7 have Mv between —22 and —24.
In the PHL, which covers about the same magnitude range, there are 12
Seyferts out of 40 quasar identifications in the catalog of Hewitt and
Burbidge (1980); 10 have My between 22 and —24. Even though the
PHL sample is subject to some biases (U-V color selection, exclusion of
extended objects), this secems to confirm that about 30 to 40% of the objects
down to B = 18.3 are Sy 1, the great majority of high luminosity. From
a comparison of the Véron sample to B = 16 and the Braccesi and PHL
samples to B = 18, we might be led to the conclusion that the N-B
relation of the Sy 1 is as steep as that for quasars. In view of the relatively
low redshifts (z << 0.33) for these ob]ects such a strong evolution scems of
course surprising.

To give some further information on the bright Seyferts we may make
use of the recent HEAQ 1 X-ray survey of Piccinotti ef 4. (1982). In
27000 square degrees they found 17 Sy 1 galaxies with an X-ray flux in
excess of 3.1 X 107" ergs/cm?/sec in the 2 to 10 kev band.. From the average
X-ray to optical luminosity ratio, this would correspond to a B magnitude
of 14.5 and to a N{< 14.4) equal to 6 X 107 per square degree. How-
ever, because of the scatter in the ratio of X-ray to optical luminosity com-
bined with the increasing numbers of faint Seyferts, a small correction has to
be applied to obtain the effective B 1mgnitude to which this number of Sey-
ferts corresponds. From the expression given in the following paper and from
the ohserved fx/fo values given there, this correction should amount to
about 0.2 t0 0.3 for a log N—log S with a slope of 1.5 or somewhat larger.
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TABLE 2 - Cumulative numbers derived from various surveys of objects per
square degree as a function of B magnitude.

All guasars

B N Survey
16 .01 Green and Schmide
18.27 0,95 Braccesi field
18.5 1.56 Sandage-Luyten field
i85 {0.55) CTIO Cuartis Schmidt
19.5 133 CTIO 4-m
20 23 CTIO 4-m
21 57 Koo and Kron
22 153 Koo and Kron
23 37 Koo and Kron
Seyferts (M, < — 24} scparately
14.8 0.0006 (From X-rays} Piccinotti e al.
15 .0005 (3 objects) Véron
16 0.0027 Véron
18.27 0.35 Braccesi field
BL Lac Objects
15 0.0003
19.3 < 0.14

From these data we then conclude that there are 17 Sy 1 galaxies or
6 X 107* per square degree brighter than B = 14.8 in the sample of
Piccinotti et al.

In Table 2 and Figure 4 we show the final N (<< B) relation for all
quasars and for the Seyferts only. Some of the points below B = 20 may
still have to be increased somewhat owing to incompleteness. At fainter
magnitudes the results are even more uncertain.

3 - Tur NumMmpeer-MaeniTunE RELATION For THR BL Lac OnjecTs

Few systematic searches for BL Lac objects have been made, and as a
consequence only fragmentary data are available, We shall make use of
these to obtain an estimate of the N (B) relation for radio emitting BL Lac
objects. Virtually all known BL Lac objects are radio sources, although
it still is possible that a class of radio quiet BL Lac remains to be discovered.
While the results are highly preliminary, they scem to indicate that the
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T16. 4. The integral counts per square degree for quasars of all absolute magnitudes (filled

circles from color excess surveys, fifled squares from CTTO objective prism surveys), for

Seyfest 1 galaxies (open circles) and for BL Lac objects {+). The x is a point derived
from X-ray cobservations of Sy 1 galaxies.

relation is much less steep for these objects than for quasars. A particular
problem for the BL Lac objects is also caused by the large light variations.

For most of the brighter BL lLac objects light cusves are available
which cover with interruptions several yeats or decades. Taking from
these the Bumex and Buwiw and assuming that they spend equal time in equal
magnitude intervals, we may determine the average number of the present-
ly known sample that are brighter than a given magnitude at any particular
time. We find 10.5 such objects with B <0 15. From the fact that these
ate predominantly northern hemisphere high galactic latitude objects, we
infer that an incompleteness correction of at least a factor of two is to be
applied which vields for the BL Lac objects an estimate of N (<< 15} =
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F,- B, for BL Lac Objects

Pic. 5. The xelation between the flux (in Jy) at 1.4 GHz and the mean B magnitude
for BL Lac objects. :

0.5 X 107 per square degree. The sometimes spiked character of the
light curves may make this figure slightly on the high side, but incomplete-
ness beyond what has been cosrected for may make it too low.

In Figure 5 we plot for the known BL Lac objects the B, = 1/2
(Buex + Buw) against the radio flux at 1.4 GHz, Fue in Jy. If these same
objects were observed at larger distances, they would move down in this
diagram along a 45° line. In Figure 5 we have drawn a line such that
all but one of the brighter BL Lac are situated to the right, IE then at
fainter optical magnitudes we survey the appropriate objects with sufficient
radic sensitivity to reach the points on this line, then all the BI. Lac
objects should be detected as radio sources.

From the sample of 175 objects with #-# << — 0.35 in the Braccesi
field, 99 have been observed at Westerbork (Katgert ez al. 1973). Deleting
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the objects with B > 19 and the objects for which the uncertainty in the
radio tlux exceeds 15 m]y at 1.4 GHz, we are left with 49 objects among
which there are 25 spectroscopically confirmed quasars and 18 objects
wbich n Figure 5 would be situated to the left of the 45° line. Of the
remaining objects, two have been detected as radio sources to the right
of the line and four have upper limits to the right of the line.
The detected sources are AB 82 with Fis = 7.2 % 4.8, which is therefore
an uncertain case, and AB 114, TFor the former #b = —0.88 and
bv = 0.12, both more than 0.1 bluer than the bluest BL Lac ob-
jects, and therefore it is almost certainly a quasar. The same is the casc
for AB 114 with a #-b color of ~ 0.97. For the four sources with radio
upper limits only, AB 50 with b-» = 0.11, AB 58 with b-» = 0.03 and
AB 60 with #-b = 0.80, v = — 0.19 are all bluer than expected for BL
Lac objects, while for AB 88 the color situation is unclear. It seems there-
fore that there is at most one BL Lac object in the sample of the same type
as the ones typically seen at brighter magnitudes. Since there are 102
objects with B <19 in the whole field and taking into account some
incompleteness, we conclude that there shouid be no more than 4 BL Lac
in the field, corresponding to an upper limit of 0.1 per square degtee.
~+ Inspecting Figure 4 it appears that such an upper limit is just compatible
with an increase of a factor of four per magnitude. It would be necessary
to assume that we have made an error of a factor of 15 in the ratio of the
numbers of BL Lac at B = 19 and at B = 15 to obtain the same slope as
for the quasars. Apparently the BL Lac have no or only a very weak
evolution.

4 - CLUSTERING OF QUASARS

There are about 10° quasars down to B = 20. This may be compared
with the order of 10° for giant galaxies of which there are 107 gE, 107 clusters
and 10° superclusters in the universe with z<(3. As first pointed out by us
{Setti and Woltjer 1977), a comparison of the numbers indicates that if
quasars are nuclei of galaxies, and in particular if gE, clustering should
set in around B = 20,

Qort, Arp and de Ruiter (1981) have studied the evidence for supet-
clustering in available samples on the basis of the distribution on the sky
and in redshift. They present lists of pairs of objects which they believe on
statistical grounds to be probably or possibly physically related. In their lists
there are 14 objects with separations in the interval 10 to 50 Mpc (scaled to
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Ho = 50) and 5 with smaller separations, all of which are less than 6.5 Mpc
for go = 0.05. If we take g0 = 0.5, however, there are 16 separated by
10 to 50 Mpc and 7 with smaller separations, all in fact less than 8 Mpe.
Although probably only some of the pairs are real, and although selection
effects must be important, it scems tempting nevertheless to suggest that
the relatively more numerous small separations represent clusters of galaxies
with more than one quasar. These close pairs as well as two triples are
listed in Table 3. It is seen that also the velocity differences seem to be
consistent with what would he expected for clusters or groups of galaxies.
Since the redshifts of Osmer (1980) are uncertain by + 0.01 and those of
Vaucher and Weedman (1980) by 1 to 29, the precise values of most of
the velocity differences are not particularly meaningful. In fact, the redshift
in the VaucherWeedman pair are based on two lines which, if correctly
identified, have measured Az values of 0.02 (O vi) and 0.11 (Ly @) res-
pectively.

TABLE 3 - Pairs and triples of guasars which may be located in clusters or
groups of galaxies. Linear separations in Mpe (for triples the diameter
of the smallest circle containing the triple) have been calculated for
Ho = 50 km/sec/Mpe, go = 0.5. The magnitudes (sometimes deter-
mined from spectral scans) refer to the B band, except for the cases
indicated by an asterisk which are closer to V. The velocity differences
are given in the frame of the object; for the triples the largest dif-
fercuce is given. The pairs have been taken {rom the lists of Qort,
Arp and de Ruiter (1981), while the data for the “M 82 triple” are
from Burbidge et al. (1980).

mag Separa- % Av (km/s)
tion
Pairs
Qort et gl 5 19.5,18.5* 1.3 1.010,£.011 150
Osmer 46-48 189,187 29 2.03,2.04 (1000)
Vauch/Weed 36-35 19.6,18.9 35 2.88,2.82 (4700)
Osmer  14-13 197,195 71 192,191 {1000}
Oort et ol 3 19.7,18.7% 8.0 1.131,1.134 400
Triples
“M 82” 20.5,20.0,20.5% 18 2,048,2.054,2.040 1400

Osmer 54-55-56 18.2,19.7,18.5 4.4 1.83,1.85,1.86 (3200)
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While the data are certainly inadequate to establish fully the clustering
of quasars, these results seem sufficiently promising to wartant more
extensive searches. If the present ideas are correct, at about B = 21
clustering effects shouid already be more pronounced. Clustering studies
should shed light on the evolution of clusters and possibly superclusters
as ‘well as on the nature of the quasar phenomenon. Studies of absorption
lines in the clustered objects would also be of much interest. It has been
suggested on various occasions (Woltjer 1974, Williams and Weymann
1976, Weymann ef al. 1977) that the absorption systems with redshifts in
excess of the emission line redshift could arise in gas clouds or galaxies in
the same cluster as a quasar. More extensive obscrvations of absorption
lines in clustered quasars could test these ideas.

Direct evidence for the association of single quasars with clusters or
groups of galaxies has been looked for in low redshift quasars, but the
data are still fragmentary. Of the 57 quasars in the catalog of Hewitt and
Burbidge, with redshifts between 0.10 and 0.35 and B below 17.5, there
are to our knowledge six associated with clusters or groups in which at
least one galaxy has been shown to have about the same redshift as the
quasar. However, only a small and unknown fraction of these quasars has
heen looked at in detail, and the true fraction of quasars associated with
clusters or groups is certainly larger, ‘

5 - THE NATURE OF THE UNDERLYING GALAXIES

In the case of the Seyferts there is no doubt that the active nucleus
is located in the middle of a galaxy, which in several cases appears to be a
spiral. In the case of the true quasars the situation is less clear, probably
because it is very difficult to see 2 galaxy around a very luminous nucleus.
In fact, Fairall © may well be an illustrative transition case. If the nucleus
were one or two magnitudes brighter and a factor of two more distant, it
would become difficult to see the galaxy.

Some time ago Kristian (1973) made detailed estimates of the condi-
tions under which photographs would reveal an underlying galaxy if quasars
were associated with giant ellipticals and showed that the available data
were consistent with the expectations. More recently, various authors have
tried to observe the “fuzz” around quasars and BL lac directly and to
obtain some information about its nature. The observations are difficult
and, as a consequence, the conclusions are still open to some doubt.

Recently several studies of the morphology of quasars have been made.
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Twelve quasars with redshifts below 0.35 were observed by Hutchings
et al. (1981), who find at least ten to be extended. Seven of these could
be underlying galaxies but in the others more asymmetrical structures are
found. The scale of these structures is in the range of 20 to 80 kpe. Wyckoff
et al. (1981) have measured photographs of 14 quasars with redshifts below
0.41 and find evidence for underlying structures in all but two cases with
sizes of 90 kpc and up. IHawkins (1978) observed seven quasars on
electronographic emulsions and found five to be extended. Four of these
objects were also observed by Wyckoff et al.; unfortunately, the most
extended object found by Hawkins is the narrowest of the objects found by
Wyckoff ez al.! The lower limits for the total R magnitude of 24 (under
a quasar 7 magnitudes brighter) found by the latter for this case suggests
a considerable overinterpretation of the data. Also for the case of 3C 206
the results found by Wyckoff ez al. {1981) are rather different from the
results of Wyckoff er al. (1980). Perhaps some of the difficulties relate
to the very large range (up to 11 magnitudes) over which photographic
photometry was done by Wyckoff ez «f. (1981). In addition, as the authors
note, their calibration procedure which relies on the magnitudes of the
quasars could lead to errors because of variability. For 11 of their quasars
Wyckoff er af. (1981) find that the underlying galaxies have Mr magnitudes
in the range —23.6 to ~ 20.8 with an average of — 22.2 which presumably
would correspond to Mv about ~~21.5. In all these investigations, one may
also wonder whether the corrections used could not introduce color depen-
dent effects and thereby systematic differences between quasars and stars.

A variety of other measurements are given in Table 4. Most of these
are based on spectroscopic scans and/or photometry with different sized
diaphragms. The Wyckoff ef al. result on 3C 206 is based also on photo-
graphic photometry, the result of Vanderriest aud Schueider for Ton 256
on electronography. The Jatter authors also give data for a number of bright
Seyferts. The results of Weistrop ef al. for 0548-32 and 1 Zw 1727450
are based on CCD photometry. :

It has been found by Sandage (1971) that for the brightest cluster
ellipticals on the average Mv = —23.3, For both quasars and BL Lac
objects the parent galaxies therefore seem to have values that are typically a
magnitude fainter,

The nature of the underlying galaxies remains very uncertain. Hut-
chings e al. (1981) emphasize that, with the available resolution, ellipticals
and spirals are indistinguishable. ITrom the colors or spectra it has been
argued in the case of some quasars and of most of the BL Lac¢ objects that
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TABLE 4 - Inferved Visual Absolute Maguzmdes of underlying galaxies in

guasars and BL Lac objects.

M, Reference
Quasdrs
3C 206 — 22.8 Wyckoff ef al. 1980
Ton 256 — 233 Silk et al. 1973
w232 Vanderriest and Schneider 1979
BL Lac Objects ;
0548-32 - 221 Weistrop ef af. 1979
{—22.3) Fosbuty and Disney 1976
MEN 421 — 231 Kinman 1978
AP Lib — 21.8 McGimsey and Miller 1978
— 214 Disney ef al, 1974
MKN 501 - 21.5 McGimsey and Miller 1978
1 Zw 1727430 - 219 Oke 1978
-~ 21.9 Weistrop et al. 1981
- 217 Kinman 1978
3C 3N — 227 Oke 1978
BL Lac — 230 Oke 1978
— 221 Miller er ol 1978

the galaxies are in fact ellipticals. In view of the ambiguity of the spectral
data for PHL 1070 and 3C 206 this conclusion remains in doubt for
quasars,

The Sy 1 galaxies are generally taken to be mainly spirals (Adams
1977, see also the data by Vanderriest and Schneider 1979). Broad line
radio galaxies are generally associated with gE. It was found by Oster-
brock (1977} and Phillips (1977) that Sy 1 galaxies always have Fe IT emis-
sion at 4750 &, while broad line radio galaxies do not, It was subsequently
noted (Setti and Woltjer 1977, see also Miley and Miller 1979) that the
Fe II emission is absent also in steep spectrum quasi-stellar radio sources,
while in flat specttum objects it is sometimes present and sometimes not.
For the QSO without radio emission the situation is less clear. Peterson
et gl. (1981) find 9 objects all with Fe IT emission, but more than half of
these we would have classified as Sy 1. Unfortunately, the precise
mechanism of the Fe II emission is still uncertain.

A possible interpretation of these data would be that the steep
spectrum radio quasars are associated with gE and the objects without
radio emission mote with spirals, The flat spectrum radio quasars would.
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be a mixtugre. However, mote data are needed before these considerations
can be taken very seriously. It would be particularly valuable to have Fe II
data for the same objects for which data about the color and spectrum of
the underlying galaxy are obtained. In this respect the Sy 1 object PHL 1070
is instructive. It has Fe II emission, but the spectral data for the under-
lying object were fitted by Morton ef al. 1978 (with some ambiguity) to
the spectrum of an elliptical galaxy.

6 « CONCLUDING REMARKS

The adopted curve for the N (B) relation shows strong evolutionary
effects to about B = 20 and flattens off soon thereafter. The latter behavior
was inferred previously on the basis of the data on the X-ray background
(Setti and Woltjer 1979). If the curve were to continue upward, the
quasars would collectively produce a background much stronger than
observed. As we pointed out previously (Setti and Woltjer 1973b, 1979),
the X-ray background argument can also be used to exclude a “local”
nature for most quasars. It is nevertheless of importance to see to what
extent the observations really exclude a Euclidean relatior Log N (< B) =
const. + 0.6 B. In fact, in an earlier discussion (Setti and Woltjer 1973a),
we showed that such a relation was consistent with all available data at
that time. FEven at present such a relation with N (<C 20) = 16 fits
all data points up to B = 22 to better than a factor of two, except
for the Green and Schmidt point at B = 16, where the deviation is a factor
of about six. Could such an incompleteness exist in their survey?

It was pointed out by us previously (Setti and Woltjer 1973b) that
probably the most effective way of discovering bright quasars is through
their X-ray emission. In fact, we now may use the X-ray survey of Piccinotti
et al. {1982) for this purpese. With the fx/fo ratio of about 0.18 found
in the following paper, the effective limit of this survey would correspond to
B=12.8. With the Euclidean slope of a factor of four per magnitude there
should be 8 X 10~* quasars per squate degree or 22 in the X-ray survey. Since
only one has been found this seems to provide further evidence that the
slope of the N (B) relation at bright magnitudes is really steep.

It is interesting to see that the Seyferts seem to share with the quasars
the steep slope in the Log N-B diagram. This is somewhat reminiscent of the
behavior of the radio galaxies where, already at relatively low redshifts,
evolutionary effects are of importance (see the article by Van der Laan in
these proceedings). But why do the BL Lac show such a different behavior?
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DISCUSSION

Qorr

You mentioned my suggestion that the La lines would be due to super-
clusters, T have just received a letter and preprint from Sargent in which results
are given of the Lo absorption lines in two quasars at z ~ 2.5 separated by
3 arcmin, or a littde over 1 Mpe. The two sets of lines show no correlation and
thus disprove the hypothesis that they may have been formed in a supercluster,

Sargent also sent me a preprint {Young, Sargent and Boksenberg) contain-
ing new observations of L& absorption which indicate the presence of evolution
in the number of Le lines at different redshift, This may become interesting
when the range of z can be extended to low values, which may be possible with
the Space Telescope.

I believe that the lack of clustering in the Lo lines might be due to the
fact that the extended and very thin objects which produce these lines cannot
exist in the dense environment of clusters.

ScramMa

I would like to report very briefly the provisional detection of ionised
intergalactic helium by a positive Gunn-Peterson effect in absorption troughs
in the spectrum of the quasar Q 2204-408 which has vedshift 3.18. My col-
leagues and I (Gondhalelar ez al. 1982, in press) have observed the far ultra-
violet spectrum of this quasar with TUE and find that we can obsetve about
100 A of the continuum beyond the redshifted TTe IT line at 304 A in the rest
frame of the quasar. There is evidence that the continuum is depressed in this
region and, if correct, this is the first detection of such an absorption trough,
since there is no such trough on the short wavelength sides of atomic hydrogen
and helium. The implications of this result are: {a) the quasar is cosmological;
(b) there is a general intergalactic medium which has not been previously
detected; (c) the gas contains helium; {d) the temperature of the gas must lie
in the range 10" << T <C 10° K. The optical depth of the gas is uncertain but, if
scaled to the present epoch, the helium abundance must be greater than
#(z = 0, He) = 10-" cm™>.
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1 - INTRODUCTION

The origin of the isotropic components of the X- and v-ray backgrounds
is thought to be extra-gatactic, probably due to cvents that took place at
redshifts z 2 1. Tbe spectrum of the diffuse cosmic radiation for energies
Z 2 keV is shown in Fig. 1 for a selected sample of observational results.
In the energy interval 3 + 50 keV the results obtained with the experiment
A-2 on board HEAO-1 are remarkably well fitted by a 40 keV thermal
bremsstrahiung with an absolute accuracy of ~ 109% (Marshall et. al. 1980).
This is consistent with a power law fit to previous data of the form

7.7 E7 ph/cm’ sec ster keV in the energy domain 2 + 20 keV and with
keV

the existence of a break in the spectrum between 10 and 30 keV (Schwartz
1979).

At higher energies (20 + 200 keV), measurements made with a balloon
borne experiment are best fitted with a power law photon spectrum of the

form 67 E7*' ph/em® sec ster keV, which smoothly joins with the 40 keV
keV

thermal bremsstrahlung spectrum discussed above. The same data may be
best fitted by a thermal bremsstrahfung spectrum with a temperature of
97 keV (Kinzer ef al. 1978). This indicates that the diffuse cosmic X-ray
radiation between 2 and 200 keV cannot be obtained by a single isothermal

21
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Fic. 1. The observed X- and y-ray backgrounds based on four representative experiments.
The logarithms of the quantities are plotted.

bremsstrahlung spectrum. More recently Matteson ef 4. (1979) have
reported the results obtained with the A-4 experiment on board HEAO-1
which indicate a steeper spectrum (3.1 X 107 (E/100 keV)™® photons/
em’ sec ster keV) in the energy interval 100 + 400 keV. This is well
above the extrapolation of the 40 keV thermal bremsstrahlung fit to the
3 to 50 keV diffuse background. 1t is well known that above ~ 400 keV
numerous effects may contribute unwanted backgrounds which seriously
affect the measurements and are difficult to subtract. The reanalysis of
the Apollo 15 data in the 0.3 to 10 MeV energy interval (Trombka ez al.
1977), together with the results from other experiments up to 20 MeV,
indicate the presence of a cosmic background radiation at gamma-ray
energies which smoothly connects the hard X-ray portion of the cosmic
background radiation spectrum with the hard ¥-ray region as measured by
SAS-2 above 35 MeV (Fichtel et al. 1975). Although it has been stated
that the available measurements tend to convetge and to support the much
debated existence of a bump in the spectrum at a few MeV (Schonfelder
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et al. 1980), it appears to us that within the errors the photon spectrum
above ~ 30 keV can still be fitted by a single power law {dn/dE = 173
E** photons/em? sec ster keV) up to 200 MeV.

keV
The large scale distribution of the diffuse X-ray radiation has been

studied by UHURU and by the SSI experiment on board Ariel V in the
2+ 10.5 keV and 2 + 18 keV energy ranges respectively (Schwartz 1980,
Warwick e al. 1980). The most prominent characteristic is a galactic
latitude dependence of the intensity which clearly shows the existence of a
galactic contribution extending to very high galactic latitudes. The intensity
in the direction of the north galactic pole is ~ 2% higher than the
intensity in the direction of the south galactic pole, and it increases by
several percentage points going toward lower galactic latitudes. The pre-
sence of a peak in the surface brightness for [b] < 20° is clearly shown.
More recent results obtained by the A2 experiment on HEAO-1 indicate
that the galactic contribution may be separated into two components: one
component which is responsible for the high galactic latitude features
mentioned above and a disc component probably due to the contribution
of a population of unresolved galactic sources distributed in a disc with
half-thickness of ~ 250 pc, The total emission of the disc component in
the 2 + 10 keV energy interval is only a few percentage points of thar of
the Galaxy due to resolved soutces and it possesses a spectrum which is
softer than the spectrum of the diffuse background (Iwan et al. 1981,
Worrall ef al. 1981).

Any residual large-scale anisotropy of the diffuse X-ray background
(XRB hereafter) appears to be less than 1% (Warwick e¢f al. 1980), thus
providing a very strong argument in favor of its extra-galactic nature. How-
ever, a full exploitation of the XRB as a probe to study the large-scale
distribution of matter must necessarily wait for a complete understanding
of the galactic effects (see Fabian 1980 for a recent discussion).

The small scale fluctuations of the XRB have been extensively studied
by UHURU observers in the 2 + 6 keV energy band. The general con-
clusion is that the observed fluctuation pattern in sky cells of 10° X 10°
may be completely accounted for in terms of the soutce counts down to
the UHURU limit. However, a residual fluctuation level of 1.39% may be
allowed and this means that any strongly evolving population of X-ray
sources must have a surface density = 6 X 10° objects ster™! (Schwartz
1980).

Concerning the isotropy of the background radiation at higher energies,
one can mention the results obtained by OSO III in the 20 + 200 keV
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energy interval which show that there are no large scale fluctuations larger
than ~ 5% (Schwartz 1970).

Concerning the isotropy of the diffuse background radiation at y-ray
energies, very little is known of the large scale isotropy at a few MeV,
while for energies > 30 MeV the so-called extra-galactic component ap-
pears to be isotropic within thirty percent (309) or so (Fichtel ez al. 1978).
In this last case it is difficult to separate out exactly the galactic contribution.

The energy density in the XRB radiation flux between 2 keV and a
few hundred keV is = 6 X 107 eV/cm’. In itself, this amount of energy
is not particularly large as compared to present energy densities found
associated with other regions of the extra-galactic background radiation
field, but it was immediately realized that the real problem was to under-
stand how so much energy had been channelled into high energy photons.
It was also quickly recognized that the interpretation of the XRB is likely
to involve important cosmological evolutionary effects (see, e.g., Setti and
Rees 1970 and Silk 1973 for carlier reviews of the subject). It should be
noted that if the XRB is mostly contributed from sources at large redshifts
(z == z*) the power output in X-rays must have been larger by a factor
(1 + z%)" n > 2, to take into account the redshift effects and the shorter
expansion time scale (the precise value of 7 will of course, depend on the
adopted model universe). On the other hand, the observational evidence
accumulated in the past several decades shows that violent events in
galaxies were much more frequent in the past than now, so that it becomes
relatively easier to relegate the origin of the XRB to earlier epochs.

The models which have been proposed to explain the bulk of the
XRB may be broadly divided into two classes: 1) models which involve
diffuse processes taking place in the intergalactic space; 2) discrete source
models. In the first class the main processes which have been discussed
are the thermal bremsstrahlung emission from a hot diffuse intergalactic
gas and the radiation due to Compton scatteting of the universal black
body radiation by ultra-relativistic electrons atound radio sources at large
vedshifts. The thermal bremsstrahlung model has been recently rediscussed
by Field and Perrenod (1977). They concluded that the XRB between 2
and 100 keV is consistent with tbe presence of a hot intergalactic gas, with
a density close to the closure density of the universe, which has been heated
up at large redshifts by exploding events taking place in active galaxies
and then has cooled down adiabatically to the present temperature To =
4.4 % 10° K. Because of the relatively inefficient way by which energy is
transformed into radiation in the thermal bremsstrahlung process, the
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energy requirements of this type of model for the sources which must
provide the heat input become particulatly severe.

In the second class of models one has postulated that the XRB is
mainly due to the integrated contribution from discrete sources. From
the results of the deep survey done with the Einstein Observatory, one
finds that about 25% of the XRB at 2 keV may be accounted for in terms
of observed sources (Giacconi et ¢, 1979). Combining the deep survey
results with those obtained in previous X-ray surveys, it has also been
found that the integral source counts are consistent with the Euclidean
slope of — 1.5, Setti and Woltjer (1970, 1973) have suggested that
quasars, and possibly Seyfert galaxies if subject to cosmological evolution,
may provide the main contribution, Indeed, by combining the X-ray emis-
sion from a few hright quasars with the optical source counts, Setti and
Woltjer (1979) have further shown that the optical counts of quasars
must flatten off at a magnitude ms == 20 to 21 to avoid an excessive con-
tribution to the XRB (the so-called X-ray catastrophy). This has been
confirmed by the studies of a large sample of quasars done with the
Einstein Observatory (Tananbaum et al. 1978; Zamorani ef al. 1981),

Since it appears that discrete sources may provide the bulk of the
XRB at a few keV, in the next section we shall concentrate on the estimates
of the conttibution from various classes of sources leaving aside any
further discussion of models which invoke diffuse processes taking place
in the intergalactic space.

2 - X-ray IEMisstoN Prorerties or DirrereENT CLASSES oF OBJECTS
AnD T ContriIpuTion TO THE XRB

In what follows we find it convenient to introduce an X-ray magnitude
which is defined as:

mx = — 2.5 log Fx (2keV) 4 838 {1}

where Fx (2 keV) is the observed flux at 2 keV in units of keV/cm?® sec
keV corrected for galactic absorption. This definition is such that for
mx = my the X-ray energy flux in a band of several keV is approximately
equal to the energy flux in the photometric B band. We will also make use
of the X-ray to optical ratio obviously defined as: Log (fx/fo) =
— {mx — wm)/2.5. All B magnitudes are corrected for galactic absorption
assuming the law Ams = — 0.24 (cosec b--1), where & is the galactic



320 G. SETTI - L. WOLTJER

latitude. A Hubble constant, s = 50 km/sec/Mpc, and a Friedmann
model universe with a density parameter, {1 = 0, have been adopted.

2.1 Quasars

The basic set of data is provided by the two samples of Ku ez al.
{1980) and Zamorani e al. {1981) which contain respectively 111 and 107
known quasars observed with the Einstein Obsetvatory. We have re-
analyzed these data following a procedure somewhat different from those
adopted by these authors. We have, of course, obtained a number of
results qualitatively similar to those obtained in the previous analysis, but
here we shall concentrate mainly on those that are more relevant to the
purpose of the present discussion.

Optical data and redshifts have been taken from the catalog of Hewitt
and Burbidge (1980) and from the references quoted in the two papers
concerning the basic samples. We have omitted the quasars found around
the cluster A 2151 for which information on the optical data was not avail-
able to us; the quasars UMT 301, 1729+ 501, and KP 33, for which optical
magnitudes and/or redshifts are very uncertain; RS 23 which has apparently
been misidentified (Zamorani, private communication); GQ Comae and
V 396 Her because they have been discovered out of a search amongst
catalogued variable stars (Bond ez al. 1977) and, therefore, they seem to be
rather heterogencous with respect to the other optically discovered quasars.

Absolure magnitudes have been obtained assuming power law enetgy
spectta of the form v with « =1, so that the K-correction term
may be taken to be identical to zero., Although there is some evidence
that the average optical continuum of quasars may be flatter (Richstone
and Schmidt 1980), this choice does not affect in any relevant way the
conclusions which will he drawn in what follows.

From the point of view of the XRB estimates, the ideal situation would
be the one in which one had sufficient information on the X-ray emission
down to the faintest optical source counts. That this is not the case is
clearly shown in Fig. 2 where we have plotted the observed sample of radio-
quiet quasars per interval of apparent B magnitude as a function of the
absolute magnitude of the objects. No objects have been detected beyond
mp = 18.5. Also, looking at the distributions in the two intervals centered
at my = 17 and ms = 18, one would get the impression that the detection
rate decteases much faster than expected with increasing appagent magni-
tude, However, this conclusion does not appear to he correct, at variance
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(1980) and Zamorani ef of. {1981) subdivided in intervals of apparent and absolute optical
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incluged v, S 1 noclei from Veron (1979) sample of Table 1 are also shown,

with statements made by Kembhavi and Fabian (1982). In Fig. 3 we have
plotted the ratio of the observed X-ray and optical fluxes against the
absolute magnitudes, excluding those objects for which the upper limits
are too high to be significant. We limit ourselves to those objects
with Ms < — 23.8, which may be considered “true” quasars according
to the definition given in Woltjer and Setti (this volume; hereafter referred
to as Paper I). It may be noted that no objects have been detected in the
interval — 26 << My < — 29, which together with the distribution of the

B



THE ORIGIN OF THE X-RAY AND Y-RAY BACKGROUNDS 323

upper limits suggest that, if anything, the detection rate in this interval
cannot be higher than that for objects with Mp < — 29, This is to be
contrasted with the detections in the interval — 23.8 <C Mp << - 26 which
now show a wider range in fx/fo and, consequently, a much higher detec-
tion rate. Therefore, in comparing the two intervals shown in Fig. 2, we
should only consider objects with Ms << — 26. In the interval 16.5 < Ms
<0 17.5, one has detected 5 out of 16 quasars with fx/fo << 0.30, while the
corresponding figure for the interval 17.5 + 18.5 is 2 out of 7, as expected.
It so happens that the two quasars detected in this last interval have
absolute magnitudes Ma <0 — 29, which together with the rather peculiar
selection of the overall optical sample in turn explains the existence of the
gap noted in Fig. 3.

We have taken into account the relevant upper limits of the fx/fo
ratios, that is to say those that are consistent with the actual detection
distrihutions, by adopting the average fx/fo which is the arithmetic mean
hetween the averages obtained by setting the upper limits to zero and
those obtained by including the upper limits with their nominal values.
As already indicated by Zamorani e al. (1981), there exists a very good
correfation between the optical and X-ray emissions of quasars. While the
intrinsic luminosities span over seven magnitudes, the average fx/fo
changes less than a factor three.

To estimate the XRB contributed by quasars, we will assume that
each interval of absolute magnitude is equally populated at any given ap-
parent magnitude, which leads to an effective ratio:

< fx/fo o == 0.18 {2}

This assumption is not rigorously corsect since, for instance, the sample
of quasars studied by Arp (1981) around mem = 19 is relatively un-
populated at magnitudes My > — 26, while the existence of a cut-off in
i1z evolution of quasars at z ~ 3 would progressively deplete the intrinsical-
ly bright o:j2cts as one goes to fainter magnitudes, thereby increasing
< fx/fo >, In the end, the assumption underlying (2) will lead to a
conservative estimate of the contrihution of quasars to the XRB.

Since the optical counts contain both radio quiet and radio quasars,
hefore proceeding we have to find out the relative contribution due to
this last class of objects. By comparing Fig. 4 with Fig. 2 it is immediately
clear that the detection rate of radio quasars is much higher than for radio
quiet quasars. This is furthe: evidenced in the plot of the observed
fx/fo ratios as a function of ahsolute optical magnitude shown in Fig. 5,
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where one immediately notices a very much larger spread than in the
corresponding Fig. 3 for the radio guiet sample. The fx/fo ratios for the
objects associated with optically strong variable sources (OVV type) have
been computed adopting the mean luminosity over the optical variability
range, not the mean magnitude, from the data collected in Tanzella-Nitti
ek al, (1982).

As already stated by Ku es al. {1980), the strongly variable sources
tend on the average to be stronger X-ray emitters than the other radio
quasats.  Considering only those radio quasars which have My < ~ 23.8
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Fic. 6. The distribution of X-ray to optical flux ratio of the combined radio quasars sample
against R, the ratio of the radio to optical fluxes in the source rest frame at 5 GHz
and 2500 A respectively.

and located at galactic latitudes > 1309, to avoid uncertain galactic absorp-
tion corrections, and excluding OVV type objects, we obtain an average
fx/fo = 0.60 which is about 3 times the value given in (2). A similar
result has been obtained by Zamorani et al. (1981}, The average value for
the optically strong variable objects is fx/fo = 1.10.

In Fig. 6 we plot the fx/fo ratios for the overall sample of radio
quasats against R, the ratio between the radio and the optical luminosities
at 5000 MHz and 2500 A, respectively, in the rest frame of the sources.
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The radio data have been taken from Ku ez 4l. (1980} and Zamorani et al.
(1981). As already noted by Zamorani ef al. (1981) the existence of a
positive correlation between the X-ray and the radio emission is evident.
One should note, however, that this correlation does not appear to exist
for objects with Ms > — 23.8 whose points are scattered over the whole
diagram. The existence of such a correlation tells us that the contribution
of radio quasars to the XRB must be properly weighted over the relative
population of this class of objects as a function of R. To this end we have
derived the ¢ (R) function, first introduced hy Schmidt (1970), for quasars
with My <~ 23.8. This function, which gives the fraction of all quasars
which are radio sources as a function of R, has heen empirically constructed
following the procedure outlined by Fanti et al. (1977) from the overall
sample of optically selected quasars which have been subsequently observed
for radio emission (Fig. 7). The data have been collected from Sramek and
Weedman (1980) and Condon ef 4. {1981), considering only those objects
for which redshifts are well determined. A fuller discussion of this
derivation will be given elsewhere, but in passing we note that there is
some indication of the appearance of a bimodal distribution. Of course,
the significance of this result is still somewhat poor in view of the large
statistical errors.

The fraction of radio quasars (R > 1.8} is == 13.19. By convolving
the average X-ray emission per interval of Log R of our sample with the
¢ (R} function so detived, we compute that radio quasats conttibute =22%
of the Xray integrated contribution from all quasars, much lower
than stated by Ku ef 4. (1980). The inclusion of the optically strong
variable quasazs would change this figure by only ~ 29 upward, because,
as shown in Fig. 6, their distribution tends to be displaced towards higher
valucs of R and, therefore, falls in the decreasing part of the ¢ (R) func-
tion. Integrating over the quasars’ number count relationship given in
Paper 1, corrected downwards for the presence of Seyfert type 1 nuclei to
be discussed separately in the next section and assuming that the X-ray
properties we have discussed apply to the faintest optical apparent magni-
tudes, we find that the contribution of quasars to the XRB is as high as
20.29 down to ms = 23. Approximately 709 of this contribution comes
from objects with 7s << 21 and, consequently, the precise knowledge of
the counts at ahout this magnitude is of critical importance.
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2.2 Seyfert 1 Nuclei

From Fig. 3 it is clear that objects with Mg > — 23.8 have relatively
stronger X-ray emission than “true” quasars. This is also confirmed by the
fx/fo ratio distributions of the serendipitous X-ray source samples obtained
by Grindlay ez al. (1980) and Chanan ef 4. (1981). In addition, we have
considered the complete sample of Seyfert 1 nuclei derived by Véron
(1979) for which, except for one object, X-ray observations are available.
The data are summarized in Table 1 and in Fig. 3, which shows that the
fx/fo ratios arte distributed in the same way as are the objects with
Mi > — 23.8 of the present combined sample. Combining the present
sample with the Véron sample (nuclei with Mp >> — 18 are excluded), we
find that the X-ray emission from Sy 1 type nuclei may be characterized

TABLE 1 - Sample of Seyfert nuclei (Véron 1979).
(complete to U < 15.05)+

Mu U Fg (]y* 12y fx/fo
MRK i — 21.6 14.54 38 16.48 0.40
10 — 209 14.61 < 1.6 > 14.92 < 1.80
79 - 208 14.07 2.5 14.43 1.72
290 — 206 15.04 1.5 14.99 2.51
291 — 210 14.87 40 16.43 0.57
304 — 231 14.19 10 17.93 0.08
335 —~ 214 13.74 23 14.53 1.16
352 - 19.2 14.79 32 14,17 4.25
376 -~ 22.1 14.82 2.5 1443 344
478 ~ 233 14.16 < 1.3 > 15.15 < 0.96
486 - 214 14.73 < 0.03 > 19.24 < 0.04
506 -~ 214 14.93 g5 15.74 1.14
NGC 3516 — 195 13.45 -
4051 -~ 56 14.42 < 1.0 > 1543 < 095
4151 - 18.8 12.05 11.0 12.83 0.48

tUJ—-B= - 95,0 V=— 75
¥ Adopted Xeray fluxes at 2 keV have been obtained from: Elvis ef @l. (1978), Tananbaum
et al. (1578), Dower ¢/ @l. (1980) and Kiriss et al. (1980).
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by an average fx/fo = 1.1. (This figure may be slightly overestimated due
to the presence of an object in the Véron sample with a rather large fx/fo).

We have argued in the paper by Woltjer and Setti in this volume that
the counts provide some evidence that Sy 1 type nuclei may be subject to a
considerable cosmological evolution. This together with the enhanced
average, fx/fo, suggests that their contribution to the XRB may indeed be
large. To further constrain this contribution we have made use of the
Einstein deep survey result: 19.2 # 7.9 sources down to a limiting X-ray
tux = 7.9 X 107° keV/cm? sec keV at 2 keV. This is shown in Fig, 8

LOgN T T i ' T I T ‘ f
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Fre. 8. Integral source counts per squase degree. The curve “clusters® is from Maccacaro

et al. (1982). Other curves are from source counts of Paper I. The RL curve is from quasar

optical counts using our (R} function and the distribudon of the fy/fy ratios with log R.

The point (+) is the deep survey point of Giacconi et al. (1979). The point (¥) is from

the Sy 1 galaxies in the complete X-ray sample of Ficcinotti et &f. {1982). The sum of the

various components as a function of my; is consistent with the Euclidean slope wvalid down
to the deep survey limit.
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where we have plotted the Log N {mx) relationships for different classes of
sources. For each class of objects the X-ray source counts have been obtain-
ed by convolving the optical counts with the observed distribution of the
appropriate fx/fo ratios." It is seen that only quasars and possibly Sy 1 type
nuclel are the main contributors to the counts at the deep survey limit.
The Sy 1 source counts so derived are consistent with the optical data
discussed in Paper I and with the X-ray data now available. The contri-
bution of Sy 1 nuclei to the XRB is readily obtained by integration over
the soutce counts and it amounts to ~ 34% down to ms = 23. At this
magnitude the surface density of the Sy 1 nuclei, for which the adopted
slope of the integral counts is = — 1.5 for mn = 19, begins to be compar-
able to that of the quasars {~ 60%).

Classical estimates of the Sy 1 contribution to the XRB, in the 2 to 10
keV energy interval with no cosmological evolution, range from 6 to
~ 20% depending on the assumptions made about the local luminosity
function of these objects, the source variability and the adopted model
universe (Elvis ef al. 1978, Tananbaum et 4l. 1978, Mushotzki e 4f, 1980,
Piccinotti ef al. 1982).

2.3 BL Lac Type Objects

These objects are known to be highly variable at all wavelengths and
to be relatively strong X-ray sources, Available optical and X-ray data for
BL Lac objects are summarized in Table 2, where, in deriving the average
X-ray and optical magnitudes, we have assumed that the objects spend the
same time in equal magnitude intervals. Since very little is known about
the time correlated flux variations at optical and X-ray frequencies, not
much meaning can be attached to the fx/fo ratios given in Table 2. Dis-
regarding two objects whose fx/fo ratios are so high that their contribution
would be more important than that from all the remaining objects listed
in Table 2, we find an average fx/fo == 1.0. From the discussion given in
the paper by Woltjer and Setti in this volume, we obtain an upper limit
of 7% for the contribution of the BL Lac objects to the XRB by assuming

I'In the simple case of integral source counts, which ean be represented by a single
power law of slope — #, it can he readily shown that the relationship between the X-ray
and the optical fluxes is obtained by applying a conversion factor of the form,
[ fx#F{x)dx)', where x = [/fy and F is the normalized distribution function of the

fx/1q ratios.

22
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TapLe 2 - BL Lac sample. Average optical and X-ray magniludes.*

B 7 fx/fo
0219 + 42 3C G6A 1491 15.19 77
0235 + 16 18.18 17.32 2.21
0521 — 36 1559 15.12 1.54
0548 — 32 1579 1373 6.67
0735 + 17 15.07 17.41 0.13
1101 + 38 MRK 421 13.94 14.16 0.82
1219 4- 30 17.15 14.42 12.36
1400 + 16 ' 1648 1775 (.31
1514 — 24 AP Lib 14.93 17.57 0.09
1538 - 14 15.73 17.96 0.13
1652 + 39 MRK 501 14.55 13.67 2.23
1727 4~ 50 15.70 1549 1.21
2153 — 30 13.44 12.62 2,13
2200 4 42 BL Lac 13.46 < 1512 < 0.22
2254 4 07 16.40 18.23 0.19
2335 + 03 18.63 > 18.63 < 1.00

* Kray data from: Schwartz ef al. (19793, Ku (1980 and Maccagpi and Tarenghi (1931).
Average T magnitudes (== 172 (B, + B, ) have been derived from published light curves
and corrected for galactic absorption.

that the optical counts for this class of objects may be extrapolated down
to Ms = 23 with the Fuclidean slope.

We note that the BL Lac X-ray source counts drawn in Fig. 8 would
predict the existence of 6 BL Lac objects in the complete X-ray sample of
Piccinotti e# af. (1982) and that 4 have been actually found. In view of
the difficulty of taking into proper account the source variability, the agree-
ment may be considered very satisfactory.

2.4 Normal Galaxies

It has commonly been considered that normal galaxies could contribute
only ~ 29% of the XRB, based on the assumption that the same ratios of
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X-ray to optical luminosity for our galaxy and for M31 are typical (Setti
and Woltjer 1973), unless cosmological evolution effects set in (Silk 1968),

The Einstein Observatory has been used to observe a large sample of
normal galaxies which includes a representative mixture of all galaxy types.
Trom the data on 70 galaxies given by Long and Van Speybroeck (1981)
we have estimated an average fx/fo = 7.4 X 10" This value is ~ 4.5
times the ratio found for M31 and, consequently, from our previous estimate
we find that normal galaxies may account for ~ 9% of the XRB. This is
quantitatively compatible with the estimate one obtains, following a sug-
gestion made by Long and van Speybroeck (1981), by directly comparing
the average fx/fo ratio with the intensity of the extragalactic background
light given by Dube e al. (1977) as equivalent to that of 1 = 1.2 stars
of visual magnitude 10 per square degree at 5100 A, largely contributed
by light in the B band due to redshift effects.

The contribution of normal galaxies to the XRB may become larger
if evolution effects such as those proposed by Bookbinder ez af. (1980) are
present.  These authors have proposed that young galaxies at a redshift
2 = 210 3 may possess an enhanced X-ray emission due to hot galactic
winds powered by an increased rate of supernovac explosions and to an
increased number of hard X-ray binaries. One nice feature of this model
is that it may predict the right kind of spectral sbape. However, if young
galaxies do indeed contribute the bulk of the XRB, one must be extremely
careful not to exceed the t-ray background. A higher supernovac rate
would probably induce a higher production of cosmic rays and, consequent-
ly, enhanced Y-ray production via inverse Compton and w° decay due to
p-p interactions.  While our galaxy is inconspicuous in X-ray, it is quite
visible at v-ray cnergies above 35 MeV and, in fact, above 200 MeV the
background features can all be explained in terms of a galactic origin
(Bignami ez @l. 1979). If the X- to y-ray flux ratio of our galaxy is pre-
served, then young galaxies cannot contribute more than ~ 20% of the
XRB radiation flux. We note that the K-cotrection terms do not seem to
play any substandal role in the above argument, since the spectrum of
the galactic y-ray emission is rather flat and, in fact, possesscs a slope very
closc to that of the XRB spectrum at low encrgies,

2.5 Clusters of Galaxies

Extensive obscrvations of Abell clusters have permitted the derivation
of the X-ray luminosity function for this class of objects and there is now
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fairly good agreement that it is unlikely that they contribute more than
10% of the XRB at 2 keV (McKee ez al. 1980, Piccinotti e£ al. 1982, Ulmer
et al. 1981). The contribution becomes of course less important with
increasing energy due to the very rapid dectease of the thermal bremsstrah-
lung spectrum of a typical cluster,

2.6 Others

The contribution due to other active galaxies such as Sy 2, Sy 1.8,
radio galaxies, ctc., is somewhat uncertain, On the basis of a complete
X-ray sample, Piccinotti ef al. (1982) have estimated that the XRB contri-
buted by active galactic nuclei with no cosmological evolution is < 20%
in the 2 to 10 keV energy interval, This estimate is based on 23 objects,
17 of which are Sy 1 and the remaining are generically classified in a broad
class to include Sy 2, narrow-line emission galaxies and N galaxies. How-
ever, considering the objects listed in this last category, we note that
3C 445 is an N galaxy with a very broad emission line spectrum (Oster-
brock ef al. 1976), so that it would naturally fall into our definition of
Sy 1 nuclei, and that NGC 2992 can be more properly classified as a Sy 1
galaxy {Véron ez al. 1980).

Therefore, we conclude that the contribution to the XRB due to active
galaxies other than Sy 1 probably does not exceed 4%.

3 . CONCLUDING REMARKS

From our discussion it follows that known classes of sources are suf-
ficient to explain the XRB intensity at 2 keV. At least 55% of the intensity
could be easily contributed by quasars and by Sy 1 nuclei, and even more,
if one allows for reasonable extrapolations of the adopted source counts
for these objects.?

The contribution due to quasars depends critically on the exact form
of the optical number count refationship ar magnitudes ms = 20 to 21,
while the contribution due to Sy 1 nuclei, which in our picture constitute
the dominant population {Fig. 8), depends on the assumed source counts
down to the faintest magnitudes as constrained by the Einstein Observatory

2 A similar conclusion has been reached by Zamorani (1981) on the basis of a quite
diffevent type of analysis,
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deep sutvey point. In itself this would indicate the presence of a rather
strong cosmological evolution, The identification content of intermediate
sensitivity X-ray surveys {e.g. Maccacaro et 4. 1982} down to the deep
survey limit may shed some light on the correctness of our assumptions as
schematically represented in Fig. 8. Here it should be remarked that
although radio quasars constitute only a small fraction of all quasars, due
to their enhanced X-ray emission they wiil show up more numerous than
radio quasars in X-ray surveys down to mx ~ 20. Beyond that magnitude
the radio quiet quasars will take over because the turn over in the optical
counts for these ohjects, which are intrinsically weaker X-ray emitters, is
reflected at fainter X-ray magnitudes. Moreover it should be noted that
the approximate Euclidean slope found for the overall X-tay source counts
is determined by the different contributions of various classes of sources
at different fluxes, the galaxy clusters and the Sy 1 galaxies being the
dominant contributors at the bright end, while the cosmological evolution
of Sy 1 nuclef and quasars takes over at the fainter end.

In view of the still uncertain knowledge of the optical source counts,
and of the fact that we have been forced to assume that the observed X-ray
emission properties apply down to the faintest optical magnitudes, our
estimate of the contribution of these nuclei to the XRB must be considered
still fentative. If quasars and Sy 1 nuclei would have to account for most
of the XRB between, say 2 and 50 keV, then their spectra on the average
cannot be too different from the XRB spectrum. De Zotti et 4l. (1981)
have investigated in some detail the problem of reproducing the XRB
spectrum in the interval 3 to 50 keV by means of a superposition of power
law sources and they have concluded that the photon spectral indices must
possess a rather natrow range centered around 1.4 to 1.5,

At present only two quasars have well measured X-ray spectra: 3C
273 and QSO 0241 + 622. While the low energy X-ray photon spectrum
of 3C273 can be fitted by a power law with a spectral index ~ 1.4
(Primini et al. 1979, Worral e al. 1979), in excellent agreement with the
XRB specirum in the range 2 to 20 keV, a power law fit to the photon
spectrum of QSO 0241 + 622 can be obtained with a spectral index
~ 1.93 (Worral et al. 1980)., From the observed distribution of the hard-
ness ratio of sources in their sample, Zamorani e al. {1981) tentatively
suggest that the average photon spectral index may be around 1.4 to 1.5.
On the other hand, observations of the X-ray spectra of a local sample of
Seyfert 1 galaxies indicate that almost all can be fitted by power laws be-
tween 3 and 50 keV with photon spectral indices in the range 1.3 to 2,
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the average being ~ 1.65 {Mushotzky e al. 1980). This is somewhat at
variance with what is required to fit the XRB., However, we believe that
the spectral properties of much larger samples of quasars and Sy 1 nuclei
spread over the luminosity functions should be determined before one can
definitely settle the question of the primary contribution of these sources
to the XRB.

It should be noted that, in any case, at least 509 of the XRB at
2 keV are certainly due to the integrated contribution of known classes
of sources and this sets a {imit to the hypothetical contrihution of a diffuse
hot intergalactic gas (Giacconi 1980). Even if the relative importance of
these sources would decrease with increasing energy, their contribution
at lower energies must be subtracted and one would be left with a residual
KRB spectrum whose interpretation would probably require the existence
of a different and as yet unknown component.

The interpretation of the extra-galactic Y-ray background does not
seem to pose such severe problems at the moment, mainly due to the very
poor information we have on the emission properties from the various
classes of objects. A quasar (3C 273), a Seyfert galaxy {(NGC 4151) and a
radiogalaxy (Cen A) have been detected up o now in v-rays, all of them
being also well known X-ray sources. One should include our own galaxy
also. If these sources are representative members of their classes, one can
in fact easily show that under very reasonable assumptions the full intensity
of the Y-ray hackground from 1 to ~ 200 MeV can be satisfactorily ex-
plained in terms of unresolved sources {Bignami ez al. 1979, Woltjer 1980
and references therein), In fact only a small fraction (~ 109) of the
Sy 1 and of the quasars could emit at the same fevel as NGC 4151 and 3C
273, otherwise the v-ray backgrounds at ~ 1 MeV and ~ 100 MeV would
be respectively violated. It is clear that many more observations of extra-
galactic objects in the Y-ray domain are needed to constrain the various
possible models.
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DISCUSSION

Davis

Suppose one hypothesised that all sources had the same fx/fo. What value
is allowed without violating the limits of the optical sky brightness set by
Dube et af. (3977)7

SeTTI

About 25% of the X-ray background.

OSTRIKER

With respect to the contribution of galaxies to the X-tay background, the
background optical light is contributed mainly by relatively nearby galaxies due
to the redshift corrections affecting distant galaxies. But the distant ones emit,
in their own [rame, much more optical energy, if any of our present thoughts
concerning galactic evolution are correct. If these distant galaxies have the
same X-ray to optical emission in their own frames, then they make a major
contribution to the X-ray background.

SeTTI

I completely agree with you., The use of the Dube es al. limit is just a
quick way to get an estimate of the possible contribution of normal galaxies
down to a redshift of ~ 1. No K-correction terms have been considered. By
performing the usual integration over the distribution of the galaxies in the
universe, and adopting the same < fx/fo > ratio, one would obtain a con-
tribution to the X-ray background of § to 10 percent.

Fanrnr

Is the small bump at 1 Mev in the X-ray background the same feature
which has inspired interpretation in terms of ©° annihilation at large redshifts?
What is your feeling about the status of that interpretation at the present time?
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SeTTI

Yes. 1 believe that the history of the interpretations of various astro-
physical backgrounds, including the X-rays we are just discussing, may teach
us that before resorting to seme kind of exotic interpretation it is perhaps wisc
to completely settle the contributions due to discrete sources.

REeEs

The ~ 1 MeV bump has been interpreted primarily by people who ad-
vocated cosmologies symmetrical between matter and antimatter as photons
from m° decay at z = 100,

ScHMInT

You listed fx/fo as a function of My for radio quiet quasars and used an
average value. I would expect that the intrinsically fainter quasars would
dominate in the background, suggesting that a rather higher value of fx/fo
should be used.

SETTI

In deriving the average X-ray to optical ratio for quasars with Mg < - 24
I have assumed that at magnitudes around 19 to 20 in the optical counts, which
would most contribute to the X-ray background, the various intervals of absolute
magnitude are equally represented. This is consistent, for instance, with the
evolutionary model derived by Braccesi ez al. (1980, Astron. Ap., 85, 80) which
in fact at these magnitudes has relatively more objects on the bright side of the
luminosity interval. At a redshift of ~ 3 the distance modulus is about 47 and
only the brightest objects (Mp < -~ 28) may not be more represented in the counts.
Given the fact that only upper limits are present in the X-ray sample under
discussion in the absclute magnitude interval - 26 to — 29, the adopted
< fx/fo = appears reasonable. It is true that going to fainter magnitudes
(ms = 21.5) the average fx/fo may be underestimated and the average for the
— 24 10 — 26 absolute magnitude interval may be more appropriate. Taking
this into account, the contribution of the quasars to the X-ray background may
increase by a few percent above the estimated values I have presented.

ScHMIDT

You compared the predicted counts of X-ray sources with the deep Finstein
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survey of Giacconi et ¢l (1979). How do they compare with the observed
counts at brighter fluxes, from ITEAO-1 and by Maccacaro et al. (1982)?

Srrr1

As far as I can see, they are in agreement. As you can judge from the
Log N—m, diagram, summing over all the sources, the slope from the bright
end (essentially clustets) to the deep survey point is approximately 1.3

Rees

T would like to ask about the apparently thermal component that seems to
dominate the background at 10 to 50 keV. If this is really due to bremsstrahfung,
it could be the integrated effect of distant objects containing gas at the right
temperature {e.g. quasars, whose X-rays could be Comptonised bremsstrahlung;
or supernova-driven winds from voung galaxies). This does not involve the
“inefficiency” and high energy requirements of a hot diffuse IGM. However,
are you convinced that the energy requitements for the hot IGM are really all
that disturbing?

SETTI

With respect to the first part of your question, I certainly agree that, i
the sources which most contribute to the X-ray background do indeed emit
thermal bremsserahlung spectra at the appropriate temperatures, then one can
perhaps easily explain the background even at relatively high energies, How-
ever, the few examples we have among Seyfert 1 galaxies and quasars do not
appear to emit thermal bremsstrahlung spectra. If the sources which appear to
contribute most of the X.ray background at 2 keV (quasars and Sy 1 nuclei) are
indeed non-thermal, then the possible contribution of a thermal component
cannot of course exceed what remains at 2 keV after subtraction of the in-
tegrated contribution of these same sources. Concerning the second part of
your question, I must say T am not patticularly worried about heating a truly
diffuse IGG at a very high temperature. However, it seems to be an unneces-
sary waste of energy unless one is really compelled to do it.

WoLTIER

I think the real problem of the hard X- and y-ray background is not to
find further mechanisms but to explain why it is not much stronger than
observed. The few sources for which spectra were available into the Mev range
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appear to be flatter than the background, even though this is the same type
of sources which are dominant at 2 keV.

GRATTON
" In view of the various sources of uncertainty, can you say what is the
reliability of your evaluated contributions? May they be wrong by a factor

2 or 3?

SETTI
It scems to me that there is now fairly good evidence that quasars and

Sy 1 nuclei must contribute at least 40 to 50 percent of the X-ray background at
an encrgy of a few keV.

REES

Just a comment on the implications of the isotropy of the X-ray background:
this isotropy, on angular samples of 10° to 30°, is determined by Aricl V and
HEAO-1 data with a precision of a few percent, In any model in which the
X-ray background originates at z == 2, this translates into an upper limit for
(8p/p) on scales of several hundred megaparsecs. This may be a better constraint
on the amplitude of possible inhomogeneities on these scales than is obtainable
from, for instance, quasar or galaxy counts; it is thus important information
complementary to what we get from the microwave background anisotropies.

S1Lk

Since inverse Compton X-ray emission from the galactic halo amounts to
= 1 to 2 percent of the isotropic X-ray background, it may not be possible to
extract much cosmological information by detecting fluctuations in the back-
ground.

ITawkING

Is there any evidence for a bump in the spectrum at abour 70 MeV due to
7° production in p—7 annihilation?

SETTI

T do not think that any such feature has been observed.



THE DISTRIBUTION OF QUASAR REDSHIFTS
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Whether a periodicity exists in the distribution of emission line red-
shifts for quasars has been studied for a long time. As early as the 1960’s
Burbidge (1968) discussed the presence of two peaks in the distribution
of quasar redshifts z = 0.06 and 1.95, and he also pointed out the probable
exjstence of periodicity in that distribution. Subsequent investigations per-
formed by Cowan (1969) and Burbidge and O'Dell (1972) confirmed
further Burbidge’s results, while Plagemann ez 4l. (1969) and Wills and
Ricklefs (1976) could not detect any period.

In 1971 Karlsson suggested that the periodicity is with respect to
argument x = 1z (1 + z), but not to z. The number of quasars included
in Karlsson’s statistical analysis is only 166. 1In 1977 this analysis was
extended to 574 quasars with available redshift data (Karlsson 1977). In
this case the periodicity stiil persists with the length 0.089 in the variable
x = log (1 + z). A similar result of period 0.196 has been obtained by
Barnothy and Barnothy (1976).

The purposes of the paper summarized here are twofold: the first is.
to reinvestigate the confidence level of the periodicity for a much larger
number of quasars listed in the new catalogue of Hewitt and Burbidge
(1980); the second is to discuss the possible origin of the periodicity and
its cosmological implication (Fang ez al. 1982).

Several authors have discussed the presence of irregularities in the:
redshift distribution and consider it to be due to various selection effects
(cf. Schmidt 1975, Roeder 1971, Roeder and Dyer 1972, Basu 1975}, It
has been shown {(Katlsson 1977) that selection effects might play a
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significant role in the formation of certain peaks in the redshift distribution;
however, it is very difficult to use them to explain any real periodicity.

The fundamental idea of our model is that the periodicity might be
the remains of density wave (sound) perturbations occurring just before
the recomhination epoch of Big Bang cosmology: some sound-like fluctua-
tions occurring just before the recomhination with large wavelength
become the “seed” of Jeans instability after that time. The petiodic struc-
ture of the seeds could then be preserved and amplified hy the clustering
at successive times, If the formation of quasars is correlated with density
inhomogeneity, the existence of the periodic components in the quasar red-
shift distribution is a natural outcome.

Several consequences of this model which can be tested by statistical
methods are as follows:

1) According to the cosmological principle, it is impossible that the
Earth just occupies a preferred position near the center of a spherical wave
perturbation. The phases of waves propagating to the Earth from different
directions are random. Thus the periodicity should be smeared by super-
position of such density wave fluctuations. On the other hand a density
perturbation from a certain direction can avoid the effect of random
phases. We expect, therefore, that the periodicity should be more rematk-
able for a set of quasars located near a certain position of the sky than that
for quasars in the whole sky.

2) The periodicity is with respect to x = F (z, gs), which is a func-
tion of redshift and the deceleration parameter, g. Karlsson’s form
x = 1n (1 -+ 2) corresponds to go = 0. However, support for a value
go > 0.5 has recently been obtained by investigating the cosmological
implication of massive neutrinos and the redshift-magnitude relations of
various quasar subsets (cf. Qing e al. 1981, Cheng ez al. 1981). We expect,
therefore, that the periodicity with respect to x = F (z, g0 > 0.5) should
he more remarkable than that with respect to 12 {1 + z).

3) Befote recombination, the sound fluctuations were being dissipated
by interaction between matter and radiation. The dissipation is lower for
longer wavelengths, The strongest “seed” effect is thus given by the
sound perturbation with the largest allowed wavelength just hefore re-
combination. From this we can estimate the length of the period in the
quasar redshift distribution.

Our power spectrum analysis shows a peak for Ax = 1/6 even though
the Burbidge-Hewitt list includes quasars over a wide area of sky (whereas
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we would expect it to be practically smeared unless we are in a preferred
central position). We do #ot however see a significant effect when we con-
sider only the quasars in the fields studied by Savage and Bolton (1979), but
this may be due to the small size of this sample. The length-scale associated
with this periodicity is, we believe, consistent with the expected Jeans
length just before recombination {Fang and Liu 1981); the detailed z-
dependence of the quasar redshift distribution supports a high value of ge.

When a periodicity in the redshift distribution of quasars was first
claimed, it was looked upon as evidence for the non-cosmological inter-
pretation of quasar redshift. The model developed here shows how we
can in principle explain the possible origin of a periodicity in standard
cosmology. The main consequences of this model have been preliminarily
verified by several statistical tests. The value of g0 determined by the
remarkableness of the periodicity is larger than 0.5. It further strengthens
the conclusion which has been supported recently by evidence on massive
neutrinos in the universe and by the redshift-magnitude relations of various
quasar subsets. More complete samples, especially of quasar sets centred
on several small fields in the sky, are needed for further tests on this model.

Finally, we should mention that in this model galaxies and quasars
might form with the same basic redshift distribution; the quasars are
merely tracers of the distribution at large z. The periodicity might then
be present in the galaxy distribution at smaller z.

23
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EVIDENCE FROM DEEP RADIO SURVEYS
FOR COSMOLOGICAL EVOLUTION

. VAN DER LAAN and R.A. WINDHORST

Sterrewacht Leiden, The Netheriands

1 - INTRODUCTION

The TAU Symposium no. 74 on Radio Astronomy and Cosmology
was held in the new Cavendish Laboratory in Cambridge for a week in
August 1976, The published volume (Jauncey 1977) contains some forty
papers in which under seven main headings the contributions to cosmology
using radio astronomy techniques are presented and interpreted. About
half the book deals with the radio galaxy population and its evolution, the
subject of the present paper. The other half deals with quasars, with the
microwave background and with a variety of topics ranging from galaxy
formation to intergalactic Faraday rotation and measures of isotropy. These
topics reappear, by and large and often interestingly different, in the present
Study Week volume. Some aspects that, strictly speaking, belong to our
assignment, such as angular size measurements and bright source identifica-
tions, are dealt with in the contributions in this volume by Swarup and
by Longair. No completeness of literature coverage or of information
retrieval spanning the past five years is attempted. Rather, we set forth
the chief developments in radio galaxy population studies and our ap-
preciation of them in Sections 2 to 4. Our own work is reported in
Section 5.

2 - RADIO GALAXIES HAVE NO RADIO STANDARDS

Even cursory knowledge of radio galaxies leaves one with serious
doubts about their suitability to serve as cosmological probes of any sort.
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The members of this population are so varied in power, in size, in morpho-
logy, in energy content and life expectancy, that aspirations to define rigid
rods or standard candles from the assorted radio characteristics are futile.
In Fig. 1 projected linear sizes of four well known objects illustrate one
such range. The powers among sources of comparable flux density in a
complete, flux-limited sample, also span five orders of magnitude. The
situation is made even worse by the peculiar relation between power and
energy content of a transparent, homogencous volume clement emitting
synchrotron radiation: Eww c¢ R LY, here Eww is the energy content in
relativistic particles and magnetic fields, R is the linear size and L is the
synchrotron luminosity. Let us compare two sources with these three

characteristic parameters: Fuww, R and L, with one of those parameters

equal for both sources and another one just differing by a factor of ten.
The following table then shows the wide range that is implied for the value
of the third parameter by the energy equipartition assumption.

CYGHUS A P
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Fic. 1. The typical range of projected linear sizes of radio galaxies.
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Parameter | Euw R L
1 10 0.006

Pair ratios 3.7 1 10

10 6 1

Compact transparent synchrotron sources are much more efficient than
diffuse sources. Not only a source engine’s integral output but also its
spatial distribution determines its luminosity, a factor which may be affected
by both environment and the time profile of engine power. Add to this
situation the fact that the radio spectra are by and large power laws with
minimal information content and it is clear that radio astronomy is unlikely
to yield subtle yardsticks usable for the refined art of geometric cosmology.
Given the great parameter ranges, large samples with very stable means,
medians or percentiles would be required, There is no empirical evidence
or astropbysical clue that these exist.

3 . RADIO GALAXY POPULATION CHARACTERISTICS *

3.1 Imtrinsic properties. Fundamental is the radio luminosity function
(RLF) at a given epoch. This RLF is the distribution of monochromatic
power at a specified radio frequency among all sources per unit volume, It
is expressed as ¢ (P, z) in units of Gpc™ (4 log P}~ The size distribution
among all sources per unit volume is the size function. The spectral index
function is the distribution of a two frequency spectral index @™, among
all sources per unit volume. Note that there may be a correlation between
power and/or size and /or spectral index and/or redshift. In principle one
wishes to determine the distribution of all sources in a (P, R, @, z) para-
meter space.

3.2 Population observables. The first and most famous is the radio
sogrce count N (8.}, the number of sources per unit solid angle per flux
density interval AS, in a sample complete to a specified flux density limit,
Som o at a specified observing frequency v.  Another such observable is
n (P, 8.), the distribution of monochromatic luminosity among the sousces
in such a flux limited complete sample; similatly there are spectral index
distributions, g”s (), and angular size distributions, ¢ {0). In order to
attempt a cosmic evolution study of source populations, these four dis-

* Unless explicitly stated otherwise, the values Hy = 50, g, = 0 are used throughout
this paper.
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tributions can be determined by measurements of observables for all sources
in a flux limited complete sample. Then models must be devised for
intrinsic population properties, the luminosity, spectral index and size
functions, at intervals of redshift z. Calculations with these functions and
a world model as input can then be performed iteratively until predicted.
and observed distributions agtee within statistical errors.

As starting values for these functions one has sufficient information
about bright source samples and some knowledge of the source physics to
devise schemes which converge reasonably quickly.

3.3 Radio source samples. The most comprehensive source counts
currently consist of composite samples each gathered from many surveys.
Evidently, given N (>> S} oc S7%? and the desire for comparable statistics
everywhere on the log S scale, bright source sutveys covering ~ 7 steradians
can be combined with deeper sutveys covering decreasing areas of sky with
increasing depth. Careful flux-scale calibrations and corrections for dis-
crimination against larpe angular sizes have yielded samples at several
primaty frequencies such as 0.4, 1.4, 2.7 and 5 GHz, consisting of several
hundreds to a few thousands of sources that lend themselves for model
analysis, These samples are well accounted for and inclusion/exclusion
criteria are documented in the literature [e.g. 0.4 GHz (Wall, Pearson and
Longair 1980); 1.4 GHz (Katgert 1977; Willis, Oosterbaan and de Ruiter
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Note that the initial steep rise is beyond $;, 2 I Jy. (Sec IAU Symp. No. 74). Strong
convergence of the counts is seen in all surveys for 2 mJy < S, < 100 m]y.
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1976; see our fig. 2a); 2.7 GHz (Peacock and Wall 1981); 5 GHz (Kelles-
mann 1980 and references given there)].

From the start the isotropy of the source counts has been striking. It
has persisted with all progress in frequency coverage, depth and statistically
testable angular scales. Occasional claims to the contrary have always
faded as statistics improved. The steep N (>> S) o¢ $7* counts combined
with that isotropy enabled Ryle (1959) to decisively reject the so-called
Perfect Cosmological Principle on empirical grounds and to claim a large
propet density enhancement at z values undetermined at that time, due to
the then nearly complete ahsence of identifications and redshifts.

4 . MODELLING METHODS

4.1 The basic approach. One wishes to know the functions defined
in 3.1, and particularly their redshift dependence, Ignore for the moment
the spectral index and the size function and concentrate on the RLF. Fig.
2b, from a review by Katgert {1980), represents the (P., z) plane and il-
lustrates how the problem can be posed. Radio sources populate this
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F1g. 2b. The (log P, z) diagram for different values of Sy, (H, = 100, ¢, = 1), Hlustrating
the relation between radio source counts and epoch dependent luminosity function.

The curved lines show, for a certain flux density level, at which redshift which part of
the radio luminosity funcuon is sampled (shown sducn‘ntlmﬂy by wertical strips).

For example, because the 21 cm source counts show a maximom excess w.r.t, Buclidean just
below 1 Jy and because the evolution turns out be the strongest between about z ~ 0.3
and 2 (Fig. 4}, this figure shows that the strongest evolution is expected fol powers between

log Py o/ WIz~1 ~ 257 and 27.2.
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diagram and it is that population’s distribution which is to be established.
Given some (P, z} plane population, one can easily obtain the correspond-
ing source counts and luminosity distribution. The differential source
counts are obtained by summing over successive curved strips bounded by
the appropriate S,, and the luminosity distribution by summation of all
sources in successive horizontal strips up to the sample’s flux limit. The
RLF at a given z is now the source distribution in a given vertical strip at
that z. The redshift distribution of a complete sample consists simply of
the successive sums per vertical strip above the appropriate flux limit. If
one uses a standard candle approximation for the absolute magnitude,
together with an appropriate SED for the object at issue, then the z-dis-
tribution and world model used in the exercise yield a cortesponding ap-
parent magnitude distribution to be compated directly with the results
of the sample’s optical identifications {see Section 5). The world model
geometty is of course given in thbe diagram by the trajectories of constant
S curves in the (P, z) plane, where with each z a proper volume element
is associated, by which each population density is multiplied before sum-
ming.

In order to proceed a plausible first-try population of the (P., z) plane
must be obtained. This is normally done by deriving a local RLF, p (., 0},
from the luminosity distribution, » (Py, $.%), of a bright source sample and
its identification content, and by extending this local RLF in tbe z-direction
using an evolution function, E (P., 2}, where

% (Pv, Z) == F’ (P\’: 0) E (PV; Z) (1)

and L (P, z) now represents the function to be found in some trial and
error procedure with appropriate comparison of predicted and empirical
distributions in each iteration.

Two reviews by Longair (1971, 1978) and one by Scheuer (1975}
show how the method is basically unchanged but increasingly subtle in its
practical application. Early developments in source count interpretations
led to the distinction of luminosity evolution and density evolution, a
terminology which often obscured the issue because the evolution of
individual sources was entered into the source count discussion prematurely.
Strictly speaking, a source count interpretation ought only to refer to
population parameters, and time scales derived for evolution will only
describe the evolution of the radio source population. This is because,
except for the optical part of the spectrum, the relevant time scales for an
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individual radio galaxy are much smaller than the Hubble time. Pure
density evolution then means that p {Ps, z}/p (P,, 0) is a function of z only
and pure luminosity evolution means that the above ratio is a function of

both P, and z; but:

/ p(P,2)d P,

Py, nyin

es

[ pP,01dP,

Py, min

In other words, pure density evolution would show up in Fig. 5 (top)
as a vertical displacement of the RLF with z, and pure [uminosity evolution
as a horizontal shift with P. Both types of evolution could be disentangled
if there were a feature in the RLF which one could see moving with z and/
or P.

Both conditions are restrictive and physically implausible. It is more
likely that the RLF will have a z-dependence in its form and in the integral
value over a specified power interval. The evolution is then one in both
luminosity and in density, requiring a specification of E (P.,z) over the
appropriate domains for its satisfactory description.

4.2 Parametric forms for E (P, z). Source counts involve only integrals.
in the (Ps, 2) plane. Hence there is an unlimited number of ways in which
to populate that plane and still satisfy the source count constraint. It has
been clear since the eatly sixties that very strong population evolution is
required especially for the intrinsically powerful sources, and even the
luminosity distribution of an apparently bright source sample will be af-
fected by this population evolution. It is necessary, therefore, in computing
the local RLF to take that influence into account {Wall, Pearson and
Longair 1978), as well as the geometric factors of the chosen world model.
The key refations are:

w (P, §%)
p (P, 0) = , {2)

3
z {Pv, Sv)

Uf E (I, 2) - dV (2)

z (5v)

N (> S, = Ofwcll% f o0 B0 - dV (), (3)

where dV (z) contains all geometric factors appropriate to the chosen world
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model; the luminosity distribution # (P, $.°) is a data-set used as input,
N (2> S is the result used for comparison to the empirical source counts
to provide a goodness-of-fit.

The specification of E (Py,z) is crucial and many forms have been
tried, primarily of two mathematically convenient forms, viz.:

E(Py,z)oc (1 + 20 ®

or

P, > P

oc exp [2 (P) 1 (2)]
= 1

Pv < va.

where T (z) is the look-back time, appropriate to the world model. By
various specifications of 4 (P), as well as by the introduction of redshitt
cut-offs, these basic parametric forms provide a considerable variety of trial
functions. Comprehensive attempts at source count fits by these methods
were made by Wall, Pearson and Longair (WPL 1978, 1980, 1981) and
by Katgert (1977). Some forms exist that reproduce the counts as closely
as could be wished within the statistical crrors of the data. Even the best
fits {e.g. models 4b and 5 in WPL 1977) suffer several defects when their
predictions of the apparent magnitude distribution for even bright source
samples are compared to empirical data.

The same is true for the amplitude of the evolution function for small
(~ 0.1 to 0.3) z-values or the angular size distributions for modestly weals
source samples. As stated in WPL (1980) about parametric representa-
tions, “their main role is illustrative and indicates the level of complexity
now necessary to explain all the observatiopal data”.

4.3 Robertson's one dimensional free form for E (Py, z). An important
innovation was introduced by Robertson (1978, 1980) with the concept of
free-form evolution functions. Here the parametric prescriptions for
E (P, z) are dropped. Using the luminosity distribution as before to com-
pute p (P, 0), the Jocal RLF, and the soutce counts as the distribution to
be precisely represented by the appropriate integral in the (Py, z) plane,
Robertson computed a piecewise continuous function E (z) by an iterative
procedure. The method is only free-form in one dimension, because it
prescribes the P-dependence of E (P, z) using two parameters as shown
in Fig. 3.

In his second paper Robertson takes the additional step of substitut-
ing expression (2) in equation (3), so that instead of a two step iteration
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Tre. 3. Robertson’s (1980) assumed dependence of the evolution function E (log P, z) on
log P. A gradual transition is used around a value of log P, at which log E has increased
to one half of the value reached at very high powers. The transition luminosity range is
taken to be § decades wide (in Robertson’s paper § = 1 and log P, (408 M)/ WIHz-1 = 26.3).

scheme where first the local RLF is computed and then the source count
fit is tested with the same trial I (P, 2}, the optimization is done numerical-
ly with direct use of all available luminosity distribution information. This
avoids several pitfalls of RLF calibration and improves the assessment of
the propagation of luminosity distribution esrors in the E (z) determinations.

Robertson’s best result in fitting the 408 MHz counts, termed the
standard model with Pe = 2.0 X 10* WHz ! and B = 1, is shown in
Fig. 4, together with several parametric model fits and with our own
direct determination of the population evolution as reported in Section 5.
There we also return to the reason for the Robertson standard model’s
success: a fortuitous guess in choosing the P dependence of the evolution
function, shown in Figure 3. Important features of the standard model
are the lack of evolution at z £ 0.25 and the steepness of the rise in
E (z) from 0.3 to 1.0. Beyond z = 1 the fit has little statistical signific-
ance, except pethaps for quasars.

An additional advantage of Robertson’s (1980) method is that the
best L (Py,z) determined from the luminosity distribution and source
count data together can then be used to compute the local RLE, through
expression (2).

4.4 Peacock and Gull's generalized determination of E (P, 2). After
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Fic. 4. Various evolution functons E {z) for log P, ,/WHz~! = 262, Shown are the classical
power law and exponential models of Schmidt {1972), the models of Wall, Pearson and
Longair (1980), and Robertson’s {1980) free-form model. The data points are preliminary
points from the Leiden-Berkeley Deep Survey, where evolving standard candles have been

used to derive redshifts from magnitudes {< My > = — 215 for cllipticals, and
< Mg » = - 223 for evolving giant ellipticals, so the highes: two redshift bins could be

affected by the Malmquist bias, in the sense that the actual sampled redshift is 0.1 to 0.2

higher than the stated one, which would shift these points to the right).

Power and exponential laws do not provide very good fits, unless perhaps for very steep

slopes. The WPL models show enhancement factors too large for z < 0.3, The general

shape of Robestson’s freeform evolution function is remarkably similar to our Leiden-
Betkely Deep Survey data points.

Robertson’s innovative steps it is natural to improve his method in two
ways. Firstly, to eliminate the (parametric) prescription of the evolution
function’s P-dependence; secondly, to make better use of the available
data, especially by giving due weight to information in spectral index
distribution, to soutce counts and to luminosity distributions at several
frequencies. Peacock and Gull {1981) have made good progress in these
directions. They utilize source counts at four frequencies (408, 1400,
2700 and 5000 MHz). At the two higher frequencies the counts are
available for steep and flat spectrum soutces separately. To relate their
model (P, z) plane populations to these counts they not only separate
steep and flat spectrum sources but also use the spectral index-luminosity
cotrelation of the former. However, it is at the moment not precisely
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clear whether a spectral index-luminosity or a possible spectral-index-red-
shift relation is the basic one (Katgert-Merkeljin ¢# «f, 1980), Recall that
at optical wavelengtbs an exactly analogous problem occurs. In addition
some weight is given to incomplete luminosity distributions at inter-
mediate flux levels, to << V/Vix > values of quasar samples and to
identification fractions of a few deep radio samples. Series expansion
metbods are used to generate mode! populations. In that sense Peacock
and Gull’s method is not truly free-form either, although it allows for
variation of E (P, z) in two dimensions. Their polynomial approximation
of E(Py, z) has to replace a truly nonparametric array of delta functions,
because of the paucity of data (see Fig. 5), although the data set included
is already enormous. The goodness of fit is established by evaluations
over the whole sum of various data bins, where in the iteration procedure
a certain uniform measure of fitting quality is used to prevent some data
of refatively little weight from heing neglected due to optimum fits of larger
data sets, Friedmann models with g0 = 0.5 and ¢» = 0 are combined
with no redshift cut-off and a cutoff at z =5 to produce four models
each for steep and for flat spectrum sources respectively. The series ex-
pansion used is of the form

-

g p= 3 B A log PY [log (L+27

and is developed to quartic order (15 coefficients) and cubic order (10
coefficients) for steep- and flat-spectrum sources respectively. A total of
151 data bins was utilized. The authors use the variations among five
satisfactorily fitted models for each of the two go values and each of the
two spectral classes to establish the domains in the (Py,z) plane where
the RLF is well-established. Two results stand out: (i) the RLF is
constrained by the data to within a factor ten in only a modest fraction
of the (P, z) plane over the ranges z = 0.01 to 2 and log P27 = 22 to 30
(see Figure 5); (i) the steep spectrum and the flat spectrum source
populations behave similarly, i.e. both evolve modestly or not at all at
low powers, but similarly strongly at high powers (Fig. 5). The method
does not so far allow any definite conclusions about the requirement of a
redshift cut off or about world geometry.

4.5 Conclusions and suggestions. Peacock and Gull’'s (1981) use of
< V/Vmex > data in finding a good fit is important. It complements the
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flat and steep spectrum classes, except for z = 1 at the higher powers. (Middle) Contour
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value of p {log P, z) to the largest one, found amongst all models checked. The data do
coistrain the models only in an acceptable way for R close to unity. Note the evolution
functions are called “well defined”, if R > 0.1, ie. if the model uncertainties are not larger
than a factor of 10. (Bottom) Contour plot of the evolution function B (P, 5, z). The enhance-
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for Jog E = 025, 0.50, 0.75, etc. Note the evolution function is only plotted for values of
the reliability parameter R > 0.1,
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9E (P, 2)
source counts, emphasizing the gradients ———
dz

amplitude of the evolution function. The whole method needs further
clarification particularly with respect to the criteria for defining an optimal
fit to several and diverse data sets. Finally, the reliable determination of
E (P, z) can be vastly improved over a larger domain in the (Py, z) plane
by using data sets of maximum dynamic range in both dimensions. These
are the very deep combined radio-optical survey data such as are discussed
in the next section. It is clearly important to extend such work to higher
radio frequencies as well. In our view the method developed by Peacock
and Gull is the best modelling method in principle, if the polynomial ap-
proximation could be replaced by an array of & functions. Given improve-
ments of the kind just suggested, it does most justice to data obtained at
great effort and expense. The initial results the method has yielded are
not significantly better than Robertson’s (1980), largely because the P.-
dependence of the evolution function is not unlike the guess of Figure 3.
Both methods demonstrate unequivocally that the radio source population
evolves very steeply in proper density at luminosities significantly above
5 % 10* WHz""' at 408 MHz.

rather than the

5 - RADIO-OPTICAL SURVEYS

Since TAU Symposium No. 74 in 1976, radio surveys with the
increasingly sensitive Synthesis Radic Telescope at Westerbork have con-
tinued. Extensive catalogues at 1412 MHz will be published in Astronomy
and Astrophysics (Main Journal and Supplements) in 1982 and 1983,
These data can, naturally, be used by the methods discussed in the previous
sections to contribute towards the determination of the evolution function,
providing input and constraints for medel fitting procedures. From the
radio point of view these surveys will provide the 21 cm source counts
down to ~ 600 kJy from the Westerbork Deep Surveys and down to
~ 80 1Jy from a recent deep VLA Survey. Furthermore these surveys
will provide information about the angular-size flux density relation, 8 (S),
measured with resolutions of ~ 107 to 227, while their flux density range
extends from the above limits up to just below 1 Jy.

From the optical point of view very deep photographic plates in
several passbands of these Westetbork Deep Survey fields wifl yield
numerous identifications, whose magnitude distributions, N (#2), will yield
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equally valuable information as the redshift and luminosity distributions
that Peacock and Gull (1981) used in their analysis.

Here we briefly report the progress of a more direct determination
of the function, E (P, z) at v = 1.4 GHz, using combined radio-optical
data. A review of such work done at Leiden in the 1975-1978 period was
published by Katgert, de Ruiter and van der Laan (1979). The use of
these data for studying the colour evolution of the stellar populations in
remote galaxies is discussed in our previous contribution in this volume.
Further details can he found in Windhorst e al. (1981).

5.1 The data. Two programs, one called the Westerbork-Einstein
Deep Survey and the other the Leiden-Berkeley Deep Survey, have been
recently completed and are being prepared for publication. All the fields
of view at issue here have been covered by both Westerbork radio exposures
and KPNO 4 m plates. The quality of the data, in terms of sample flux
limits, angular resolution, positional accuracy, reliability and completeness
are listed in Table 1. So is the quantity of data in terms of numbers of
fields, numbers of pass-bands, of sources detected, of sources identified.

5.2 The z-dependent RLF. Combined radio-optical surveys yield,
after subtle calibration and correction procedures, radio flux density-optical
magnitude tables (bivariate flux density tables). These N (S, 7o) dis-
tributions may, given a world model, be converted to (P, z) distributions
if each identified object in an (S, mop} bin can be assigned an absolute
magnitude and an SED (e.g., Katgert 1977, de Ruiter 1978). As we have
argued elsewhete in this volume, thete are good reasons to regard the radio
galaxies identified in our surveys as evolving luminous ellipticals whose
absolute magnitudes have very small dispersion and whose z-dependent
colour can be modelled in steliar population evolution scenarios (Brazual
1981). Using our apparent magnitude and colour data in combination with,
as a first order guess, the “standard candle” assumption, Mr = — 223,
for go = 0, Ho = 100, and Bruzual’s {1981) 1t = 0.7 model SED, every
interval Asmr corresponds to a bin Az, and thus every flux density, S,, trans-
forms to a monochromatic power, Pv. In other words, given the (radio
flux density dependent) survey area, every bin of the bivariate flux density
distribution, N (Sy, #7on), transforms into one point of the epoch dependent
radio luminosity function, o (P, z), under the above assumptions, These
two assumptions might look less justified than they actually are. In order
to check the first assumption, which presumes radio galaxies to be slightly
evolving standard candles, we plotted the empirical Hubble diagram in V
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TABLE 1 - Summary of the current Leiden-Berkeley Deep Survey data.

a. Quality

Instrument
Observing mode

Wavelength
Resolution

Positional accutacy
Field of view

Flux limits

b, Quantity

Total area

No. of fields
(x obs. time)

Objects/field

Complete sample
Contamination
Reliability

Completeness

Radio
WSRT 3 km

10 MHz/1250 K1z line receiver

21 cm
(50 cm in 1982)

21 cm: 127 in RA
50 cm: 28" in RA

0.114 . 1.u4

085 deg & (QPBW)

21 cm: 580 ply (59)
50 cm: 176 m]y (50}

Radio

590 deg?
21 cm: 9 (X 12b)
30 cm: 6 (X 121

21 em; 50-70
50 em: ~ 200-250

Optical

KPNO 4mn Mayall

Photoelectrically calibrated
broadband photographic
photometry

3000-9000 A
{L.23-2.2p UKIRT)

0.75-1."0

~ 0."2
085 deg &

04-3 ply or:
Uy < 2470
Jusso < 2470
e < 23.M0
Nygo < 220

Optical

5.90 deg?
9{x Bal6plates) (x 1420

~ 15000 (dependent on bil)
out of which 10000 are
zalaxies

297 radio sources at 21 cm, 146 identifications (4995}

5-109 per field, on average 6.396 of all radio sources

839 of all announced identifications ate real

9296 of all potential identifications are announced

(Fig. 6) for fitst ranked cluster galaxies (Sandage 1973) and 3CR radio
galaxies defined at 178 MHz (Laing ef al. 1978, Guon ef 4. 1981) and
3C and 4C radio galaxies, found at 2.7 GHz (Peacock and Wall 1981). We
also plotted eight radio galaxies from the Leiden-Berkeley Deep Survey with
spectroscopic redshifts (Kron 1981, Spinrad 1981}, which with two ex-
ceptions all fali within ~ 0”5 on the above empirical Hubhle diagram.
One of the two underluminous radio galaxies is a double galaxy and placed
between brackets, The drawn cutves are for Mr = — 22.™3 and He = 100,

24
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Fig, 6. The Hubble diagram in V for elliptical (radio) galaxies from wvaricus (radio} surveys.

Shown arc FRC galaxy data from Sandage (1973), Laing ef al. (1978), Gunn er al. (1981),

Peacock and Wall (1981), Kron (1981), Spinrad {1981).

No cosrections have been applied to the V magnitudes, apart from aperture corrections as

far as data wete available.

The two lnes show the Hubble relation as predicted for the V band by the Bruznal (1981)

b == 0.7 model (Io = 100}, and by an earlier empirical determination of the K.corzection

from Leiden-Berkeley Deep Survey data,

With a few exceptions all radio galaxies are represented well (within 0.M7) by the two

predictions, which assume My = — 2105, A double galaxy from the LBDS is placed
between brackets, as well as a few N galaxies from the 3CR.

go = 0. These sparse statistics already show that our mJy radio galaxies
have appatently more or less the same narrow absolute magnitude dis-
tribution as the brighter radio galaxies. One might argue that the few
deviating objects, as well as those from other sutveys, are due to an
incoming population of radio galaxies that are optically ~ 1."0 under-
fuminous, as one would indeed expect from the local bivariate radio
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luminosity function for clliptical galaxies of Auriemma et al. (1977). In
the future we will incorporate the structure of the local bivariate LF in
determining the epoch dependent RLF. A major worry should be the
effects of the Malmquist bias, which becomes significant for z = 0.6,
beyond which our sample is no longer distance limited for an Auriemma
et al. (1977) type local bivariate LF. However, it should not be a problem
to correct for the Malmquist bias provided the functional form or shape
(not the amplitude!) of the bivariate LF does not change with epoch.

In order to check the second assumption of known evolving SED, not
necessarily the consequence of a valid standard candle assumption, we boot-
strapped a model-independent evolving SED from the observed colour
magnitude distributions (see Fig. 1 in our previous paper in this volume)
and available spectroscopic redshifts. This was done completely inde-
pendent from and even without the knowledge of the ¢ = 0.7 model. The
resulting non parametric K-correction in V is shown in Fig. 6 as Kwaps
and is, within the photometric errors, identical with Bruzual’s (1981)
t = 0.7 model, at least for z < 0.8, beyond which both this procedure
and Bruzual’s models become uncertain due to the lack of calibration.
Fig. 6 shows that both evolving SED’s with Mr = — 223 give, with very
few exceptions, a good fit through all available redshifts out to z ~ 1.
This means that the actual SED evolution of the parent radio galaxy
population is not very much unlike the & = 0.7 model for Ho = 100,
go = 0. This gives us good confidence that we are indeed dealing with
one parent population of evolving optically luminous elliptical radio
galaxies, with a narrow (£ 1,"0) absolute magnitude distribution, at least
out to the redshifts where the sample becomes magnitude limited.
In the above consideration second order effects have been ignored,
like a possible relation between optical luminosity and SED (and hence
K-corrections; de Goia-Eastwood and Grasdalen 1980),

In Figure 7 the RLF constructed on this basis for six bins in z is plotted,
together with the local RLF as determined by Auriemma et «l. {(1977).
The plot is based upon 303 radio galaxy identifications and binning in two
dimensions means poor statistics per bin.

This rather more direct determination of p (P, z) may be compared
with the model fits, particularly of the free-form variety, discussed in the
previous sections. Note that the proper density for Pus ~ 10% WHz™" per
z-bin results in the points plotted in Figure 4. The proper density evolves
with z for z 2 0.34 and for Pra > 10*° (WHz™"), To first order the density
enhancement, reaching values ~ 100 at z = 0.83, is independent of Pus,
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Frg. 7. The epoch dependent 21 ¢m radio luminosity function p (log P, z) for radio galaxies
as determined directly from the bivariate flux density distribution N {log 5, ) of various
surveys,  Surveys included are the 3RID Westarbork Survey, the Westerbork Background
Survey (for references see Katgert et al. 1979), the 3CR and parts of the Leiden Berkeley
Deep Survey (Windhoxst ef o/, 1981}, The redshifts are detived from magnitudes, assuming
< Mg > = — 224, Ho = 100, and the empirical Kcorrection derived from the (J) vs T
color magnitude diagram (see also our previous contribution in this volume).

The z estimates of the tweo highest redshift bins can be affected by the Malmquist bias.
Strong evolution is seen for z > 0.4 everywhere above the break in the LF, more or less

independent of radio power,

as presumed by Robertson (1980, cf. Figure 3). Although the data contain-
ed hints for a second order P dependence in E (P, z), larger samples are
required to explore this possibility. As in the results discussed in the
previous sections, based on completely independent data, the population
evolution is wnmistakable, with a dramatic proper dessity gradient in z.

5.3 Prospects and guestions. The first requirement for the further
development of this direct determination of the evolution function is con-
firmation of our distance estimates. To this end direct spectroscopic red-
shifts must be determined for a number of radio galaxies in our sample.
Efforts to that end are being undertaken with the KPNO Cryogenic Camera
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and with the IIDS at Lick and at McDopald. This will then serve to
calibrate our photometric distance estimates.

Another independent way of checking the distance estimates and the
empirically derived SED evolution is the addition of long baseline IR
photometry, which was done already for a dozen radio galaxies in
H(1.251), 7(1.65 1) and K {2.2 1) at UKIRT. Because an elliptical SED
peaks just heyond 14, the z £ 1 radio galaxies should have strongly
negative IR K-corrections, which makes them faitly easily detectable for
sensitive IR photometers. The colours of a typical V ~ 23.0 radio galaxy
in our sample turn out to be V-K ~ 6.5, H-K ~ 0775, J-K ~ 1.5, which
further supports the hypothesis that the z ~ 1 radio galaxies are evolving
cllipticals (see also Longair’s contribution in this volume), The second
requirement is enlargement of the identified sample. We are exploring
the population distribution on the (P, z) plane over a considerable range
in both parameters and significant statistical weight per bin requires very
large samples (cf. Fig. 5). Current Leiden programs will already improve
the statistical weight of the data quoted in this progress report by a factor
of 3. Thirdly, we require data on non-radio galaxies at the same distance
as the identified radio galaxies, particularly their relative colours. Such a
program is proceding, using the 4 m-plate matetial on which this discussion
is based (Katgert, private communication). In this manner the gquestion
whether the proper density evolution and the colour evolution are merely
correlated phenomena among elliptical galaxies or are causally related could
be answered. A considerable fraction {~ 309) of the identifications lie
in clusters where several galaxies of comparable brightness can be measured
photometrically. In the longer term, surveys at higher frequencies may be
carried out to put greater emphasis on the non-stecp spectrum population,
i.e. the sources exhibiting current activity, largely quasars. As discussed
by Peacock and Gull {1981}, the relationship of the steep and flat spectra
populations is of particular interest for taking the step from a numerical-
spatial interpretation of the source counts to an astrophysical account. (It
should be stressed, however, that fust like in the optical, the radio K-cor-
rection is strongly dependent on @ and quite different for the flat and steep
spectruin population. Intrinsic population properties should be disentan-
gled from redshift effects and/or evolution), Particulatly interesting initial
exploratory accounts of the astrophysical mechanism behind the cosimo-
logical evolution were published by Grueff and Vigotti (1977) and Rowan-
Robinson (1977).

Theoretically the present results pose the question why the present
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epoch {0 < z £ 0.3) is such a quiet one, while the epoch 03 <z <1
was hyperactive. What is the reason for the precipitous proper depsity de-
crease since z~ 1?7 Is this related to cluster evolution and merging rates, as
suggested by Roos (1981), or is it determined by the exhaustion of fuel
supplies for individual massive black holes in singly evolving galaxies? The
spectroscopic calibration of our photometric distance estimates could also
show whether the radio galaxy phenomenon at z > 0.5 is still uniquely
related to the giant elliptical class of stellar systems or whether the parent
population is larger, distributed over a greater range of galaxy types and
absolute magnitudes.

A new phase in the exploration of active galaxy populations has begun
with well matched capabilities in optical and radio astronomy. The spec-
tacular energetics of the individual radio galaxies and quasars and the
equally striking evolution in their population characteristics spur vigorous
exploration of this fascinating domain in astrophysical cosmology.
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DISCUSSION

Swarup

Do the present radic data indicate any significant support for a redshift
cut-off at about 4 ot 3 in the evolution function of the radio luminosity function?

Van peR LAAN

Yes they do. At 5 GHz the fraction of flat-specttum soutces decreases
rapidly with decreasing fhux density, This is likely due to a cut-off in the quasar
population at high Iuminosity and high z.  The luminosity function and the
spectral index distribution are not well enough known yet to locate the cut-off in
the (P, z) plane,

REEs

The z-dependence of radio source populations depends, ohviously, both on
the z-dependence of the central power supply in active nuclei, and also on the
way in which the gasecous environment depends on epoch. I wonder if you
could comment on this in relation to the different evolution between flat and
steep-spectium sources and differences between the inferred radio evolution and
the optical evolution that Maarten Schmidt described. Regarding tbe extended
sources I would like to emphasize that we do not yet know how the external
gas density depends on redshift. If the gas were homogeneous, its density would
have gone roughly as (1 -+ 2)%; but the gas has gradually been condensing into
cluster and galactic halos, so the relevant density of the gas now (in clusters,
etc.) may actually be higher than the gas density anywhere in the intergalactic
medium at z = 2,

VAN pErR LAAN

The evolution in proper density is so dramatic that one suspects the engine’s
fuelling rate to be the prime epoch-dependent process. This in turn must depend
on the state of galaxy evolution, e.g., merging rates in clusters and groups. For
{lat-spectrum sources the issue is further obscured hy the relative case with
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which the radio waves are absorbed in the central regions of a galaxy. As for
the direct circumgalactic gas density, I agree that it is likely to be much more
complex than a simple {I -+ z)* scheme.

Loncair

I believe that the answers to Martin Rees’ questions will be found by
observation rather than by theory. Present understanding of radio galaxies,
quasars and active nuclei is not yet at a stage at which any definite statement
can be made about the relation between evolution of different types of objects
with cosmological epoch. The hope is that, by utilizing all of the observing
facilities which are becoming available, we will be able to determine the relation
between the optical, radio and X-ray properties. For example, we would like
to know the envitonment for different classes of objects, Is the gas responsible
for the confinement of the extended sources intergalactic gas in clusters, as it
is associated with the giant elliptical galaxy itself? What are the clustering
properties of galaxies about different types of active nuclei? I believe that
within the next ten years we will be able to obtain pood answers from observation
to many such important guestions.



SOME ASPECTS OF THE COSMOLOGICAL
EVOLUTION OF EXTRAGALACTIC
RADIO SOURCES

M.S. LONGAIR

Royal Observatory
Blackford Hili, Edinburgh

I will mention briefly four topics on recent data and interpretation
related to the cosmological evolution of extragalactic radio soutces which
complement the comprehensive review by Professor van der Laan.

1 - Tue IpenrtiricaTion or 3CR Rapio Sources

For many years, several of us have been concentrating upon the
identification of complete samples of bright radio sources. [ will comment
in particular on the sources in the 3CR catalogue, which includes the bright-
est sources in the sky at the low radio frequency of 178 MHz. Much
attention has been devoted to a “complete” sub-sample of about 166
sources which lic in regions away from the Galactic plane and at declinations
§ = 10°. Specifically, the sclection criteria were Sis = 10 Jy, | 5] 2 10°
Identification for most of these sources have been claimed (e.g. Laing et 4l.
1978, Gunn ef 4f. 1981) but there has remained some uncertainty about
the reliability of these identifications, because many of them are extended
without the presence of a central radio-core coincident with the proposed
identification.

This question has been addressed in a recent analysis by Robert Laing,
Julia Riley and myself (1982) for the radio sources in the “166” 3CR
sample. Part of that analysis involves a discussion of the actual complete-
ness of the sample. As is expected the sample misses some sources of large
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angular size and confusion can result in the inclusion of sources which in
fact have flux densities less than 10 Jy. In the original definition of the
166 sample by Riley, Jenkins and Longair (see Jenkins, Pooley and Riley
1977) each source had heen scrutinised using data available in 1976. An
improved analysis is included in the above paper resulting in a revised
sample of 173 sources.

Qur analysis of the reliahility of the identifications was performed in
three stages. First, all compact sources, 0 < 2 arcsec, can be identified
which possess a compact radio-core coincident with an optical object within
tions coincide within about 1 arcsec. In addition, all extended sources,
which possess a compact raido-core coincident with an optical ohject within
1 arcsec, are certain identifications. Second, we have investigated the
reliability of those identifications with radio sources with extended radio
structure, Those of Fanaroff-Riley class I sources are all with bright
galaxies, V < 19, and are certain because of the presence of a radio-core
or because of the presence of strong emission lines in the optical spectrum
of the galaxy, Third, we have discussed those identifications with extended
double radio structure. As a first step, we have noted the location of the
identification with respect to the outer hot spots of the doubles for all
those certain identifications with V << 19 in which there is a radio-core.
This distribution is shown in Figure la in which it can be seen that
generally the identification does not lie precisely at the centre of the double
structure but can be significantly displaced both along and perpendicular
to the axis of the source. However, in all but three cases, the identifications
lie within a circle of radius 0.2 times the angular separation 0 of the outer
radio peaks which is shown on the diagram, The same diagram has been
plotted for all those double sources with V < 19 which do not possess a
radio-core (Figure 1b) and it can be seen that all lie within the 0.2 ¢ circle.
Finally, in Figure 1c the same criterion has been applied to all the identifica-
tions with faint objects, all of which ate faint galaxies with V > 19 and
which do not possess radio-cores. It can be seen that most of the faint
identifications lie within the circle and in only a few cases is the identifica-
tion likely to be wrong (c.g. 3C68.2,437). A statistical analysis of the
probability of galaxies falling at random within the 0.2 8 circle for all
sources indicates that at most about 1 identification could be due to chance.
Of the 173 sources in the revised sample at most 3.5% are unidentified.

Thus, we have considerable confidence in even the faintest identifica-
tions which have been proposed. The importance of this result is that the
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anomalies of the steep source counts, which lead to the inference of strong
cosmological evolution, are associated with identified radio sources, about
25.4% of them with quasars and 71.1% with radio galaxies.

2 - THE V/Vie TesT ror 3CR RADIO GALAXIES AND QUASARS

Using these data, we have performed a standard V/Vwas analysis of
the spatial distribution of radio galaxies and quasars in the 3CR sample.
A sample of these results is shown in Table 1. It can be seen that those
radio galaxies and quasars which are powerful radio sources (Pis > 10%
W Hz"' sr') exhibit strong cosmological evolution in the sense that they
have values of V/Vue significantly greater than the mean value of 0.5
expected for a uniform distribution. It is noteworthy that the evolution
exhibited by the powerful radio galaxies is as marked as that of the quasars,
These data provide important constraints on the cosmological evolution
of the radio source population.

3 . MopeLs ror THE Evorurion or THE Rapio Sourcre PoruLarion —
A Cur-orF AT LarceE REDSHIFTS?

Professor van der Laan has already described the recent computations
of Peacock and Gull (1981) which attempt to model the evolution of the
radio source population in such a way that all the relevant data are given
equal weight in determining the form of the evolution function. The
procedure involves an iterative ¥* procedure in which the evolution func-
tion is expressed as a truncated power series in luminosity and redshift for
both steep and flat-spectrum sousces independently. This procedure is very
expensive in computer time but results in best-fit models for the evolution
function consistent with all existing data. I find most instructive their
Figure 9 which is reproduced here as Figure 2. These diagtams show the
evolution function as contouss in the radio luminosity-redshift plane (L-Z
plane) for steep and {lat-specttum radio sources. If there were no evolution
of the radio source population, these diagrams would show the value of
unity throughout the L-Z plane. The contours indicate the excess numbers
of sources per unit comoving volume necessary to explain a very wide range
of data on the soutce counts at high and low frequencies and identification
and redshift data. The four models are for two values of ge (0.5 and 0)
with and without a cut-off in the distribution of sources at redshift z = 5.
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TaBLE 1 - Mean values of V/Vue for sources baving Sps 2 10 [y, no
optical limit.

{a) Sources with known redshifts

Prrg (WHz —1 s 1) Optical type b <VIV > o D
< 108 Gralaxy 19 0.508 0,066 0.12
1035 — 102 Galaxy 21 0.498 0.063 0.04
107 - 1077 Galaxy 32 0.599 0051 15
Quasar 4 0.682 - -

10% - 10% Galaxy 47 0,721 0.042 3.3
Quasar 22 0.631 0.062 2.1

> 108 Galaxy 4 0.610 — e
Quasar 18 0.740 0.068 3.5
< 10%% Gajaxy 40 0.503 0.046 0.06

> 102 Galaxy 83 0.669 0.032 5.3
Quasat 44 0.680 0.044 4.1

All Sources 127 0.673 0.026 6.7

{b) All radio galaxies with Ppy 2 10% W Ifz-! sr-! with varicus assumed redshifts for
those faint identifications for which no redshift has been measured.

Assumed redshift <V/V > T D
0.2 0.656 0.031 5.03
0.5 0.669 0.031 545
1.0 0.683 0.031 5,90
2.0 0.696 0.031 6.32

7 is the standard error of the gquoted mean values of V/V ., ¢ = (120)-12, and D is the
difference of < V/V,,.. > from the mean value of 0.5 measured in units of o.
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Each model was run with different power series expansions in luminosity
and redshift and so, in each case, an estimate could be made of the stability
of the best-fit models to statistical uncertainties in the input data. They
worlced out for each model the contour in the evolution plane at which
the range of values of the evolution function varied by a factor of 10. These
contours are shown in Figure 2 by dashed lines and outs'de these regions
the models are poorly constrained by the present data,

Within the dashed contours all the models show strong cosmological
evolution, the most marked evolutionary effects being associated with the
most powerful sources. It is noteworthy that both the steep and flat
spectrum sources show similar strong evolution.,

One interesting question which can be addressed by such an analysis
is whether there is any evidence for a cut-off in the distribution of radio
sources at large redshifts, There is some evidence for such a cut-off in the
distribution of optically selected quasats (see the presentation by Professor
Schmidt) and it is important to find out if such a cut-off is also present for
radio selected objects.

At present, no definite answer can be given from the radio data hut
there are some suggestive trends in the models shown in Figure 2. It can
be seen that, in those models with cut-offs at z- = 5 {models 2 and 4), the
contours do not show any evidence of a cut-off, since that has already been
built into the model. However, in models 1 and 3, which do not have a
cut-off buiit in, there is some evidence for the distribution of sources flat-
tening out or even decreasing at redshifts greater than 2. This is particular-
ly marked for the flat spectrum sources. This is somewhat suggestive of
the necessity of a cut-off in the distribution of radio sources at redshifts
z~3to5.

Further data on the identification and redshift content of larger samples
of sources at lower flux densities at all frequencies should help clucidate
this problem.

4 - Ture ErrFecTs oF GRAVITATIONAL LENSES ON THE QBSERVED Dis-
TRIBUTION OF RADIO SOURCES

My last remark concerns the possibility that gravitational lensing might
be partly responsible for the anomalies observed in the source counts and
V/Vmax tests. A detailed analysis of these effects in so far as they affect
the source counts has been made by Peacock (1982). His results are based
upon 4 realistic model for the distribution of masses in galaxies and clusters
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from which the distribution of expected amplification factors for sources
at large redshifts due to gravitational lensing can be calculated. Objects at
large redshifts can have their flux densities enhanced by 10 to 20% relative
to a homogeneous universe but flux conservation implies that de-amplifica-
tion is as common as amplification. The effects upon the source counts
and redshift data were found to be small and certainly not large enough
to account for the anomalies of the source counts or V/ Vi test. The basic
point is that the slope of the source counts is not sufficiently large for
intrinsically rare lensing events of large amplitude to corrupt the source
counts.
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DISCUSSION

OsTRIKER

I would like to report on work with a Princeton graduaze student, Mario
Vietri, concerning the effect of gravitational lenses on the apparent distribution
of quasars. We include both minilenses (stars) and extended lenses {galaxies
and clusters) and find that the effect of extended lenses is always small, but
minilenses can affect the bright end of the luminosity function somewhat if the
dark matter is in this form rather than smoothly distributed as it would be if
it weze in the form of neutrinos,



ON EVOLUTIONARY MODELS
OF RADIO SOURCES

G. SWARUP
Tata Institute of Fundawiental Research, Radio Astronomy Centre,
Ootacamund
C.R. SUBRAHMANYA and VX. KAPAHI

Tata Institnie of Fundamenial Rescarch, Radio Astronomy Centre,
Bangalore

Tt is well known that evolutionary effects in the properties of extra-
galactic radio sources dominate the geometrical effects of reasonable world
models. We shall comment here on two aspects of the evolution of radio
sources, viz. the use of optical identification data to constrain possible
changes in the radio luminosity function with epoch and the evidence for
evolution in the linear sizes of double radio sources. The physical nature
of the evolutionary effects is still very poorly understood and will not be
dealt with here.

1 - PERCENTAGE IDENTIFICATIONS

The observed radio source counts can be explained by a vatiety of
evolutionary models for the change in radio luminosity function (RLF)
with epoch {e.g. Wall, Pearson and Longair 1980; henceforth referred to
as WPL). The main problem is that little is known about the redshifts of
sources at intermediate and low flux densities. In the absence of such
information one can use the statistics of optical identifications in order to
restrice the range of possible evolutionary schemes. One such attempt was
made by WPL by comparing the predicted model redshift distribution with
the fraction of soutces estimated from deep optical identifications to have
7 < 0.6 in the 5C source surveys. The results indicated that one particular
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model (model 5 of WPL, in which the luminosity above which evolution
becomes important increases with z) may be untenable because it predicts
~ 48% of the sources to have z < 0.6 compared to the estimated value
of ~ 18 percent (*).

The statistics of optical identifications at the limit of the Palomar Sky
Survey (PSS) have been investigated recently by Swarup, Subrahmanya and
Venkatakrishna (1982) over a wide range in flux density (S) from the
available information on the 3CR survey {Smith, Spinrad and Smith 1976),
the Bologna samples {Grueff and Vigotti 1972, 1973), the Ooty occultation
lists (Joshi and Singal 1980, and references therein) and the 5C samples
(Richter 1975, Perryman 1979). The observed percentage identification
(PI), restricted to galaxies alone, is plotted in Figure 1, from which it is
seen that PI(S) decreases from about 60% at Sus > 15 Jy to ~ 15% at
the 1 Jy level and to only about 10% at the 5C level of ~ 25 m]y. The
predicted PI(S} relations for the models 4a, 4b and 5 of WPL are also
shown in the figure. Rather than using a standard absolute magnitude for
all radio galaxies, the available information on the local bivariate optical-
radio luminosity function (Auriemma ef of, 1977; Meler et al, 1979), has
been made use of in calculating the expected PI(S).

Model 5 is clearly seen to be untenable from Figure 1 because its
predictions lic well above the observations throughout the range of §
considered. TFurthermore, the predictions of models 4a and 4b provide a
reasonable fit to the observations down to Sws ~ 0.5 Jy, but lie considerably
above ‘the observed points at the 5C flux densities, Tt is important to note
here that, for Sws < 0.1 Jy, the optically identified sources on PSS
(z < 0.5) must have Pus << 10® W Hz! sr™'. Since models 4a and 4b of
WPL require that no evolution be present for sources of such low
luminosity it is clear that the observed PI values on the PSS at the 5C
level cannot further constrain the choice of evolutionary schemes. The dis-
crepancy between the observed and predicted values of PI at these flux
levels is more likely to arise from an uncertainty in the local luminosity
function (LLF) at low values of P.

The observed LLF for ellipticals (Auriemma et af. 1977) of
Pas < 10 W Hz' sr™" and for spirals and irregulars (Cameron 1971) is

* Tt may be noted that in an earlier paper Wail, Pearson and Longair (1977) estimated
that model 5 predicts about 289 of the sources to have z < 0.6, However, the predicted
z-distribution for Sy > 10 mJy plotted in their Figure 4 (and reproduced in Longair 1978a,
1578b) appears to be incortect.
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PI (s),%

0.01 0.4 1 10
S (408 MHz), Jy

Fig. 1. Percentage of sources identified with galaxies on the Palomar Sky Survey as a function
of flux density. The curves show the predictions of WI'L models.

shown schematically in Figure 2 together with the total LLF used in the
WPL models. There seems to be considerable uncertainty in the LLF in
the range of about 10% to 10* W I1z™! sr™" because it is unclear whether
or not the spirals make a significant contribution to the total luminosity
function in this range of P. At the 5C flux level of ~ 25 mJy a substantial
contribution to the optically identified sources comes from the above range
of P. If the contribution of spirals at these luminosities is assumed to be
small compared to that of ellipticals, unlike the assumption implicit in the
total LLF of WPL, the predicted PI at the 5C level can be made to agree
with the observations in all the WPL models. A revision in the LLF would
of course necessitate a reoptimization of the model parametess in order to
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Fre. 2, The local luminosity function (Mpe=3) for A log P = 0.5, Hy = 50 km sec—! Mpe-!,

fit the counts at all flux levels (Swarup ef 2. 1982). A better determination
of the LLF at low luminosities is therefore of considerable importance.
Recently, Peacock and Gull {1981; henceforth referred to as PG)
have proposed new evolutionary models to explain the source counts at
different radio frequencies hy treating the “flat” and “steep-spectrum”
sources separately and by incorporating a cotrelation between Iuminosity
and spectral index for the steep spectrum sources. In these models the
RLF is expressed as the exponential of a power series expansion in log P
and log (I + z). The total LLF at 408 MHz in the PG models (dominated
by steep spectrum sources), shown in Figure 2, implies an even higher
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space density of sources of low luminosity than the WPL models. These
models may therefore be expected to predict even larger values of PI at
the 5C level. In actual fact they predict approximately the correct PI, The
reason for this fit is that the models introduce negative evolution with
epoch in the space density of steep spectrum sources with Pis < 10%
W Hz™' se™h. At Puws = 10%° W Hz"' st™', for instance, the density of
sources in the PG models at z = 0.25 is about 2 to 5 times smaller than
the local density (z = 0), and at z = 0.5 it is about 10 to a few hundred
times smaller. Little physical significance can, however, be attached to the
implied negative evolution in the absence of any observed evidence to this
effect. It seems rather to be an artefact of the procedure adopted in the
models of expressing the RLF as a free series expansion. The PG models
in their present form are, therefore, unlikely to be very usefu! in predicting
the statistical properties of radio sources at very low flux density levels.

2 - ANGULAR SIZE - Frux DensIty RELATION

The observed relation between the median angular sizes (8.) of radio
soutces as a function of flux density has generally been interpreted to mean
that the linear sizes of radio sources were statistically smaller at earlier
epochs. If the linear sizes are assumed to be proportional to {1 + 2)7",
values of # between 1 and 2 appear to be required (e.g. Kapahi 1975;
Katgert 1977; Subrahmanya 1977). This interpretation has been question-
ed recently by Downes, Longair and Perryman (1981} who have used the
observed properties of sources in the 3CR strong source sample to predict
the & distributions at lower flux densities by taking into account the change
in RLF implied by the WPL models. They conclude that no single value
of the evolution parameter # in any of the WPL models gives a reasonable
fit to the observed 8. (8) telation over the range of S covered. Similar
predictions from the 3CR sample using the WPL models made by Kapahi
and Subrahmanya (1982) indicate, however, that the observed 8 distribu-
tions throughout the observed range of flux density can be adequately
explained by the inclusion of size evolution with # in the range of 1 to 1.5
for models 4a and 4b and 7 ~ 3.5 for model 5 (see Figure 3). The required
evolution is rather strong in model 5 and may provide additional evidence
against this model.

It has also been pointed out by Downes et al. (1981) that the observed
values of 8. at the 5C levels could be low because the weaker sources
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may be similar to those observed in high frequency surveys rather than to
3CR sources; an appreciably larger fraction of the steep spectrum sources
in high frequency surveys is known to be unresolved as compared to the
3CR sample in which such sources may be underrepresented due to spectral
curvature at low frequencies. Recently Downes (1982) has used a parent
sample of strong sources selected at 2.7 GHz {Peacock and Wall 1981) and
the evolving RLF of PG models to conclude that size evolution may not be
required to explain the 8. at 5C level in a go = 0 universe. The predicted
values of 0w in such a scheme appear, however, to be considerably smaller
than observed at high flux densities (Sus = 3 Jy). A possible explanation
that needs investigation is that extended sources whose spectra steepen
at high frequencies may not be adequately represented in the 2,7 GHz
sample. A substantial fraction of the extended sources in the 3CR sample
are indeed known to show a steepening in their spectra at high frequencies
{Laing and Peacock 1980).
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DISCUSSION

LoNGamr

Ann Downes, Mike Perryman, John Fielden, Jesemy Allington-Smith and 1
have been wotking on the angular-diameter flux-density relation for radio
galaxies and quasars down to the 5C level, e, about a factor of 100 fainter
than the bright 3CR samples. My own view is that the question of the form
of the angular-diameter redshift relation is a bonus which may come out of our
studies of the physical nature of the radio sources selected at faint flux densities.
For example, we regard it as an essential {irst step to find out if the types of
sources, their identifications and their relative proportions are what one would
expect from high flux densities.

When we try to fit the angular-size flux density relation, we find that,
using the recent evolutionary models of Peacock and Gull, we may or may not
require evolution of the physical sizes of the sources with cosmic epoch. One
fact which we have established, and which slightly complicates the picture, is
that we are finding numerous compact steep-spectrum sources in our faint low-
frequency samples. A strong possibility is that these are really compact high
frequency sources which are being redshifted into our sample, This means that
it is dangerous to build models for the angular-diameter flux-density relation
which do not include the high frequency as well as the low frequency populations.
My view is that the question is unsettled as to whether or not physical size
evolution of radio sources is necessary to explain the observations.
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PRIMORDIAL NUCLEQSYNTHESIS
AND ITS CONSEQUENCES

JEAN AUDOUZE

Institut  d'Astrophysigue du CNRS
Paris

ABSTRACT

The purpose of this review is to show that the light element (D, *Ie,
‘He and "Li) abundances are among the most powerful tools to decipher
the physical conditions of the early universe.

The most recent data especially those concerning the D, *He and "Li
abundances are first reviewed. Then a brief summary of the nucleo-
synthetic properties of the Big Bang models, especially the most classica
one called also the “canonical” Big Bang model, is presented. The main
consequences of this primordial nucleosynthesis are underlined. They
concern:

1 - The determination of the present density of the universe and,
therefore, its overall evolution (either an everlasting expansion or a pos-
sible succession of expansion and contraction phases).

2 - The relative density of baryons with respect to that of photons.
The resulting value of this parameter constitutes a very strong argument
against a “symmetric” universe (where the antimatter density would be
comparable to that of matter) and can be easily explained by theories where
the basic interactions (strong or nuclear, electromagnetic and weak inter-
actions) are unified.

3 - The speed of the initial expansion which is mainly related to the
number of existing families of neutrinos.

The primordial nucleosynthesis acts as a significant constraint on the
Big Bang models and therefore on the cosmology of the early universe. It

26
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constrains also different aspects of particle physics, like the possible non
zero mass of the neutrinos, the number of separate lepton families and
the lifetime of the neutron.

A few remarks on the use of the light elements to probe some aspects
of the chemical evolution of the galaxies are presented before the conclusion
which stresses again the importance of these light elements in astrophysics
and cosmology.

1 - INTRODUCTION

Among the tools which help cosmologists to decipher the early history
of the universe the primordial aucleosynthesis and its by-products (D, *He,
“He and Li) are certainly among the simplest and possihly the most ef-
fective ones. It is indeed well known that the Big Bang theories explain
in a rather natural and straight forward way the formation and the observed
abundances of these light elements. The purpose of this contribution is to
review the present status of these questions and to outline some of the
consequences both for astrophysics and particle physics. The primordial
nucleosynthesis and a thorough study of its by-products and their relevant
abundances allow us to draw very useful conclusions:

() on some cosmological parameters like the present density of the
universe and the future of the overall expansion of the universe. Will the
universe expand for ever (open universe) or will it contract in the future
{closed universe)?

(i) on the history of galaxies taking into account the evolution with
time of the light element abundances;

(iii) on some aspects of particle physics like the number of existing
lepton families, the hypothetical mass of neutrinos, etc.

Due to its importance this topic has been reviewed often in the
literature. Among the many references which review the primordial nucleo-
synthesis I draw the attention of the reader to those of Wagoner (1980),
Austin (1981) and Audouze (1981) and references therein.

Section 2 reviews the present obsetvations concerning the abundances
of the relevant elements (D, *He, ‘He and “Li) by emphasizing the most
recent and intriguing data, Section 3 is devoted to a very brief account of
the Big Bang nucleosynthesis, Section 4 analyzes the cosmological and
particle physics constraints which can be set from the primordial nucleo-
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synthesis. Section 5 contains a few remarks on the implications of this
nucleosynthesis on the current models of chemical evolution of galaxies.
Finally our conclusions are presented in section 6. At the end of my oral
presentation M. Rees inquired about the “heretical” views regarding that
type of nucleosynthesis. A few remarks on the “heresy” complete this
contribution.

2 - THE ABUNDANCE OF THE “PRIMORDIAL” ELEMENTS

2.1 - The deuterium abundances

At the beginning of the seventies the only available deuterium
abundance was that deduced from the analysis of the deuterated water
content in terrestrial and some meteoric samples (D/H = — 1.6 107* ac-
cording to Boato 1954).

Today there is a large body of data concerning the D abundances not
only in the solar system but also in the interstellar medium throughout
the galactic disk. This is due to the efforts of radio astronomers, especially
Penzias and his associates, who analyzed the relative abundances of the
interstellar deuterated molecules, and the guest investigators of the Coper-
nicus missions, including Vidal-Madjar, Laurent, York, Rogerson, Duptee
and others, who analyzed thoroughly the D/H abundance for different
lines of sight in the nearby interstellar medium. Table 1, which is ex-
tracted from a compilation made by Geiss and Reeves (1981), provides
a list of the available D abundances in the solar system. Although there
are large variations among the various determinations, I would presently
agrec with the conclusion of Geiss and Reeves (1981) that the large en-
richments in the D abundances, especially those observed in some carbo-
naceous chondrites by Robert e al. (1979), are due to the effect of chemical
reactions at low temperatures. Therefore I adopt:

(D/IH) sol syst — 231 10_5

Concerning the interstellar medium there are two sets of information:

4) One coming from the observation of deuterated molecules in
molecular clouds {Table 2). These observations seem to show that the
ratio between deuterated against hydrogenic molecules decreases when
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TanrLe 1

- Deuterium abundances in the solar system.

Earth

Jupiter

Saturn

Uranus

Meteorites

Solar winds

1.6 104
23 £ 1.1 1073
5.1 =07 10+

+ 1.6
28 10~5
—05

5.9+ 2.3 10-%
6.6 £ 1.5 105

14 10-* 8 104

2x110°°

Boato 1954
Combes et al. 1978

Trauger e af. 1977

Kunbe er af. 1981

Macy ¢t al. 1978
Macy et al. 1978

Boato 1954
Kolodny ef af. 1980
Robert et 4l 1979

Geiss et Reeves 1972

This compilation is extracted from the paper of Geiss and Reeves (1981).

TABLE 2 - Relative abundances of deuterated molecules in the Galaxy.

Source Radius DCN/HCN DCO+/HCO+ NH,D/
{kpe) NH,

Sgr A 0 104 {(=3)

Sar B 0.1 § £5 (—4) 4 =3 (—4) 1.7 (-2}

W33 5.7 23 £ 04 (—3)

W 51 7.6 1.8 07 (-3)

M 17 8.0 1.8 0.6 (—3) 7 %3 (—4)

DR 21 {OH) 9.9 29412 (-3

DR 21 99 12 +£03 (-3) 53 £035 (—3)

O A 109 29+ 06 (~3) 17 +06 (—3} 50(—2)
6.8 £ 06 (—3)

NGC 2264 1.1 1.02+007 (—2)

W3 (OH) 122 43 +09 (—3)

NGC 7538 127 46 = 1.0 {—3)

This table comes from the paper of Penzias (1981);

the measurements have been per-

formed by Penzias ¢f al, (1977), Penzias (1979) and Turner ¢f al. (1978).
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one goes from external to internal regions of the galaxy. This effect has
tWO consequences:

(i) Such a gradient would be an argument in favour of a pre-
galactic origin of D (Ostriker and Tinsley 1975},

(if) Since in the galactic center much more matter cycles into stars,
which should destroy D, the presence of this fragile nuclear species in
such an unfavourable environment is quite significant. In section 5 we
will attempt to interpret the presence of D in the galactic center (Audouze
et al. 1976).

b) The observation of the D line in the UV at 918 A. Fig. 1 (from
the work of Laurent et 4. 1979) displays the data obtained by Laurent,
Rogerson, Vidal-Madjar and York on one band and by Dupree and as-
sociates on the other hand. There are two points which can be argued
from such a diagram:

(I) A Value Of (D/I_I) interstellar == (15 + 0.5) 105 agrees (Withiﬂ
the error bars) with all the data gathered by the Princeton and the
Laboratoire de Physique Stellaire et Planétaire groups.

(i) The uncertainty on D/H obviously grows when one adds the
two determinations coming from the Harvard group. We devoted two
works (Vidal-Madjar et al. 1978 and Bruston et al. 1981} in an attempt
to propose reasonahle physical processes explaining such a dispersion be-
tween the D/H abundance observed in the direction of & Aur and & Cen A.
Two processes have been advocated: first that the radiation pressure
mechanism acts on D and not on H because of the saturation of the Ly-
man H lines; and secondly that there exist some molecular fractionation
cffects due to an easier dissociation of the DH molecule compared to the
H: one. A combination of these two effects might explain some depletion
of the D/H ratio observed in the galactic center direction and the cox-
responding enrichment in the & Aur line of sight.

To conclude this survey of the present situstion regarding D, we
would still favour a solar system D/H = {2 £ 1) 107° and an interstellar
{in the solar necighbourhood) D/H = (1.5 £ 0.5) 107°, Nevertheless the
reader should note the very large dispersions both for the solar system
and the interstellar abundances. To complete this review, one should note
the interesting upper limit on the D/H abundance in the Canopus (a giant
star) atmosphere which is said not to have suffered much D depletion.
As determined by Peimbert e# «f. (1982) D/H < 9 10°°.
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2.2 - The *He abundances

The situation is much simpler because of the scarce data avaiiable.
I will repeat only what I wrote in Audouze (1981): A combination of the
solar wind data (Geiss and Reeves 1972), the *He determination in gas
rich meteorites (Black 1972) and the present upper limit for the inter-
stellar *He (Rood e al. 1979) lead to (*He/H) primoraiat = (1.5 &= 0.5) 107,

2.3 - The 'Li abundances

In the spring of 1981 when I wrote my previous review on the topic
the situation regarding this nuclear species was quite simple. At that time
the primordial "Li/H abundance was assumed to be about 10°*. This
conclusion was reached by using the solar system and interstellar medium
data (Table 3). Very recently duting this summer M. Spite and F. Spite
(1981) released a quite exciting new set of Li abundances determined for
five population 1T dwarf stars:

TABLE 3 - “Primordial” abundances of the light elements.

2]

“Canonical value’ Remarks

(1) 3 10-¢ < D/H < 3 10-5 if Dupree e/ al.

{1977) can be applied to deduce the present
D/ (2 & 0.5) 10-5 intersteliar D/H ratio,

{2} a {D/H)im value of ~35 10~¢ might be favour-

ed by Vidal-Madjar e 4. (1981) and Vidal-

Madjar (1981).

3le/H 1w 2 105 ~ 510-5

He/H 022 <Y <0245

(Li/Hpim can be ~ 10-19 if one shows that the
Ty/H 10-° population TI stass studied by Spite and Spite
{(1981) have not destroyed their surface Li
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HD 19445 (Li/H ~ 107
HD 76932 (Li/H ~ 910"
HD 134169 (Li/H ~ 1.6 107
HD 140283 (Li/H ~ 1.1 1071
HD 201891 (Li/H ~ 8 107,

These authors have used the coudé spectrograph of the CFH telescope
with a rETICON detector. Their analysis shows that contrary to old disk
stars, these halo dwarf stars do not exhibit any significant Li/H variation
over a large range of effective temperatures. Moreover their Li/H abun-
dance (Li/H ~ 107") is comparahle to that of the F type dwarf stars (ten
times mote than that of the Sun). It is of course necessary to check the
hypothesis that the superficial Li observed in these stars has not been
depleted hy thermonuclear reactions occurring in inner regions of these
stars, It would he tempting at present to guess from this exciting data
that this hypothesis is correct and thercfore that (Li/H) prmordiat ~ 107
while the (Li/H) abundance at the formation of the solar system and in the
present nearby interstellar medium is about 107, The consequences of
such a guess are discussed in section 5.

2.4 - The *He abundances

A tremendous amount of observational and theoretical work has been
devoted to an attempt to determine the *He ahundance in many different
astrophysical sites (Sun and solar system, old stars, ionized regions of the
interstellar medium, other galaxies, etc.). In this contribution it is not pos-
sible to mention all of them. The reader is referred to Kunth (1981) for
a recent and complete account of this subject.

2.4.1. - *He abundances in the Sun and the solar sysiem

Because of its well known volatility the “He abundance cannot be
measured in the telluric planets and in the meteorites. In the case of the
Sun, this abundance can be determined in three different ways:

(i) the use of theoretical solar models;

(ii} the direct measurements of the He content in the solar wind
and the solar cosmic rays;

(i) the analysis of the Ile emission lines.
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The two first techniques are not free from difficulties arising from
the low values of the solar neutrino fluxes and the occurrence of acceleration
processes which affect the solar wind and cosmic ray composition. From
the emission lines, Y s = 0.21 4 0.03.

Using the infrared spectrograph 1r1s faunched by the Voyager mission,
Gautier et al. (1981) have determined the helium content in the Jupiter
atmosphere. Irom a fit of the infrared spectrogram between 280 and
600 cm™' and a comparison between a thermal profile and the IR spectra
these authors found that 0.15 < Y swpier € 0.25. A similar study of the
He abundance at the surface of Saturn is presently in progress.

2.4.2 - 'He abundances in stars

There is a farge spread in the stellar He abundance: 0.24 <Y < 0,30
at the surface of population I stars. For population II stars, I mention
the work of Carney (1979) who found Y pepn = 0.19 % 0.04 (see Kunth
1981 for more references and discussion).

2.4.3 - The helium abundance in the galactic interstellar medium

Among many determinations and/or analyses of the helium content
in the interstellar medium one can quote the upper fimit coming from the
planetary nebulae (Thum ez 4l. 1980) and the He abundance deduced from
the radio recombination lines H 109 « and He 109 « : Y = 0.22 + (.02
(Thum 1980).

2.4.4 - The blue compact or “lazy” galaxies

A class of galaxies Wwhich are blue, have low luminosity and mass
and are compact has been thoroughly studied by many authors including
Lequeux et al. (1979), Kunth and Sargent (1979, 1982) and Xunth (1981).
Because these galaxies have a large gas content and are blue, it is assumed
that they are just beginning to process gas into stars. These authors argue
that one can deduce from their analysis the primordial helium content by
extrapolating the Y (Z) relationship up to Y, (Z = 0).

From their sample Lequeux ef 4. (1979) found:

Y = 0233 £ 0.005 4+ (1.73 = 0.90) Z
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Fic. 2. Compendium of the available Y determinations versus the Oxygen/Hydrogen ratio
determined in different blue compact galaxies and drawn up by Kunth (1981). This figure
clearly shows the lack of cotrelation between Y and the O/H ratio.

The most extensive analysis is the one of Kunth (1981) who found that
Y, < 0.245 without any significant correlation between Y and Z (sec
Figure 2) contrary to previous investigations such as Peimbert (1974) and
Lequeux et al. (1979). Moteover this work concludes that no galaxy may
have a He content lower than Y = 0.20. This contradicts the analysis of
I Zw 18 published recently by French (1980) which is not supported by
other He determinations for the same galaxy. My own view on the Kunth
(1981) analysis is that:

0.22 g Y prim g 0.245 f
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2.5 - Conclusion

The available abundances which are relevant to the analysis of the
primordial nucleosynthesis and which, therefore, can be used as probes
of any cosmological model are presented in Table 3. It is hoped that further
work will fix more accurately the primordial abundance of D, *He and "Li.

3 - Tur Bic BANG NUCLEOSYNTHESIS

This question has already been reviewed in several papers (Wagoner
1980 and Audouze 1981). I mention first assumptions which are made
in the Big Bang models and then 1 review the principal features of the
primotdial nucleosynthesis.

If the birth of the universe is described by a Big Bang model one
assumes that during its early phases the universe was very hot (T > 10" K)
and dense {above 10" g cm™). One adopts also the equivalence principle
according to which the physical laws are invariant with time and with
location.

The current models of primordial nucleosynthesis such as those of
Wagoner (1973} have been constructed by using specific Big Bang frame-
works often called the “canonical” or “standard” Big Bang models.

In these models, one assumes:

1} That the early universe was homogeneous and isotropic. This
assumption known as the Cosmological Principle implies that the universe
can be described by the Robertson-Walker metric.

2) The expansion of the vniverse is correctly described by Einstein’s
theory of relativity. The expansion rate is then (1/V) {dV/dt) = (3/R)
(dR/df) = V247 G ¢ where V represents a volume element, R (£) is the
scale factor of the universe, G is the gravitational constant and ¢ is the total
density of the universe (including not only nuclei but also other forms
of matter like neutrinos). In the following discussion the actual expansion,
which could have been slower or quicker than the “frec fall” rate written
above, can be expressed as (1/V) {dV/ds) = & vV 24 n G p where £ > 1
for a rapid expansion and & < 1 for a slow expansion.

3) The universe is asymmetric, i.e. the amount of antimatter present
in the universe is negligible in comparison with the amount of matter.
This is a consequence of the observed ratio between the number of photons
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#, and the number of baryons #, obsetved in the universe #,/#, = 10°
{a symmetric universe leads to much larger ny/m » 10%),

4} The lepton number is the quantity:
e B _ L _ . ;
L = n. e R R P v, "Ry T . which ex-

presses the differences between the clectron and positron densities, the
negative and the positive muon densities and the corresponding neutrino
and antineutsino densities. This sum might have other terms if other types
of leptons are existing in nature. In the canonical Big Bang this lepton
number is assumed to be much lower than the photon density.

The primordial nucleosynthesis which forms D, *He, *He and 7L starts
only wben the temperature is low enough so that deuterium will not be
destroyed by photodisintegration reactions, ie. ¥ -+ D — p + #  This
temperature is, therefore, around 10° K (£T ~ 0.1 MeV). At such tem-
peratures the thermonuclear reaction cycle shown in Figure 3 can proceed

starting from the # + p absorption.

Ta6. 3. The nuclear reaction network used and analyzed by Wagoner (1973) in his
Big Bang models.
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The rate of this absorption reaction depends mainly on the relative
densities of neutrinos and protons at the time when &£T < 0.1 MeV, ie.
when the equilibrium (due to the # + Ve == é + pand #n + e == p + ¥
reactions) between protons and neutrinos does not hold anymore because
of the neutron decay. These relative densities between protons and
neuttons are given by:

XII/X;; = eXp - (.Mn - Mp) / ka s

where My — M, is the difference between the masses of the proton and
the neutron and Ty is the freezing temperature at which the equilibrium
recalled above stops. Trom the above relations one sees that if the ex-
pansion is rapid the equilibrium between p and # stops at higher tempera-
tures leading to higher X./X, ratios.

The baryon density during the nucleosynthesis period governs also
the reaction rates and then the relative abundances hetween the synthesized
light clements. The Big Bang models have been built up under the as-
sumption that the expansion of the universe is basically adiabatic. The
consequence is that the parameter » (called the baryon density parameter)
= py/ 19" where o is the baryon density of the universe and Ty the tem-
perature in 10° K units can be supposed to remain constant during the
whole expansion, The classical Figures 4 and 5 extracted from Wagoner
1973 show respectively the evolution of the relevant abundances with time
in the frame of a canonical Big Bang where » has been taken equal to
1.15 107% (P present = 2.8 10" g ecm™} and the final (at the end of the Big
Bang period) abundances with respect to the present density of the universe,
ey (which is proportional to b). Figure 4 shows the synthesis of D, *He,
"He and "Li from the absorption of # and the subsequent thermonuclear
reaction starting from (D, p) *He, D (D, #) *He and D (D, p) T. Figure 5
shows that the *He abundance does not depend significantly on the present
density of the univetse. As has been recalled by Yang ez 4l (1979)

2 Xu/Xp

14+ (X/Xp)
By contrast the abundances of D, *IHe and "Li depend strikingly on the
parameter b or the present density of the universe.
To conclude one can see from these figures that the quite simple Big
Bang model is able to explain the production of the light elements D, *Ie,
"He and "Li with their observed abundances (for s pesom = 3 107 g cm™).

X (*He) =
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Fi6. 4. The evolution with time {and temperature) of the primordial abundances and the
baryon density g, (dashed line) caleulated by Wagoner (1973} in the context of the cancnical
Big Bang model in which the parameter 5 (sce text) has been taken equal te 4 = 1.15 10-5.
One notices the decrease of the neutron density at Ty ~ 1 (£ ~ 3 minutes) coinciding with
the synthesis of I, T, 3He, *He, i and "Be which is completed after ¢ ~ 15 minutes.

Moreover one can distinguish already between ‘He which depends mainly
on the neutron/proton equilibrium conditions and the other nuclear species
which depend on the present density conditions.

4 . SoMmE CONSEQUENCES OF THE PRIMOQRDIAL NUCLEOSYNTHESIS

Before discussing in more detail the implications of the dependence
between primordial nucleosynthesis and some cosmologically related
parameters one can already see that this light element formation process
provides significant information on the occurrence of the Big Bang. The
simplest models are also those which account satisfactorily for the observed
abundances. Moreover these results confirm the asymmetric nature (pre-
valence of the matter over antimatter) of the universe.

4.1 - Primordial nucleosynthesis and baryon density of the universe

It has been known for some time that the DD abundance restricts the



PRIMOREDIAL NUCLEOSYNTIIESIS AND ITS CONSEQUENCES 409

h (g cm>)

i6° 19° 0° 16 10

MASS FRACTION

i
3 3 - -
10 10 150 1029 1628

2, @.7/7,) (g erd)

Tre. 5. Abundances of the light elements at the end of the primordial nucleosynthesis plotted
by Wagoner (1973) against the present density of the universe {in the context of the canonical
Big Bang model). From this very well known diagram cne can see that the calenlared
abundances are quite in agreement with the observations {Or P pesen ~ 3 1073 g cm—3
correspending to an open universe (cosmological parameter {2 = 0.04).
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range of the possible present baryon density of the universe! Figure S
shows that in the frame of the canonical Big Bang model the baryon density
should be lower than gz = 107 g cm™ in order to have Xp 2 107, This
value of the density is much lower than the critical density of the universe,
pe = 6 10" (Ho/55)° g em™ (where Ho is the Hubble constant expressed
in units of km 57" Mpc™'), above which the universe is closed. As discussed
by many authors including Reeves et al. (1973) and Gott ez al. {1974), the
observed D abundance constitutes one of the strongest arguments in favour
of an open universe expanding for ever.

Two important rematks have been proposed afterwards which
strengthen this point by using the *He and "Li abundances. As shown for
instance by Schramm (1981) the upper limit can he used to set up a lower
limit of the present density of the universe which cannot be lower than
107 g em™. A few years ago Austin and King (1977) made the very
interesting proposal that the "Li abundance which can be built up by
other nucleosynthesis processes allows one to fix an upper limit of
9 = 4107 g em™ for the present density of the universe (if one uses a
primordial 'Li/H abundance of 107). The same type of argument
can be used again if (Li/H) pumodis = 107", The upper limit is then
(31107 gem™.

4.2 - The implications of the *He nucleosynthesis

The now classical calculations of Wagoner (1973} show clearly
(Figures 6a and 6b) the effect of the speed with which the expansion oc-
curred on the nucleosynthesis by-products, Figure 6b shows how large the
effect is on the *He abundance, Yang es al. {1979) have proposed the fol-
lowing relation:

X (*He) = 0.33 4 0.02 log » + 0.38 log £

where the influence of the expansion speed parametrized by £ is obvious.

These authors have discussed several ways by which the parameter &
can be affected. There may be a change of gravity theory which is very
unlikely. There may be a departure from homogeneity and isotropy, if the

(1) In order to avoid any possible confusion onc should recall that the thermonuclear
reactfon rates depend only on the baryon density while the expansion rate depends on the
total energy density,
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T, 6a. Final abundances of the light elements with respect to the present density of the

universe calculated in the frame of the canonical Big Bang by Wagener (1973) for different

values of the parameter £ governing the speed of the expansion: & = 2 (rapid expansion);
E = 1 (dashed lines, free fall expansion) and € = 0.5 (slow expznsion).

cosmological principle does not apply. In the directions where the matter
density was larger the expansion Jeads most rapidly to bigger “He abun-
dances. Most interesting is the possibility of increasing & through the total
energy density by considering the possibility of existing new lepton
categories, i.e. an increase of the leptonic number L.

Several contributions deserve to be discussed in this respect. One
is by David and Reeves (1980) where these authors have attempted to find
out conditions where an increase of the baryonic density is still compatible

27
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Fr. 6b. Enlargement of Figure 6a to show the dependence of Y with & (from Wagoner 1973).
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with the observed abundances. We have already quoted the work of Yang
et al. {1979) where the *He abundance is used to set up a limit to the
maximum number of lepton (and thesefore neutrino) famifies. This work
has been challenged by Stecker (1980) and supplemented by Olive et al.
(1981) who have recently summarized the relationship between the “He
abundance, the number of lepton families, the actual neutron lifetime and
the ratio between the photon and the baryon density.

The contribution of David and Reeves {1980) is to show that if one
assumes very large numbers of lepton families the nucleosynthesis of the
light elements becomes compatible with a universe where the baryon
density can be much larger than in the canonical Big Bang model where
the present density of the universe is about 3 107 g cm™ corresponding to
a cosmological parameter & ~ 0.04. Figure 7 is a summary of their con-
clusions where the values of {. and . parameters [such that the €. and
{w parameters are respectively the ratios of the chemical potential (tt.) and
{t) of the electronic neutrinos and all the other neutrinos (muonic, tauic,
etc.) to theit thermal energyl, compatible with the observed ‘He abun-

~{7

Frg. 7. Sketch of the compatibility regions in the plane £, § (sec text) for the cosmological

parameter & ranging from 0.04 uvp to 0.7, These compatibility regions are defined by

comparison with the observed abundances. One can notice that if §, Increases (because of

a very large number of different lepton families) the cosmological parameter should be larger

corresponding to bigger values of the present density of the universe, but net yet to the
point of closing the universe (from David and Reeves 1980}
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dances, are exhibited with respect to the relevant values of the cosmolo-
logical parameter (. If the number of different families of neutrinos is
2,00=0—3,0=14 - 10,8 = 3.7 -- 50, ¢« = 6 and 5000 ¢, = 22.
For such a “pathological” number of different neutrino families, the present
density of the universe, compatible with the observed abundances of the
light elements, could be as large as 2/3 of the critical density.

This relationship between cosmology {defined for instance by the pre-
sent density of the universe) and particle physics {the number of different
lepton families) has also been establisbed by Yang ef al. (1979). These
authors have calculated again the abundance of the light elements in the
context of Big Bang models where they can modify the possible number
of lepton and neutrino families. An examination of Figure 8 which exhibits
tbeir calculations shows that the maximum number of lepton-neutrino

Y
E Q3 Five New : SR
2 Neutrinos = : : S
P )
02+ -
& - Nstandard N
~r Medel
01 ] ]
162 -
O
E N
g 1
0
2 i
F o
8 :
10 L L L ’
10“32 10 3 10 30 10 29

P, LT=27K} g/ cm?)

TiG. 8. Primordial abundances of “Ife and D sketched by Yang es «l {1979) with respect

to the present density of the universe by assuming only twe types of neutrinos (electronic

and muonic neuttinos, standard models: solid lines) up to 3 new neutrino families. This

figure clearly shows that there is only room for one (the tau neutrino) or two more new
neutrinos in the context of the classical Big Bang models.
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families is 3 or 4 depending on the actual value of the D/H abundance and,
therefore, the corresponding value of the present density of the universe.
Since the discovery of the third family of leptons (the tau lepton), this does
not provide much room for still unknown leptons.

At this point we mention briefly the paper by Stecker (1980) wheo
criticized the Yang et al. (1979} contribution on the grounds that the
helium abundances make the standard Big Bang model hardly valid. The
recent work of Kunth (1981) who showed that 0.23 €Y, <€ 0.25
contradicts somewhat the argument presented by Stecker who took as a
“conservative” value Y, = 0,228,

Finally let us summarize the interesting conclusions reached by Olive
et al. (1981) concerning the relations between the helium abundance Y,
the neutrino lifetime T, the ratio between the baryon density and the
photon density % and the number of neutrino (lepton) families.

The value of Y has already been discussed thoroughly. There is some
uncertainty on the actual value of % The available data are those of
Christensen et al. (1972) where Tx = 10.61 £ 0.16 min, More recently
Bondarenko ¢t al. (1978) found a quite Jower value (10.13 % 0.09). This
value is contradicted by those found respectively by Kugler e# al. (1978)
and by Bytne ef 4. {1980), 10.62 min and 10.82 = 0.20 min. It seems
that the higher value 1. = 10.6 min has more proponents than the lower
value,

Olive et al. (1981} discuss at length the possible values for the
parameter %. These values would come from the mass to light ratios de-
termined in different astrophysical systems (galaxies and clusters of
galaxies) by the dynamical techniques discussed by many contributors at
this conference. In their analysis Olive ez af. (1981) favour a lower limit
for > 2 107" coming from the dynamics of binary galaxies and small
clusters of galaxies. The most stringent lower {imit is % > 107" below
which the corresponding present density of the universe would lead to
D and *He abundances much larger than those quoted from the observations.

Figure 9 extracted from their work clearly shows that, to fulfil the
constraints Y < 0.25, t, = 10.6 min and 7 > 2 107" the maximum
number of neuttino families is 3, meaning that one should not observe
any new lepton.

If the neutrinos have a mass, Olive ¢ al. (1981) argue that there is
still a lower limit on the baryonic density coming from the D and *He
nucleosynthesis. In these conditions there is room only for about eight
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Fig, 9. Sketch drawn by Olive e &l {1981) providing the maximum number of neutrino
families for Y, < 0.25 [consistent with the Kunth {1981) conclusions] and with respect to 7
(the ratio between the number of baryons and photons) and the halflife of the neutron
(against its heta decay). The two sets of arrows cotrespond to 1 > 2 1010 (dynamics of
binary galaxies and small groups of galaxics £ ~ 0.04, solid lines and £ > 10-19, dashed
lines, lower limit of py compatible with the D and 3He nucleosynthesis).

different neutrinos. In this case the limit on the number of neutrinos is
not as stringent as in the case where they have no mass.

To conclude this section one must realize how many answers can be
given from the simple nucleosynthesis of the light clements. We are
concerned with the density of the universe, its dynamics, the presence of
new families of leptons and also the hypothetical mass of neutrinos.

5 . LIGHT ELEMENT ABUNDANCES AND EVOLUTION OF GALAXIES

I shall be brief on this topic because it is a bit outside the scope of
the conference which is concerned almost exclusively with cosmological
problems. Nevertheless [ should mention that the light elements play a
very important role in the building of models which attempt to account
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for the evolution of the galaxies”? For instance deuterium (contrary to
other elements) is destroyed and not synthesized inside stars. This is at
least partly the case for Li which can be produced only by some specific
objects like novae or some red giants. Moreover it has been generally
claimed, until the recent observations of Kunth (1981), that thete is a
correlation between the helium and the heavier element enrichment.

The specific role of these light elements in the problem of the
evolution of galaxies was first analyzed by Audouze and Tinsley (1974)
and then more recently along similar lines by Reeves and Meyer (1978).

The infall of external gas into regions whose evolution is being
discussed helps to alleviate the difficulties presented by the so-called
“simple models” (see e.g. Audouze and Tinsley 1976). In those models
where the rate of star formation is assumed to be constant with time and
proportional to the amount of available interstellar gas, where the
primordial metallicity and the stellar content is assumed to be zero and
where the stellar lifetime is neglected in comparison with the galactic
evolution time scales, the evolution of metallicity with time is much too
steep in comparison with infall models which smooth this evolution so
as to better fit the observations. The main argument presented in the
Audouze and Tinsley (1974) work is that infall of external gas is able to
replenish the interstellar medium with the observed deuterium nuclei. This
is especially true in the case of the galactic center for which Audouze ¢t 4.
(1976} show that it is necessary to advocate either such an infall or the
possible effect of strong cosmic ray fluxes to account for the presence of
this very fragile nuclear species in a region where the rate of matter cycling
into stars is extremely high.

However, I would like to call the attention of the reader to the fact
that, if the primordial "Li/H is as low as 107", there is no more need of
infall processes in order to reconcile D/H ~ 107 and "Li/H ~ 107 as
stated by Reeves and Meyer (1978). In this last case (low primordial
Li/H) it is necessary to explain the bulk of the Li/H = 107¥ observed
both in the interstellar medium, the youngest stars and the early solar
system by sources like novac explosions (as proposed for instance hy
Starrfield et al. 1978 and Vigroux and Arnould 1979). This important
point deserves to be reinvestigated again in the light of a possibly low
primordial "Li/H abundance.

(2) The reader is referred to Audouze and Tinsley (1976) for a review of the current
problems trelated to the chemical evolution of galaxies.
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Finally the lack of correlation between Y and Z means that the
effect of mass loss during normal stellar evolution should not he
overemphasized. This gives weight to models like those worked out very
recently by Maeder (1981) who improves significantly upon eatlier attempts
presented by Chiosi {1979).

6 - CONCLUSION

This contribution attempts to stress the importance of primordial
nucleosynthesis as a tool to select among different cosmological scenatios.
M. Longair in the conclusion of the Study Week has recalled again the
importance of the synthesis of 1) and *He as arguments in favour of a
universe which started its evolution by the Big Bang phases and which
should expand forever.

Oune realizes that the problem of determining the abundances of D,
‘He, ‘He and "Li is not yet fully solved. One should be able to increase
the accuracy of the determinations of the primordial abundance of D. After
the recent observations of Spite and Spite (1981) concerning "Li one should
analyse the possible depletion of 'Li in the halo stars studied by the authors.
A depletion of "Li in these stars would confirm that {('Li/H) prim = 10-°
(this situation has been already thoroughly analyzed in the past). If, as
suggested by the lack of correlation between the 7Li abundance and the
effective temperature, there is no noticeable depletion it means that
('Li/H) pom ~ 107", These findings would have two consequences:

(i) they would reinforce the open character of the universe;®

(#) they would imply that the bulk of "Li observed in the solar
system and the interstellar medium has been synthesized in novae {(or
alternatively in some red giant stars). Finally one might expect some
improvements in the *He and ‘He abundance determinations, although
the case of "He is especially difficult event for very careful and rtalented
observers, and the case of ‘He can not be easily improved upon after the
thorough analysis of Kunth (1981},

From the above survey of the Big Bang nucleosynthesis it appears
that the simplest (also called canonical) Big Bang models are the most

(*) Assuming a universe filled up with zero mass ncutrinos and a finite number of
neutrino (lepton) familics.
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successful ones to account for the synthesis of these elements. Within
these models, we are convinced of the predominance of matter (com-
pared to antimatter). If the neutrinos are not massive and if there is not
a very large number of lepton (neutrino) families, the universe should be
open. From the Olive et 4l. (1981) analysis one has a correlation between
the helium abundance Y < 0.25, the number of neutrino flavors < 4, the
lifetime of the neutron {~ 10.6 minutes) and the baryon density/photon
density ratio (> 2 107").

The primordial nucleosynthesis is one of the strongest arguments in
favour of the Big Bang cosmology. It has some very interesting conse-
quences for some aspects of particle physics (neutrino flavors and mass;
Grand Unification schemes, etc.). Finally it has some interesting conse-
quences for the chemical evolution of galaxies, including the effective role
of the infall of external unprocessed material and the actual sources of
*He and 'Li during the galactic evolution, if the primordial "Li is found to
have an abundance as small as "Li/H ~ 107",

This concludes the discussion of the “canonical” views regarding the
primordial nucleosynthesis and its consequences for cosmology and for
particle physics. At the end of the oral presentation of this review 1 was
questioned by M. Rees on possible heresies, namely the possibility of
synthesizing the light elements by other means than during the Big Bang.
In my opinion there might be some contrived mechanisms such as popula-
tion I1I stars, by which ‘He could be formed after the occurrence of the
radiative phase of the evolution of the universe. By contrast it seems
to me very difficult at present to work out other mechanisms than the
primordial nucleosynthesis to account for the formation of deuterium,
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DISCUSSION

Rexs

If there are any “heretics” here, they would be asking whether the ‘He
and D could be non-primoerdial (but stil} pre-galactic), and produced by a genera-
tion of “Population 1I1” objects at a redshift perhaps as large as 100. How
would you reply to these “heretics”?

AUDOUZE

My “heretical” views are different regarding ID and *He. Concerning D it
seems to me impossible to avoid Big Bang nucleosynthesis for this very fragile
(but abundant) element if the overall D/II ratio is above 3 X 107¢, as it is
today. For “He the situation might be more favorable for heresy if we under-
stood how some Population III stars manage to produce ‘He at very eatly
epochs without releasing any significant amount of heavier elements.

REES

If one supposes that the M/L of “baryonic matter” is < 10 solar units, cor-
responding to £, < 0.005, then the predicted *He fraction stays below 25 per-
cent even if several extra neutrino species are added. However, the amount of
(D + *He) produced in the Big Bang would then be unacceptably high.

WEINBERG

I may be the only person here who missed this point, but could you ex-
plain how it is that having massive neutrinos removes the constraint on the
number of neuttino types?

Aunovuzr

This point, raised by Olive ¢f al. {1981}, is the following: assume that the
baryonic density is the one calculated from the solar neighborhood mass distri-
bution, fe. = 1.4 X 10°* corresponding to a baryonic number of
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7> 1.4 x 107", the rest of the mass being due to massive neutrinos;
then there would be no coastaint on the number of different types
of neutrinos. But this is too extreme a lower limit for 7, since the *He and D
abundances provide a lower limit for the present density of the universe of
about 10~ g em™* corresponding to % > 1.6 X 107", Then the maximum
number of different types of neutrinos would be 5 if t,, = 10.6 minutes and
Y, > 0.23. {Note from editors: There issued a confused discussion which
ended with the following summary remasks by Dr, Weinberg).

WEINBERG

As T understand it, it had been suggested that if the dynamically determined
masses of galaxies, ete., are all dominated by massive neutrinos, then the baryonic
number density might be very smail, so small that the reactions which build up
He* have trouble going to completion, so that we could tolerate a faster expansion
rate and a larger a/p ratio at the time of nucleosynthesis. This would normally
be expected to produce too much of the light elements, because the reactions
which convert H? and e’ to He! could not go to completion; but it was sup-
posed that the excess I might have heen destroyed in stars. 1 gather from our
discussion that this idea has now heen given up because it has been realised that
the destruction of this much H? would create too much He', Also there seems
to be a consensus here that, even apart from problems of nucleosynthesis,
0 (baryonic) catnot be lower than 0.01 (or perhaps 0.005?) just on the basis
of the stars we see.

WOLTIER

The role of the light clement ahundances in determining cosmological para-
meters js, at the moment, so important that any possibility one has to get around
it should be explored. I want to consider the possibility that, in the eatly
universe at redshifts of 10%, 10 or even larger, a substantial cosmic ray flux was
accelerated as a result of processes that may be associated with the formation
of black holes or similar mechanisms. Suppose the cosmic rays consist entirely
of hydrogen and helium. Then one can look at interactions between this flux
and the cold gas which also consists only of hydrogen and helium. In the course
of these interactions, yY-rays, ‘e and D wili be produced and eventually the
high particles lose energy by electrostatic interactions (i.e. ionisation losses)
with the surrounding medium.

This whole scenario only works if deuterium formation takes place before
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any heavy elements have been produced because, if it happens later, excessive
abundances of the light elements would be produced, which we do not want.
Typically, you need a number of Gev’s of cosmic ray energy for every deuteron
you form and, if you require an abundance of 107°, you have to have a cosmic
ray energy of about 10 keV per present proton in the universe. This is not dil-
ferent from the energy you need to explain the X-ray background radiation. The
epochs at which this process would worl are constrained by the requirement
that the fragmentation mean free path should not be too long. This means red
shifts greater than 10°. A similar restriction comes from the fact that one does
not want to produce an excessive fiux of y-rays. The y-rays must, therefore, be
absorbed, which again requires redshifts of 10* or greater. The process cannot
take place much earlier, else there will be much pair production and the
particles are killed very rapidly. T am indebted to Rees for pointing out that
similar scenarios have been considered by Epstein (Ap. ., 212, 595, 1977).

One may wonder how probable such processes are but, nevertheless, before
coming to absolutely definite conclusions about the canonical model for the
production of D and *He, every alternative ought to be explored.

S1LK

Did vou mention the alpha-alpha problem?

WoLriERr

There are alphas in the cosmic rays and that is why you have to make them
sufficiently energetic to ensure that you get fragmentation in virtually all inter-
actions and that you do not get the production of lithium.

Aunouze

You might have some problems with your interesting proposal hefore your
process occurs, The argument goes the following way:

(i} T the universe has a low present density, there is a lot of D available
produced by the standard Big Bang nucleasynthesis and thete is no teason to
worry about subsequent 1) production by “cosmological” cosmic rays,

(i) If the present density is higher, then the standard Big Bang produces
Li
primordial = 107 is the actual value].

too much "Li [especially if the
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And then you encounter the difficulty with an overproduction of "Li before the
occurrence of your proposed process.

WoLTIER

Nevertheless an additional mechanism for D + He® production relaxes the
Big Bang conditions to some extent. In addition it may facilitate other scenarios
where the He' does not come entirely from the Big Bang either.

OSTRIKER

It is interesting to note that the energy per particle which you require is
not far from the cosmic ray energy produced by a supernova in our Galaxy
divided by the number of particles in the ejected mass,

WoLTIER

OF course you have to be careful then not to produce heavier elements at
the same time, which could cause difficuities for fragmenting into lighter

elements.
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ApsTRACT

Galaxy formation is a highly complex process, involving both gravita-
tional and dissipational interactions. Consequently, it is difficult to propose
observational criteria that can clearly distinguish between rival theories.
While the gravitational aspects of galaxy formation theory clearly differ
between the isothermal and adiabatic fluctuation scenarios, the non-linear
processes of hierarchical clustering, on the one hand, and gaseous pancake
fragmentation, on the other, result in models for protogalaxy evolution
that are rematkably similar. Both gaseous and gravitational processes play
important roles, as is indeed essential if many of the characteristic proper-
ties of galaxies are to be explained. Only by examining the earliest stages
of galaxy formation and clustering, where gravitational effects predominate,
can one hope to assess the validity of a particular theory. This is especially
appatent since it is the initial conditions in the early universe that determine
much of the subsequent evolution, and distinguishing between theosies is
best achieved by attempting to infer the initial conditions.

Three tests are reviewed here that utilize the large-scale structure of
the universe as an environment where traces of the seed fluctuations from
which galaxies formed may be sought. Out to a scale of about 20 Mpc one
can study the dynamics and structure of the Local Superciuster of galaxies,
the density contrast of which is barely into the non-linear regime. On
larger scales, out to about 100 Mpe, one can examine the large-scale matter
distribution, which appears to contain numerous filamentary and shell-like
structures and large holes. Finally, up to and even beyond the dimensions

28
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of our horizon, the large-scale angular anisotropy of the cosmic microwave
background radiation can probe the spectrum of density fluctuations in the
matter distribution both now and at a very early epoch in the universe.
At present, an asscssment of these tests also depends on certain key
aspects of particle physies: the role of grand unified theories in suppressing
primordial entropy fluctuations and the rest-mass of the neutrino.

1 - INTRODUCTION

The theoty of galaxy formation necessarily spans the entire evolution
of the universe, from the singularity at ¢ = 0 to the present epoch. Such
a wide range is unavoidable because of the secular nature of the growth
rate for gravitational instability in an expanding system. The initial condi-
tions play an important role in the outcome of the instability, and any self-
consistent theory must therefore take account of the evolution of fluctuations
after the Planck time at £ = 10" s and even during the quantum gravity
era.

Needless to say, while cosmologists are beginning to grope towards a
theoty for the initiation of fluctuations at these very early epochs, it is
difficult to expose such ideas to any critical observational test. The emphasis
here will be on observational tests of fundamental aspects of galaxy forma-
tion theory. Therefore, we begin by reviewing the evolution of the density
fluctuation modes that lead to the eventual formation of matter inhomo-
gencities (Sec. 2). We discuss how the resulting clumps develop into galaxies
and clusters of galaxies, acquiring characteristic masses, velocity dispetsions,
and metallicities (Sec. 3). To distinguish between rival galaxy formation
theories, one has to probe the earliest accessible stages of evolution. Cosmo-
logists are ingenious, and the highly non-linear phases where both dissipative
and gravitational processes play important roles offer ample opportunity
for explanations of most characteristic properties of galaxies. In Sec. 4
tests are described that utilize the large-scale structure of the universe,
including the dynamics of the Local Supercluster, the large-scale matter
distribution, and the anisotropy of the cosmic background radiation. Final-
ly, the role of particle physics is described with regard to its observable
implications for galaxy formation. One of the most important effects is
that of a substantial neutrino rest-mass, causing (if confirmed) a drastic
revision in the observational implications of the gravitational instability
theories of galaxy formation,
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2 - GRAVITATIONAL ASPECTS

Density perturbations of the early radiation-dominated Friedmann
universe comprise three modes, two growing in proper time elapsed since
the singularity and one that is approximately constant. While this state-
ment presumes a specific choice of coordinate gauge (the synchronous gauge
will be adopted in what follows), no obsetvable aspects of the theory
should be gauge-dependent. The growing modes involve metric perturba-
tions while the constant mode does not (as # = 0). One usually refers to
the growing modes as curvature or adiabatic perturbations (since the total
energy density is pertutbed), whereas the constant mode is an entropy or
isothermal perturbation (since only the baryon density is perturbed). At
late times in the evolution of the universe only the most rapidly growing
adiabatic mode and the isothermal mode are of interest,

Other types of perturbations of the Friedmann universe can be ex-
pressed in terms of vector or tensor eigenfunctions of the 3-space Laplacian
operator that determines the spatial structure of the perturbed metric coef-
ficients, and correspond to either vorticity ot gravitational wave modes.
Of these, primordial vorticity fluctuations have been advocated as seeds
for galaxy formation by Ozernoi and co-wotkers. The isotropy of the
cosmic mictowave background radiation on small angular scales severely
constrains such theories, which require rotational velocities that are a
substantial fraction of ¢. The ensuing discussion therefore considers only
the scalar mode of density perturbations.

Tt is helpful to discuss separately the isothermal and adiabatic perturba-
tions. One might expect the two modes to both be generated ab initio
given sufficiently general initial conditions, although baryosynthesis may
suppress the isothermal mode (Sec. 5). Insofar as the linear theory is con-
cerned, there is no loss of generality that may arise in neglecting any
coupling between the modes. Throughout the ensuing discussion, £ denotes
the ratio of mean cosmological density of matter to the critical value for
closure, 3 H¢*/{8% G). The Hubble constant adopted is Ho = 100 kms™"
Mpc™; scaling to other values of Hs will occasionally be indicated by
the scaling parameter b = Hy/100 km™ s~ Mpc™.

A, Isothermal Fluctuations

These fluctuations commence to grow after the decoupling epoch at
redshift z = 1000 on scales somewhat in excess of the Jeans mass at that
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time, 10*® Q" Mg, Once the fluctuations enter the non-linear regime
and form self-gravitating clouds, they cluster together hierarchically to
eventually build up into systems of galactic mass. These clouds must avoid
catastrophic cooling and gravitational collapse and survive for a period of
at least 10° yr, the minimum dynamical time-scale for forming a galaxy.
Internal star formation provides the most likely means of stabilizing these
clouds. Only if the clouds are predominantly gaseous at the epoch of galaxy
formation can one account for many of the observed features of galaxies
(Sec. 3).

An independent inference of the mass of the first clouds that under-
went hierarchical clustering may be obtained {rom N-body simulations of
galaxy clustering, from which correlation functions have been derived.
Comparison with the observed galaxy covariance function restricts the
initial conditions at tbe decoupling epoch, if a powerlaw spectrum of
fluctuations is adopted, to be of the form

Spfp =~ (M/Mg) 2 0znz —1, (1)

with Mo = 10° 1o 10’ Me {Gott, Aarseth and Turner 1979; Efstathiou
and Eastwood 1981). Such clouds could have been made primarily of dark
matter, perhaps formed by fragmentation, and clustered dissipationlessly
to form the potential wells in which gas infall and dissipative galaxy
formation subsequently occurred (White and Rees 1978},

Once the fluctuations become non-linear and cluster hierarchically,
one obtains an approximately constant potential energy per unit mass for
the gravitationally clustering matter only if 0 £ # £ 2, since over scale R

GM/R o RO - s 5} ) (2)

In fact, a recent analysis of the dynamical masses involved in galaxy pairs,
groups and clusters, identified by a statistical analysis of a sample of
galaxies with redshifts that is complete (at least for the Juminous galaxies)
out to ~ 100 Mpe, indicates that the virial mass per galaxy increases ap-
proximately linearly with scale {Press and Davis 1981). This result would
require 7 = — 3 if self-similar hierarchical clustering is responsible for the
distribution of dark matter on scales from 0.1 to 10 Mpc and the luminous
matter distribution has approximately constant surface density over systems
of galaxies in this range of scales. Dissipationless clustering also fixes the
epoch of galaxy formation at z ~ 10 to 100 in order to obtain the observed
mean densities and potential wells characteristic of galaxies.
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B. Adiabatic Fluctuations

Surviving adiabatic fluctuations are limited by radiative diffusion and
viscosity priot to decoupling to bave masses in excess of ~ 3 x 10"
O Mo. Prior to the decoupling epoch adiabatic density fluctuations
have amplified on scales above the Jeans length, which is close to the
horizon size in the radiation-dominated era. One can assume that fluctua-
tions on smaller scales will have acquired random phases. Consequently,
an initial power-law spectrum of [luctuations with index #,

[Bef? oc B, (3)
where

5= J Go/p) HL Bk )

and £/a is the comoving wavenumber with a () the cosmological scale
factor, will have flattened after decoupling on scales less than the horizon
size at this epoch {~ 10" M) to »" = # — 4. The residual spectrum after
decoupling has the approximate form

e oc 5 exp {(— k), (3)
whete the damping comoving wavelength scale is given by
27/ by = 6 ¥ Mpe . (6)

The resuits of a calculation of 84, involving simultaneous solutions of
the linearized and coupled Boltzman photon transport and gravitational
field equations (Wilson 1981), are shown in Figure 1. The adopted
primordial spectrum is a power-law with # = 4: this gives tbe minimal
level of large-scale structure expected (Sec. 4).

Fluctuations on such large scales cannot have gone non-linear until a
relatively late epoch: z £ 10. The masses of adiabatic fluctuations are
many Jeans masses, pressute forces being completely negligible prior to the
collapse.  Consequently, even small deviations from spherical symmetry
will amplify once the collapse goes non-linear, although they will have been
preserved in the linear stages (Barrow and Silk 1981). Tidal torques lead
to generation of anisotropy when 8p/p ~ 1 on galactic scales, but are of
lesser importance on very large scales. ZeP'dovich (1970) has argued that
the genetic type of collapse will be one-dimensional, initially leading to
formation of a thin pancake. This is similar to the well-known flattening
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100

o

ISkl (arbitrary units) —

Fig, 1. Density fluctuation spectrum [8| as a function of A = 2n a/k for the £, = 1 and 0.1

{(subscript b denotes baryonic) adiabatic fluctuation models with # = 4. Also shown is the

neutrine adiabatie fluctuation specttum {m, = 30 ¢V) with # =4 as computed by Bond

and Szalay (1981). Nermalization is arbitrary and H, = 50 km s=! Mpe-!; the baryonic
models scale with £ 2 = constant.

instability exhibited by the collapse of a weakly spheroidal pressurefree
uniform cloud.

As infalling material accumulates in the midplane, cooling must
eventually occur and the pancakes will be unstable to fragmentation, There
is some controversy over whether any purely gravitational fragmentation
occurs prior to pancake formation (Doroshkevich and Zel'dovich 1975;
Juskiewicz 1981). We shall ignore this possible complication, which arises
from mnonlinear mode-mode coupling and is unlikely to decrease the
minimum fragmentation length scale hy mote than a factor of two relative
to the damping scale.

The pancake structure is determined as follows. The trajectory of a
fluid element initially at comoving coordinate { measured perpendicular to
the pancake plane is given, for a one-dimensional pressure-free collapse, by

alt)

2(£,0) = a{t) {§ — ka7t ———sin (ka O}y . {7)

ap
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This non-linear solution combines the Hubble flow (in the first term) with
the influence of a linearized plane wave density perturbation of the Hubble
flow (in the second term) and can be shown to be consistent both with the
equations of motion and Poisson’s equation (Zel'dovich 1970). Mass
conservation then yields

dM = poad { = p(z, £ dz

where 2o is the background density. Consequently

-1

a
0= oa IDz/Dgi"" = (1 — cos &y \:] , (8)

&p

indicating that infinite density is attained in the midplane (L = 0) at a
vedshift given by « (¢) = 4. This signifies tbe formation of a caustic sur-
face which: arises from the intersection of particle trajectories. In the
vicinity of the caustic surface,

p=olka ). (9)

The range of L s 0 S kL S 70,

At sufficiently high density, the gas cools and forms a thin dense
layer at T ~ 10° K. A stand-off shock on either side of this layer separates
it from the infalling gas. The velocity with which the infalling matetial

enters the shock is

T dpf o= (2/3 ) dp § = (GM/f'D}UZ (2 ka t_;/n) ’ (10)
where
rp = 2T é’-/kd » M= (Tﬁpe/é) (kd/a.u)3 (11)

are the initial comoving radius and mass of the pancaking cloud and ge is
the background density at #. The mass-fraction {e that constitutes the cold
layer is inferred from the condition that the cooling time scale of the post-
shock gas be less than the dynamical time-scale:

1
b= 3akT/Lya TV < —2/7, (12)
4

where # is the post-shock density (equal to four times the pre-shock density),
Ly is the usual free-free cooling coefficient for gas of primordial composi-
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tion, and the temperature of the shocked gas satisfies

3
ET = — 7, (13)
16

Using (9) and (10), this yields £ {o/m = 0.25 (5 Mpc/r)**, indicating that
as much as 25 percent of the initial mass may have cooled and béen
compressed into a thin layer.

Since only the cooled gas fragments and forms galaxies, this leads to
a clear prediction of the pancake model: there should be at least a factor
four more hot gas in galaxy clusters than baryonic mass in galaxies,

Observationally, one finds M/L for rich clusters to be of order 400
(Ho/100 km s Mpe™), with ~ 10 to 20 percent of this accounted for by
hot Xeray emitting gas. Since the luminous regions of galaxies have
M/L ~ 5 to 10 (Faber and Gallagher 1979), the pancake theory prediction
will be satisfied provided that both galaxy halos and the dark matter in
galaxy clusters are non-baryonic. One would not be able to reconcile this
theory with observation if halos and clusters were predominantly composed
of dissipative material, such as compact stellar remnants, which had not
undergone collapse prior to pancake formation,

The minimum fragment mass turns out to be relatively small. The
cool gas layer is ram-pressure confined, and the minimum mass that is
gravitationally unstable is given by the Bonnor-Ebert criterion:

Mmin = 1,18 7)x4 G-3,’2 P"m y
where s is the sound velocity and p is the ram pressure. Now

3
p=-——pZ
16

and is independent of § (for £+ « 1). Consequently, one obtains
Mmin - ]07 (’11/].0‘ I{}Z (5 MPC/?'(]) (1O/Zp)3 QAl M@ .

It seems unlikely that one could avoid fragmentation down to M. Galaxy
formation will presumahly occur by the aggregation of many smaller clouds
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of mass 10" to 10° Mg, much as in the primordial isothermal fluctuation
model. The principal difference now is that the clouds originate by frag-
mentation at the relatively late epoch of pancaking, and so perhaps are
more likely to be predominantly gaseous as galaxies form.

3 . DISSIPATIONAL ASPECTS

Both of the extreme viewpoints described above, involving either
primosdial isothermal or adiabatic fluctuations, result in the formation of
clouds of characteristic mass 10° to 10° Ma. These are the precursors of
the galaxies. The idea that a protogalaxy consists of a collection of inter-
acting gas clouds is not new: it has formed a central role in such models
as those of Peebles and Dicke (1968), Larson (1974) and Gott and Thuan
(1976). Earlier discussions have however glossed over a simple point,
namely the physical mechanism by which such primordial clouds are sup-
ported against collapse and ensuing fragmentation and star formation.

To illustrate this problem, let us note that the free-fall time of a self-
gravitating spherical cloud of mass M¢ = M/10° Mo and virial temperature
Te=T/10" K (including both thermal and turbuient contributions) is
9 X 10° MsTe * yr, whereas the time-scale over which cloud aggregation
occurs during galaxy formation is 2 10° yr, the dynamical time-scale for a
typical galaxy. In order for the clouds to remain gaseous, avoiding cooling
and collapse, an internal energy source is required. A similar problem is
encountered for interstellar molecular clouds, whose Iifetimes significantly
exceed collapse time-scales.  Ongoing low-mass formation apparently
provides a substantial momentum and energy input via protostellar winds
{Norman and Silk 1980), and it is logical to assume that a similar pheno-
menon can energize the primordial clouds,

It is, of course, necessary to demonstrate that primordial star forma-
tion is not disruptive and, moreover, can be self-regulating. One can show
that even the coherent action of successive supernovae need not destroy
clouds of mass 10° to 10" Me within 10° yr, if the supernova rate is taken
to be proportional to the star formation rate and constant in time (Silk
and Norman 1981). In principle, one might expect the star formation
rate to be self-regulating; as the energizing pre-main-sequence phase ends
for the most massive stars, the cloud can cool, begin to collapse, and make
more massive stars, which in turn inhibit further collapse for some
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10° to 107 yr. In this manner several generations of stars can form and
evolve.

The characteristic mass of the first generation of stars must be several
solar masses in order to avoid an excess of low metallicity stars at present.
The primordial clouds will inevitably become enriched, since whatever the
slope of the initial mass function, some extremely massive stars will have
evolved, although the amount of enrichment is very uncertain and pos-
sibly vartable from cloud to cloud. This suggests that galaxies form from
an aggregation of preeariched gas clouds containing a considerable number
of stellar remnants as well as surviving stars of lower mass. Theoretical
arguments suggest that, once the enrichment of a cloud exceeds that of
extreme Population IT, stars will form with a more or less conventional
mass function (Silk 1980). After substantial numbers of low mass stars
have formed, the gas reservoir will rapidly be depleted. The end product
of the evolution of such an isolated cloud may resemble a dwarf spheroidal
galaxy ot maybe a globular star cluster.

In the inner regions of a protogalaxy, frequent collisions between
clouds will inevitably occur. These will have interesting consequences.
One can consider two rtegimes. First, in the core of the galaxy, direct
collisions between clouds result in coalescence of the gas if the collision
occurs at sufficiently low velocity. Any embedded stars will be released,
however. The shocked gas will be stimulated to form additional stars, and
one expects that a cloud cannot survive more than one or two collisions
before the gas supply is exhausted, Outside the core, dynamical interactions
between clouds are likely to be more important than direct collisions, and
the cloud distribution will undergo violent relaxation following the initial
collapse of the system, In regions of high galaxy density, mergers between
protogalasies will refuel the cores with a fresh supply of clouds.

In isolation, a protogalaxy gradually dissipates its kinetic energy via
coud-cloud collisions. Angular momentum is conserved and a disk forms,
having collapsed by a factor ~ A7* in the presence of a preexisting dark
halo, where the dimensionless parameter A = JE G™' M™ ~ 0.07 due
to tidal interactions between protogalaxics of mean mass M, total energy E
and angular momentum J (Fall and Efstathion 1980). The cloud collision-
dominated core, defined by the condition feont << fawn whete feon is the cloud-
cloud collision time-scale and faw the local dynamical time, and fosmed by
violent relaxation of the cloud distribution, will rapidly form stars as
collisions release existing stars and form new stars. This inner region
constitutes the central bulge. The newly formed stars whose formation
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is triggered by cloud collisions will preferentialiy be produced towards the
inner bulge regions because of the loss of kinetic energy in the collisions:
consequently a metallicity gradient develops.

One suspects that the few surviving clouds will form the globular
star clusters. Those clouds whose orbits take them into the cloud-collision-
dominated core will acquire greater metallicity as a result of the first
collisions with other clouds which enhance their internal star formation
rate. In this way, one expects the orbital patameters of globular clusters
to correlate with metallicity, in addition to the trend (with wide dispersion}
in metallicity enhancement cxpected as a function of decreasing galacto-
centric radius. Note that halo stars (which are stars from disrupted clouds)
should generally possess an inverse correlation between eccentricity and
metallicity, whereas glohulars should display a positive correlation.

Mergets between protogalaxies in the initial stages of clustering (be-
fore large virial velocities have been acquired) lead to SO and eventually
to elliptical galaxy formation. After each merger fewer and fewer clouds
may be expected to survive that can potentially form a disk. Only two or
three metgers are required to make an elliptical. This may be inferred
from the dependence of morphological type on local density and the fact
that the clliptical Tuminosity function characteristically peaks at about one
magnitude higher luminosity than the spheroidal bulges of spirals (Dressler
1980).

One obvious weakness arises in this model. Galaxy groups are spiral-
rich yet, since in the hierarchical clustering model clusters formed as groups
merged together, one would expect a predominance of ellipticals and S0’
in groups. A possible resolution is that groups are dynamically young
systems, forming from galaxies that have already evolved beyond the
environmentally vulnerable protogalaxy stage. Similarly, spiral-rich clusters
would be envisaged as intrinsically younger systems than spiral-poor
clusters, which in fact tend to be richer and more centrally concentrated.
The pancake fragmentation model provides an alternative viewpoint: here,
the great clusters form directly in denser regiops undergoing a greater
protogalaxy merger rate than the groups which form in less dense regions
of the pancake.

Two other notable consequences for ellipticals are worthy of mention.
Once the self-similar clustering hierarchy is broken as bound galaxy clusters
develop, the specific angular momentum generally decreases whenever
mergers occur from near parabolic orbits with very low impact parameter,
as is expected during cluster formation. Bulges and low luminosity el-
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lipticals are expected to be indistinguishable with respect to their dynamical
properties. The core parameters for ellipticals are similarly defined by
feol < fayn: this naturally leads to

Mcm‘u ~ (04 G2 “’) (lti>|}ff£(}}“1} ~ i'l‘ ]12 ([d.\'”/zm“) 3 (13)

where it is the mean surface density of the colliding clouds and R is the
radius of the core. One infers characteristic (M, g, R) relations, more or
less in accord with observations {cf. Faber and Jackson 1976).

Dissipation in the core because of cloud collisions, with a fresh supply
of clouds being injected as a consequence of the post-merger violent relaxa-
tion, results in the formation of the luminous cores and metallicity gradients
that are characteristic of most luminous elfipticals. At the same time the
final structure retains a considerable velocity anisotropy as a consequence
of the discrete nature of the cloud collisions. It is this hybrid nature of a
cloud collision model for protogalaxy formation that enables it to be so
successful in at least crudely accounting for many of the observed
characteristics of galaxies. Metallicity gradients, correlations involving
metallicity, luminosity and velocity dispersion, and rotational properties:
all of these characteristic properties are produced during the protogalaxy
stage. Parenthetically, one may remark that it is difficult to sce how
mergers between conventional, relatively gas-poor spirals could form a
luminous elliptical. However, the successes of the protogalaxy mode! can-
not be used to distinguish between rival theories of galaxy formation, since
many aspects of the model ate common to these theories. Indeed this is
inevitable, since many of the observed properties of galaxies point to a hybrid
dynamical and dissipative model of galaxy formation.

4 - TESTS OF GALAXY FORMATION THEORY

One often cited discriminant of galaxy formation theory is the dis-
covery of protogalaxies. According to the traditional argument, the iso-
thermal fluctuation theosy predicts protogalaxies at z ~ 100, whereas in
the adiabatic fluctuation theory, protogalaxies form at z ~ 10.  Un-
fortunately, this argument is too simplistic. The environmental influences
described in the previous section compel us to associate the bulk of elliptical
galaxy formation with the cpoch of gelaxy clustering. The continuous
range of properties between bulge components and ellipticals suggests that
these too must have mostly formed at a similar epoch. The principal
modification required of the isothermal scenario for this delay in galaxy
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formation to occur is one recognized at the outset: in order for globular
clusters to display a metallicity gradient, they must be predominantly
gaseous at the epoch of galaxy formation. Similarly, in order for galaxies
to acquire such properties as systematic dependence of morphological type
on local density and correlations between luminosity, velocity dispersions,
and metallicities, they must also be extremely gas-rich at the epoch of
galaxy clustering. In other words, protogalaxy formation must inevitably
occur at z 5 10, Of course, some protogalaxies could form earlier: detec-
tion of even a single protogalaxy at z » 10 would be strong evidence for
the isothermal theory.

There is some evidence that formation of low mass galaxies is occurring
at the present epoch. Compact galaxies such as I Zw 18 are presently
undergoing a vigorous burst of star formation, yet have only acquired an
extremely low metallicity {Lequeux and Viallefond 1980). It appears that
certain of these gas-rich extragalactic HII regions are presently undergoing
their first star formation burst, otherwise excessive metallicity would have
been produced. A related phenomenon may be the young globular clusters
around the Large Magellanic Cloud. Tndistinguishable in appearance from
Milky Way globulars, these systems are very blue, and some have ages
< 10° yr.

None of this can he said to favor any particular galaxy formation
theory. Formation of isolated low mass galaxies at the present epoch is
expected in both the isothermal and adiahatic fluctuation models. A small
number of the primordial clouds produced cither by Jeans instability at
z ~ 1000 or by pancake fragmentation may be expected to survive against
internal star formation and external triggering until a very late epoch. To
obtain a more fundamental probe it is necessary to consider structure on
much larger scales, where non-linear processes have not yet had time to
mask traces of the initial conditions. Three possible regimes may be
examined, whete the predictions of hierarchical clustering and paseous
fragmentation theory could reasonably be expected to differ.

A, The Local Supercluster

The dynamics and structure of the Virgo Supercluster out to some
~ 20 Mpc from Virgo affords a possible test of galaxy formation theory
in a regime where the linear or mildly non-linear theory might be expected
to be applicable. Certainly for the isothermal clustering theory the mean
How tield has been modelled (Sitk 1974; Peebles 1976) and found to be
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in reasonable accord with data from redshift surveys (Tonry and Davis
1981; Yahil, Sandage and Tammann 1980).

This conclusion is based on a spherical model for the Virgo Super-
cluster. Despite the considetable concentration of galaxies towards the
supergalactic plane, the flattened distribution does not significantly modify
the Virgocentric flow unless the collapse is extremely one-dimensional, as
in the adiabatic pancake theory. In this case, the infall velocity relative
to Virgo tends to be underestimated because of the neglect of certain non-
linear terms when a spherical model is adopted (Szalay and Silk 1981). In
a less extreme situation, modelled by the collapse of a uniform oblate
spheroid (Barrow and Silk 1981), the density contrast at turn-around of
the shortest axis is found to be reduced by up to a factor of three relative
to the usual value of (37/4)* that applies in the spherical case. A similar
model was used by White and Silk {1979) to reconcile our motion relative
to the cosmic microwave background radiation with a Virgocentric flow
model: a weakly triaxial collapse with a modest amount of shear was
indicated.

The Hubble flow must remain relatively uniform in the supergalactic
plane while collapse has occurred along the perpendicular axis. This is
required by the redshift observations of nearby galaxies which are observed
to show little deviation from a uniform Hubble flow. In order for a pan-
cake model to be viable for the Virgo Supercluster, our galaxy must have
formed in the initial collapse phase, while the Hubble flow has largely been
preserved in the supergalactic plane. The plausibility of this requirement has
been recently investigated by means of N-hody simulations of pancake
collapse (Dekel 1982, Dekel and Szalay 1982). These show that the virializa-
tion time can greatly exceed the initial minor axis collapse time. A uniform
Hubble flow in the midplane is preserved for several initial collapse times,
consistent with pancake collapse and the principal epoch of galaxy forma-
tion occurring at z > 5. Our galaxy itself remains in the Supergalactic
plane because the matter from which it formed was centrally located (along
with the bulk of the matter) and initially acquired only a modest velocity
during the collapse. Patt of this may have been dissipated; in any event,
the orbit of our galaxy stays predominantly coplanar for a considerable
time. Evidently, the galaxy flow field in the Virgo Supercluster is consistent
with models based on either the primordial isothermal or adiabatic
fluctuation scenarios.

There are several additional difficulties that arise in the pancake
model applied to the Virgo Supercluster, First, the predicted flattening is



FUNDAMENTAL TESTS OF GALAXY TFORMATION THIRORY 441

appreciable, even for a dissipationless model, It is considerably greater
after even two collapse times have elapsed than that inferred for the dis-
tribution of RSA galaxies in the Local Supercluster, for which the mean {lat-
tening is 2 or 3 to 1 (Yahil, Sandage and Tammann 1980). However,
the study by Tully (1981} of the nearby spiral galaxy distribution indicates
an interesting new aspect that may be consistent with a slight modification
of the pancake model. Tully finds that the Local Supercluster consists
of a thin disk {flattening 6:1) in the superpalactic plane together with a
number of elongated clouds of galaxies above the supergalactic plane. The
disk component can be identified with the pancake model prediction: one
would then have to argue that the supergalactic halo clouds of galaxies are
the remnants of smaller pancakes.

This latter result provides a means of understanding a second objection
to the pancake model, namely the small deviations from a Hubble flow
observed even well above the supergalactic plane, since the palaxy clouds,
originally noted by de Vaucouleurs (1975), themselves participate in the
Hubble flow. However a final difficulty is now even more prominent.
This concerns the pancake mass. With £ =~ 0.1, the minimum pancake
mass is ~10® Me, and the mass distribution is fairly flat up to ~ 10* M.
Yet the Virgo Supercluster mass is ~ 10" Mo, and the masses of the
de Vaucouleurs-Tully clouds are only ~ 10" Me. One can only rescue the
situation if £ ~ 1.  Alternatively, pancakes may have fragmented by a
factor 2 10 in mass due to mode-mode coupling induced fluctuations, or
the neutrino may have a rest mass in excess of 10 ¢V. The pancake theory
undergoes a very considerable modification in a neutrino-dominated cosmo-
logy. One possible outcome, perhaps demanded by the Local Supercluster
studies, is the formation of much lower mass pancakes.

B, The Large-Scale Matter Distribution

Recent redshift surveys reveal the presence of large filamentary super-
clusters and correspondingly large holes in the galaxy distribution, over
scales of 40 to 100 Mpc (Davis et af, 1982; Tarenghi es al. 1980; Gregory
and Thompson 1978; Einasto et al. 1980; Kirshner ez al. 1981). While
it is difficult to quantify this effect, it does seem apparent that the N-body
clustering simulations fail to reproduce much of the fine-structure revealed
by the data in redshift space (Efstathiou and Eastwood 1981). The two-
point galaxy correlation function for the simulations likewise differs from
that for the observations, not being well fitted by a single power-law in
distance scale. The galaxy correlation function inferred from large-scale



442 JOSEPH SILK

studies is well described by a powerlaw of slope — 1.8 over scales
< 10 h! Mpec.

The pancake fragmentation theory, at least qualitatively, can reproduce
the observed filamentary and cell-like structure of the galaxy distribution.
Existing simulations are, however, only two-dimensional {Doroshkevich
el al. 1980a), and it is not yet possible to compare the model predictions
in any detail with the data. Dissipation certainly improves the appearance
of the simulations, and provides a means of obtaining large holes without
simultaneously requiring excessively large random velocities for the galaxies.
On the other hand, one has to bear in mind that initia! conditions can play
an especially important role in the isothermal theory, where large-scale
fluctuations have not acquired random phases and, morcover, exert little
feedback on the space-time curvature. Consequently, one could plausibly
argue that suitably chosen initial density fluctuation profiles can lead to
the formation of holes of any desired size (Olson and Sillkk 1979), and large-
scale shape anisotropies, including holes, could arise from a non-Gaussian
distribution of initial fluctuations (c.f. Barrow and Sifk 1981); in this case,
arbitrarily large holes would be expected as larger and larger volumes of
space are surveyed.

Perhaps the best quantitative means at present of comparing the
observed large-scale distribution with theory is by examining the linear
regime. Here, the theoretical predictions are straightforward, and while
the evidence for any positive or negative features in the correlation func-
tion on scales Z 10 Mpc is unclear, there nevertheless is a reasonably well-
defined upper envelope with which one can compare the model predictions.

To commence, let us represent the distribution of primordial density
fluctuations by a power-law Fourier power spectrum. A power-law de-
pendence on wave number is chosen in order to avoid introducing any
preferred scale, although in a cosmological model with spatial curvature,
for example, there is indeed a natural scale associated with the curvature
radius. - However, this is sufficiently large that it only affects predictions
of the large-scale anisotropy of the cosmic background radiation. Restxict-
ing the present discussion to a spatially flat cosmological model, we infex
from equation (1), which expresses the fluctuation spectrum as a power-
law in the comoving mass-scale, that the case of constant gravitational
potential (or equivalently, constant metsic or curvature) fluctuations cor-
responds to setting # = 1, and we recaver 8p/p oc M™*?,

This spectrum is considered likely to emerge naturally from quantum
gravity considerations. On the other hand, the choice # = 0 corresponds
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to white noise. This is believed by some cosmologists to be a natural value
that might arise from an unspecified mechanism for spontaneously generating
density fluctuations (such as a fisst-order phase transition in the very early
universe). Any such process would have to be causal, and it is of interest
to extrapolate back to very early epochs, when the horizon scale contained
less mass than that of any structure of interest in the present universe, For
example, the mass of a galaxy was first encompassed by the horizon at
z =~ 10°. Now density fluctuations grow in amplitude on scales greater
than the Jeans length and, in the radiation-dominated era, this is effectively
the horizon scale. The growth rate in this regime is 8p/p oc ¢ for the
fastest growing mode, where ¢ denotes proper time. Strictly speaking, this
result holds for curvature fluctuations in a specified coordinate gauge, such
as the synchronous gauge. Since the scalefactor aoc £ at a given
comoving wavenumber &/z, the spectrum of density fluctuations must
flatten as the specified mass-scale enters the hotizon, where growth is sup-
pressed due to radiation pressure. One can readily see that the spectrum
in fact flattens by the 2/3 power in mass. Consequently, a primordial
density fluctuation spectrum 8p/p oc M~ on scales larger than the horizon
will be associated with a white noise spectrum within the horizon., One
can show that such a spectrum, corresponding to # = 4, also represents
the minimal fluctuation level expected to arise from any causal rearrange-
ment of the matter distribution into non-linear clumps (Peebles 1980).
Finally, a minimum value of # arises from requiring that the r.m.s. density
fluctuations do not diverge on large scales. This convergence criterion
yields n > — 3,

The only “natural” spectrum to emerge from this discussion was the
one that initiated it: # = 1. The gravitational potential {metric) fluctua-
tions diverge strongly if 2 % 1: on large scales if # < 1 and on small scales
if > 1, and in either case, the constant index power-law assumption
necessarily becomes invalid. What one can hope to do eventually is to
dircctly measure 7 in different regimes, bearing in mind that even if the
seed fluctuations are atranged at some epoch # into discrete non-linear
clumps, one expects that a powerlaw tail to the fluctuation spectrum
with # = 4 will have been generated on scales » ¢#1. Of course, in the
absence of any fluctuation generating mechanism, there is little justification
for the choice of a powerlaw fluctuation spectrum. Perhaps the most
extreme alternative would be if the universe were to form discrete clumps
of some specified mass. If the clumps are randomly distributed, as is likely

29
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for a phase transition, then on scales larger than the clump mass but less
than the horizon size, the # = 0 power spectrum describes the distribution
of fluctuations in the gravitational potential. In any event, a spectrum that
initially is a simple power-law is far from a power-law after the recombina-
tion epoch.

In the linear regime, the galaxy correlation function is defined hy as-
suming random phases for the different Fourier components,

32at
E() =~ _g B2 dle B sin (ke [ (k) ocr T (kr & 1), {14)

where the integral approximates a Fourier series that is summed over a finite
3.torus of circumference 2L > ¢f much larger than the present hotizon and
V = (2L)°. To normalize the amplitude of the density fluctuations, £ (r) is
required to be unity at 7o, where one has from the recent redshift surveys
(Davis 1981) that

E(ry = (#/r)"® , =5k Mpc

on scales r < 10 ™' Mpe.  Over larger scales, & () appears to drop more
rapidly than the extrapolated power-law. A similar but less reliable result
is inferred from inversion of the angular correlation function (Pecbles 1980}

The correlation function for primeval adiabatic density fluctuations has
been evaluated for a range of values of #, and is compared with the observed
2-point correlation function for a sample derived from the Revised Shapley-
Ames redshift catalogue that extends beyond the Local Supercluster (Rivolo
and Yahil 1981) in Figure 2. About all one can say is that values of # S 2
are excluded. In particular, the spectrum # = 1 appropriate to constant
curvature fluctuations gives excessive power on scales > 20 Mpc, far in
excess of the ohserved £ (7). One needs # = 3 to 4 for consistency with the
data {Wilson and Sillc 1981; Peebles 1981}. It is not possible to say any-
thing about possible structure on large scales, since the plotted & (r) is
probably dominated by effects associated with the finite volume sampled
at 7 = 50 Mpc, other than that the apparent hole beyond the Virgo super-
cluster shows up clearly, Of course, with 7 >> 1 the potential fluctuations
diverge on small scales, and the assumption of a constant power-law index
for the initial spectrum becomes invalid. For » = 3, one requires # to
decrease to a value less than unity below a comoving scale of ~ 1 Mpc.
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C. Large-Scale Anisotropy of the Cosmic Microwave Background Radiation

Over scales in excess of ~ 100 Mpc the cosmic microwave background
radiation provides a powerful probe of the matter distribution. In principle,
so also does the cosmic X-ray background which originates at 2 ~ 1; how-
ever, a possibly insuperable problem with this enters in subtracting the
locally inhomogeneous contribution at the ~ 1 percent level from our
galactic halo. No such difficulty arises with the microwave background
radiation, which provides an unimpeded view of the early universe to
z 2 10, and most probably to z = 1000, the epoch of matter-radiation
decoupling. _

Anisotropy in the microwave background radiation that was present on
the surface of last scattering of the radiation at z=10 to 1000 could not have
been erased on angular scales above the corresponding horizon size at this
epoch by any causal process. This angular scale is approximately (£2/(1+z) )"
radian or 2 Q" degrees at z = 1000. Of course, anisotropy is also incvitable
at some level on smaller angular scales. Even if the intergalactic medium
were reionized at z = 10, and primordial structure erased, the ionization
sources must have been inhomogeneously distributed and themselves sub-
ject to gravitational clustering: they would therefore have left an imprint
on the radiation field. This does, however, provide a means of reducing
the predicted amplitude of the small-scale radiation anisotropy, especially
for primordial isothermal fluctuations, which would have become non-
linear at z 3 10. A pure adiabatic [luctuation model is probably immune
to this effect, however, since galaxy formation and the generation of
potential sources of ionization occurred at z £ 10 when the universe al-
ready possessed insufficient optical depth to rescatter the radiation.

The small angular scale structure of the cosmic microwave radiation
has been the subject of many experiments. Only upper fimits have hitherto
been reported, The upper limits are sufficiently low that the adiabatic
theory is in considerable difficulty, however. Over large angular scales
positive detections have been reported of dipole and quadrupole anisotropy.
These observations provide a fundamental means of evaluating the predic-
tions of galaxy formation theory.

Very approximate estimates of the predicted anisotropy can be given
as follows. There are three distinct contributions. First, the adiabatic
coupling between matter and radiation generates tempetature fluctuations
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at the epoch of last scattering £, of order

i
(BT/T)r, = — (8p/p) 0c 072 2, (15)
3

The angular dependence assumes a power-law density fluctuation spectrum
of the form (1). This result assumes that the decoupling of matter and
radiation is instantancous, whereas in fact the sesidual ionization (#/
mi ~ 107%) after decoupling occurs is sufficient to give considerable scat-
teting of small-scale fluctuations. In effect, the surface of last scattering
is blurred, becoming much thicker for smaller-scale fluctuations. Only
fluctuations on a comoving mass-scale 2 10" Mo, corresponding to angular

scale
0 = 10" (M/10" Mg)" (16)

approach the adiabatic limit {15). Fluctuations of this type are smoothed
on smaller scales. However, smaller angular scale temperature fluctuations
are generated by the motions of the scattering inhomogeneities. These
gravitationally induced motions result in secondary fluctuations for both
primordial adiabatic and isothermal inhomogeneities of order

8T/ Th ~ (v/c) ~ (Bp/e). (¢/cis) oc B2 -2, (17)

where ¢ is the fluctuation wavelength (and subtends an angle 0 at the
observer), A third contribution, dominant on very large angular scales,
arises from the perturbed gravitational potential due to the presence of
fluctuations on the surface of last scattering and at the present epoch, The
corresponding temperature fluctuations are of order

(ET/ 1), ~ GEp 8% ~ (8p/e), (8/cts) oc G2 -niz {18)

and are the dominant source of large angular scale anisotropy (on angular
scales » 2°, corresponding to the horizon scale at decoupling). The angular
dependences given here assume a small-angle approximation (8 « 1 radian).

In refining these estimates, several complications arise. Even if the
adiabatic fluctuation spectrum is a simple power law as # = 0, it will no
longer be so on scales comparable to or less than the horizon after decoup-
ling. Damping occurs on scales helow ~ 3 % 107 Q% Mo, Mass scales above
the Jeans mass prior to decoupling (~ 10" Me) have grown continuously,
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whereas smaller scales have undergone acoustic oscitlations, This results in
a flattening of the initial spectrum. The abrupt drop in sound velocity at
decoupling results in velocity overshoot and enhancement of density flue
tuations as the potential motions on large scales can become highly super-
sonic. The residual ionization results in a Compton drag force that tends
to nullify this effect (Press and Vishniac 1980; Silk and Wilson 1980).
One can see from Figure 1 that this overshoot effect does amplify the
fluctuation spectrum on large scales in the £ = 0.1 model, but damping
rapidly takes over. For € = 1, Compton drag dominates, The amplitude
of the resulting temperature fluctuations, if these complicating factors are
ignored, is
BT/T ~ 3 % 107 Q!

over the largest scales to have attained density contrast unity by the present
epoch, corresponding to about 10 to 20”.

In a more sophisticated treatment, the linearized Boltzmann equation,
coupled with the linearized gravitational ficld equations and conservation
equations, is used to desctibe the evolution of the radiation and density
fluctuations through the decoupling epoch (Peebles and Yu 1970; Silk and
Wilson 1980). To compare with observations, typically performed using a
beam-switching technique, the correlation function is evaluated for radiation
fluctuations in directions separated by an angle 8,

@FT/TY 0) = <8T/T (5, v E1T/T (%, 12) >,

where v is a unit vector describing the radiation direction, and x is the
location of the obsesver, The average is taken over all space, and is there-
fore appropriate for a random point in space. One has to convolve 8T /T
with the antenna beam response function to obtain a mean temperature
fluctuation that is smeared by the beam on small angular scales. This yields
8T /Tech for 0«3, where 7 is the heamwidth (assumed to be Gaussian). For
60° > 8§ » 2° the angular dependence approaches &81'/T oc 82 =2,

A representative upper limit is (Partridge 1980)
ST/T<2x 107 ,0=9 ,0=1"8.

A comparison of the predicted fluctuations with this upper limit has been
given by Wilson and Silk (1981). The predicted anisotropy scales as Q-
Provided that there has been no appreciable rescattering of the radiation
since the epoch of decoupling, it was found that adiabatic fluctuations can
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only be reconciled with the observational limit if &~ 1, For Q= 0.1, the
adiabatic theory is untenable for any value of the power-law index #,
whereas isothermal fluctuations can be reconciled, and indeed are predicted
to be on the verge of detectability, if £ ~ 0.1 and 7 < 0. However fluc-
tuations on an angular scale less than a few degrees can be smoothed by
reionization of the intergalactic medium at zo » 10,

To estimate the significance of this effect we may suppose that L is
the comoving damping length associated with the secondary smearing, so
that L (1 + zo)~" is the depth of the last scattering surface. This surface
subtends an angular scale 9y given by

sinh  { (—-K)¥* »/2}

sin BD/Z =
sinh { (K} [ df(142)7 He)
l‘I'J
where K = — 1 if 2 << 1. Now Hogan (1981) shows that the smearing

effect can be estimated if an effective antenna beamwidch (0% - 057" is

used, In the most extreme case for & = 0.1, if the universe is reionized
at z < 100, the effective surface of last scattering is at zo =~ 40 and
0p = 5° Thus we can make use of Figure 3 to estimate how the constraint
of Partridge’s upper limit at 9" is weakened in the £ = 0.1 model by re-
ionization: evidently all adiabatic fluctuation models are now consistent
with the small-scale anisotropy limits.

However, on intermediate angular scales this secondary smearing by
reionization becomes relatively umimportant. An especially significant
constraint comes from the ohservations of Fabbri ef al. (1979) and Mel-
chiorti e al. (1981), who report §T/T == 3 (£ 0.7) X 107" with o = 3°
over 0 = 6°. If we conservatively take tbis as an upper limit, a comparison
of the predicted fluctuations (Figure 3) implies that # > 1 for adiabatic
fluctuations or # > 0 for isothermal fluctuations, even if £ = 1.

Reionization of the intergalactic medium at z > 10 smoothes out the
structure in the radiation distribution induced at decoupling, but results in
the generation of new fluctuations on the sutface of last scattering. Suppose
that these fluctuations have some preferred scale, which presumably is that
of the HII regions around the ionizing sources. One expects the secondary
fluctuations to be of order

ET/T ~ N-H2-0% (pfc)
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Trs. 3. Predicted temperature fluctuations in the cosmic microwave background radiation for
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§ = 6o Predictions by Wilson and Silk (1981) are shown for adiabatic fluctuations
(Q=1,0.1) and for isothermal fluctvations (= 0.1}, Dashed lines are predictions for
adiabatic fluctuations in a neutrino-dominated universe (£}, = 0.98, £, = 0,02).
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if the ionization sources are associated with galaxies that have formed
from a density fluctuation spectrum with power-law index #, and N is the
number of scattering fluctuations along a line of sight. This results in the
reduction of the small-scale temperature fluctuations by about an order
of magnitude. This conclusion is somewhat sensitive to the adopted value
of . If most of the power is in large wavelength fluctuations as with
#n < — 1, then the primordial fluctuations mostly survive even on small
angular scales.

In general, constraints on the small-scale anisotropy below a few
degrees are not likely to be conclusive, because reionization could con-
ceivably occur in a highly uniform way. Moreover, there may be no
intrinsic large-scale structure in the ionizing medium other than that as-
sociated with an extremely non-linear reshuffling over small scales in order
to produce galaxies. The minimal level of fluctuation on large scales cor-
responds to a power specttum with # equal to 4 in this case, and the small-
angular scale anisotropy would be almost completely smoothed by re-
ionization at z > 10.

The large angular scale anisotropy is immune from this effect, and
consequently provides the most fundamental test of the gravitational
instability theory. It is simplest to analyze the angular anisotropy in a
multipole expansion.  The gravitational potential fluctuations are the
almost exclusive contributors to the lowest multipoles. One finds that, to
lowest order, the dipole and quadrupole anisotropics are the most important.
Over scales from 100 Mpc to the hotizon scale it is the dipole anisotropy
that makes the major contribution. This is duc to the peculiar velocity
(both of our local frame and that of the radiation) associated with large-
scale potential fluctuations. Over scales comparable to and larger than
the present horizon, the quadrupole anisotropy is dominant. In addition,
the higher order multipoles are predicted to be present, but the amplitudes
of individual spherical harmonic components are reduced by a factor ~ N
for the Nth multipole (since the rms amplitudes of the various multipole
matrices are comparable). The Fourier power coefficient of the dipole
anisotropy is

~ 2/3 8xcos B (ket))™ + O (keto)? 7 ,

neglecting terms of order {keto)™, and for the quadrupole anisotropy is

~ Grcos’ 0+ 0 [kety]



452 JCSEPH SILK

neglecting terms of order kets, where
0 =cos k-7

is the angle of photon arrival relative to some specified direction, The
refative contribution of various wavenumbers to 8T/T for the dipole and
quadrupole anisotropy is illustrated in Figure 4. It is apparent that a very
steep spectrum (large 7) is required to suppress the quadrupole anisotropy,
but the dipole anisotropy will not decrease as much.

The large dipole contribution has profound implications. Because it
always dominates the quadrupole anisotropy, it means that confirmation
of a quadrupole anisotropy requires a substantial contribution to the
dipole anisotropy from potential fluctuations on scales greatly exceeding
that of the Virgo Supercluster., This conclusion is largely independent
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Fis. 4. The radiation perturbation spectrum 8T/T = £¥2 |51} {or the £ = 0.1 adiabatic
fluctuation model,  Shown separately are the contributions o the dipole anisetropy P, the
quadrupole anisotropy Q, and the small angular scale anisotropy A, Trom Wilson (1981).
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of the assumption of a initial power-law spectrum, since potential fluctua-
tions on such different scales are responsible for the quadrupole and
dipole anisotropies, and these potential fluctuations are primarily due to
the small-scale density inhomogeneities (unless # <C 0) which are present
in order to account for structure on cluster and supercluster scales.

The situation with respect to our peculiar velocity relative to the
Virgo cluster is presently unclear, with analyses of different samples of
galaxies resulting in infall velocities of the Local Group of between 200
and 500 km s”'. The direction of the vector is uncertain, because the
transverse component of motion has only been measured with respect
to one of the samples, for which it is 74 {#% 71) km s™' (Aaronson ef al.
1981). The motion of the Local Group relative to the microwave back-
ground radiation is 540 (= 60) km s' towards a direction about 45°
away from the Virgo cluster; the component of the motion towards Virgo
is 411 (& 30) km s~ {Boughn ez al. 1981). This may change somewhat
when complete sky coverage is attained and the higher order anisotropies
are measured, At present, especially if the low value for our infall velocity
relative to Virgo is adopted, there is clear evidence for a sub-
stantial contribution to our peculiar motion from matter well beyond
the Virgo Supercluster. The apparent deviation of the motion from
Virgo only weakly argues for this, because a substantial shearing motion
could have been acquired if the Virgo Supercluster has undergone any
recollapse, as in the pancake model.

The Rubin-Ford effect (Rubin et f. 1976) also suggests that a purely
Virgocentric flow model is likely to be inadequate. Tt provides evidence
for a possible motion of our galaxy of 600 (2= 125} km s relative to a
distant sample of Sc galaxies (at ¢z = 5000 km s™') in a direction some
90° away from Virgo. To explain the effect, one has to invoke either a
large-scale weak shearing motion (811/H ~ 0.1) or the presence of large-
scale inhomogeneities (= 100 Mpc in extent) that bias the luminosity
function by appeating near the edge of the region studied. Either ex-
planation is tantamount to requiring a component of the gravitational
acceleration of our local rest frame beyond the Virgo Supercluster that
would inevitably conttibute to the dipole anisotropy.

While the dipole anisotropy may or may not provide evidence of
large-scale inhomogeneities, the recently detected quadrupole anisottopy
is reasonably unambiguous. Two measutements have been reported of
the quadrupole anisotropy. The most complete sky coverage was obtained
by Bougbn et al. (1981), who measured positive values for two of the
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five spherical harmonic coefficients that describe the quadrupole moment.
The amplitude (Q) of the quadrupole matrix (essentially the square
root of the sum of the squares of the individual components) is
1.1 (2 0.3) X 107 T, about 30 percent of the amplitude (D) of the
dipole anisotropy, 3.3 {=% 0.6) X 107* T', where T =~ 2.9 K,

Comparison of the observed values of the dipole and quadrupole
anisotropies with the theoretical predictions (Figure 5) leads to some
interesting conclusions. One should first bear in mind that the predicted
anisotropies are averaged over the observer’s position: the dipole and
quadrupole anjsotropics are effectively independent averages, and actual
values could differ by a factor of 2 or 3 in either direction. Other un-
certainties come from the incomplete sky coverage, especially for the
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Fi6. 3. Predictions of dipole and guadrupole temperature anisotropy, as a function of the

power-law index of the fluctuation spectrum, compared with observed walues. The dashed

lines denote the observed amplitudes (D and Q are the rms values of the dipole and

quadrupole anisotropies). Predictions by Silk and Wilson {1981) are for the standard

Q=1 (continuous curves} and £ = 0.1 (dash-dot curves} models (w, = 0} for adiabatic

and isothermal fluctuations and for a neutrino-dominated cosmological model with £, = 0.98,
£, = 0.02 (dotred curves).
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quadrupole anisotropy, which may substantially bias the reported value,
and the normalization of 8p/p to the galaxy correlation function in the
linear regime. Especially for # = 1, & {#) displays osciflations for adiabatic
fluctuations, due to phase differences that arise during the damping prior
to decoupling that results in the short-wavelength truncation of the
fluctuation spectrum, This must also introduce an uncertainty amounting
to a factor of 2 or 3. With due regard to these caveats, inspection of
Figure 5 shows that isothermal fluctuations with #'= 0, corresponding
to white noise initial conditions, can simultaneously account for both the
quadrupole and much of tbe dipole anisotropy. Comparison with the
measurement at 6° shows that the §T/T cc 0 interpolation for # = 0
provides a reasonable fit to the quadrupele anisotropy.

The adiabatic fluctuation theory fails, however, to account for the
quadrupole anisotropy.  Independently of any value of #, a fit to the
quadrupole anisotropy results in excessive dipole anisotropy. Are there
any loopholes in this conclusion? A spatially flat cosmology has hitherto
been assumed. One expects that if @ < 1, the dipole anisotropy will be
reduced, as is the case for peculiar motions relative to the expansion,
roughly by a factor £ Detailed computations (Wilson 1981} are
consistent with this scaling. Since a minimum value for  is now belicv-
ed to be 0.1, this would not seem to be a sufficiently large effect to rescue
the adiabatic theory. Dropping the assumption of an initial power-law
spectrum would obviously make a major change in this conclusion, For
example, the presence of a large lump just on the edge of our present
horizon, at z ~ 1 say, would boost the quadrupole anisotropy consides-
ably relative to the dipole anisotropy. Alternatively one could choose
a primordial power-spectrum with variable index #, small on large scales
2 100 Mpc {# ~ 0) but large on small scales £ 100 Mpc (# ~ 3). To
avoid divergent gravitational potential fluctuations, the spectrum must
flatten out (# << 1) on scales < 1 Mpc. One might hope that observations
of the ch{{use X-ray background, believed to originate primarily from
quasars at z < 4, will eventually probe the presence of such large lumps.
For now, we do not consider this possibility any further, as it seems a
relatively ad hoc model that in any event contradicts underlying assumptions
of the adiabatic fluctuation theory.

One concludes that in the standard model with the simplest as-
sumption of a constant power-law specttum for the primordial density
fluctuations, primordial adiabatic fluctuations are untenable for any single
power-law index as the seeds for galaxy formation, whereas isothermal
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fluctuations with a white noise spectral power distribution satisfy all
observational constraints, Indeed, no monotonic fluctuation spectrum
will be capable of saving the adiabatic theory. One final note of caution:
this sweeping conclusion is hased on the reality of the quadrupole aniso-
tropy with amplitude about one-third that of the dipole anisotropy.
Conceivahly this could seriously overestimate any tsue anisotropy if there
were significant contamination, for example, by galactic thermal or
synchrotron emission. Experiments currently in progress are expected to
resolve this question, by increasing both the sensitivity and the amount
of sky coverage.

5 - PARTICLE PHYSICS AND COSMOLOGY

Considerations from particle physics can have a major impact on
much of the preceding discussion. In fact, the predictions of the amplitudes
of the largest scale structures observed in the universe, the dipole and
quadrupole anisotropies of the cosmic microwave background radiation,
may depend sensitively on the most microscopic scales of the ultimate
theory of elementary particles. This apparently paradoxical situation is not
really so surprising, given that our theory of large-scale structure depends
on the specified initial conditions at an epoch when causally connected
regions encompassed only a small numher of elementaty particles,

A recent development in cosinology has centered on the application
of grand unified theories (GUTs) of the strong, weak and electromagnetic
interactions to the very early universe. Indeed, the extreme energies at-
tained as # — 0 provide one of the few environments for studying the
implications of GUTs. One of the few fundamental numbers needed to
characterize the Friedmann cosmelogical model is the dimensionless entropy
per baryon, equal to 2.5 x 10" (£, [/0.01) for photons and three neutrino
flavours. Perhaps the most spectacular success of GUTs has been to provide
a natural explanation (at least in order of magnitude) for this number in
terms of the haryon-non-conserving processes that occur in these theoties.
While the entropy-per-comoving-volume remains approximately constant,
the baryon number, an excess of particles over antiparticles, which is initial-
ly zero, is generated as the symmetry of the grand unified era is hroken
soon after the Planck time, Since a universal baryon number is generated,
any pre-existing isothermal perturbations, which are equivalent to baryon
number or specific entropy variations, cannot sutvive the baryosynthesis
era in the standard model. Only adiabatic perturbations should be present
to form galaxies, according to this result.
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There is at least one noteworthy means of resurrecting isothermal
fluctuations. Spatial variations in the expansion rate on scales larger than
the horizon during baryosynthesis will give rise to entropy fluctuations. To
understand how this arises, consider first the role of the X-bosons, which
unify the electromagnetic, weak. and strong interactions, and consequently
mediate proton decay. Only because the baryon non-conserving reactions
go out of equilibrium as the universe expands does haryon number build
up, X-bosons being destroyed mote often than they ave created. Reactions
like X = gg dominate over X — 47 by an amount that depends on how
much CP violation there is in X-decay. This is a free parameter, although
measurements for the kaon system indicate a value € ~ 3 X 10 for the
fractional amount of CP wviolation, As the temperature drops to
kT « ms ~ 10° GeV, both the baryon formation and destruction rates
become small relative to the expansion rate, and a net baryon number is
frozen out. For a uniformly expanding Friedmann cosmological model, the
only free parameter is : a value of order 107 is required in order to attain
the observed entropy per baryon (Kolb and Wolfram 1980; Trye, Olive
and Turner 1980).

Now consider the fate of enevgy density inhomogencities, which can
be decomposed into two independent linear fluctuation modes correspond-
ing to constant and decaying curvature perturbations. While any primotdial
entropy fluctuations are “cooked” away, the so-called growing mode of
primordial adiabatic (equivalent to constant curvature fluctuations) can in
principle perturb the expansion rate at baryosynthesis, except that its effect
must be small at this epoch in order to avoid resulting in unacceptably large
energy density inhomogeneities in the very early universe. The decaying
curvature mode can lead to a potentially large perturbation of the expansion
rate as £ — 0, provided that the amplitude of the growing mode is initially
suppressed. This could happen naturally if one required, at say the Planck
epoch, that there was equipartition of energy between the modes (Kompa-
neets, Lukash and Novikov 1981).

There is an additional type of fluctuation that can have a dramatic
effect on baryosynthesis, namely spatial variations in the expansion rate
due to shear or vorticity perturbations. Shear inhomogeneity includes a
decaying mode that could have been large near the Planck time,
toi ~ (87 Gh/c)" ~ 107" 5. One might conjecture that at this epoch, the
threshold of cosmology, all possible decaying modes were present, only
asymptotically resulting in a neatly uniform Friedmann cosmology. Provided
the grand unification era is sufficiently close to the Planck exa at kT ~ 10"
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GeV, and supersymmetric unified theories indeed advocate a grand unifica-
tion energy me ~ 10" GeV the decaying modes should still be significant
at baryosynthesis. [lor example, if collisionless particles dominate the
energy density, the decaying shear mode ¥ = Zuuia {2/ mvtanc)? ~
0.1 Zinsia at this epoch, where & is the ratio of shear to expansion rates. Ana-
lysis of the effect of shear on baryosynthesis shows that isothermal fluctua-
tions 8¢n/Ey~ (8 (112:) ' ~0.01 8Zinssm are generated with 2.2 0.01 #piack
(Bond, Kolb and Silk 1982). These are more than adequate for the isothermal
fluctuation theory of galaxy formation if 8Ziuu s present on comoving
scales well above 10° M. Moreover, the initial shear will have rapidly
decayed, and be completely negligible even by the epoch of nucleosynthesis.
One can also imagine a universe which initially is dominated by inhomo-
geneous shear with 2 (mena) > 1: in this case 8py/py ~ 85/E,

Another far-reaching implication of GUTs is that neutrinos should
possess a non-zero rest mass. While the GUTs only indicate a minimal
lower bound {7, 2 10°¢ ¢V), there are tentative (and presently uncon-
firmed) experimental indications that #z, could be as large as 30 €V from
a tritium decay experiment (Lyubimov ef al. 1980) or = 1 eV from a
neutrino oscillation experiment (Reines et af. 1980). These preliminary
results have motivated cosmologists to reconsider the implications of a
neutrino rest mass. The mass density of cosmological background neutrinos
exceeds the luminous matter density if the neutrino rest mass 7 (assumed
to be in one flavour) Z 1 ¢V, and closes the universe if 7, = 100 h? eV,
where h = Ho/100 km s™' Mpc™, A neutrino mass in the range 10 to 30 eV
also has 2 dramatic effect on galaxy formation theory, as will now be
described.

With primordial adiabatic fluctuations there are associated fluctuations
in the neutrino density. Secondaty neutrino fluctuations are also generated
by isothermal or stress perturbations once they cross the hotizon in the
matter-dominated era. Neuttino perturbations undergo collisionless damp-
ing on suh-horizon scales: this defines a characteristic comoving mass-scale
Mow = 4 % 10% m, "% Mo, to which corresponds a comoving length-scale
o = 40 ne,~t Mpe, where 7y, 1s the neutrino mass (in one flavour) in 30 eV
units. This is analogous to the Jeans length in a collisional fluid, except
that density fluctuations cannot be sustained at all on smaller scales while
growing via gravitational instability on larger scales.

Two effects are responsible for the damping. While the neuttinos
ate relativistic, phase mixing occurs between peaks and troughs of adjacent
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waves, When the neutrinos are non-relativistic, the fluctuations disperse
by Landau damping, the faster neutrinos overtaking the slower neutrinos.
In either case, the neutrino velocity dispersion ve determines the effective
Jeans length,  While the neutrinos are relativistic, the instantaneous
neutrino Jeans length % ~ vy increases as ¢, and when the neutrinos be-
come non-relativistic, vs oc 27" and 4, oc £*. Consequently, the Jeans mass
pe AP oc APt attains a peale value Maw at redshift 1 4+ 2w = 35000 N
(Bond, Efstathiou and Silk 1980; Doroshkevich e af. 1980b). The neu-
trinos actually become non-relativistic at a somewhat larger redshift
57300 m,, No primordial neutrino ffuctuations can be sustained on scales
below M., although primordial isothermal fluctuations do generate secon-
dary adiabatic fluctuations on scales above %, but below Aw.. This occurs
because of the associated stress perturbation induced because 8p =+ 8e/c
for an isothermal fluctuation, whereas p = /3 is the background equation
of state at early epochs. This results in the generation of energy density
fluctuations once the appropriate wavelength first enters the horizon, This
effect is only significant once the predominant constituent of the universe
is non-relativistic. In principle, one could fine-tune the initial conditions
to remove this seccondary adiabatic component by subtracting a small
adiabatic fluctuation from the primordial isothesmal perturbation, but this
may require a very specific choice of initial conditions.

Damping of neutrino fluctuations is extremely severe on scales below
Zom.  Detailed computations of the damping of fluctuations in a neutrino
universe involve a simultaneous solution of the Boltzmann transport equa-
tion for the collisionless neutrinos and the perturbed Einstein equations
for the evolution of density perturbations (Bond and Szalay 1981). The
neutrinos are still semi-relativistic wher much of the damping occurs, and
the system of equations must be evalvated numerically. Computations of
the evolution of several Fourier components of the density fluctuation
spectrum show that a wave with 4 = 1/3 L. suffers extreme damping by
a factor ~ 200 before its growth phase begins after the neutrino velocity
dispersion has dropped sufficiently, whereas one with X = 2 A, suffers
very little damping. The damping of a given component is first effective
when about one-half wavelength of the Foutier component has entered
the horizon, for A £ ... The resulting fluctuation spectrum for an initial
adiabatic power spectrum with #» = 4 is shown in Figure 1.

The baryonic component of adiabatic fluctuations also suffers damp-
ing from radiative viscosity and diffusion on scales below Mq ~ 3 X 10%

30
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Q2,772 Q7% h 2w 105 Mo, coincidentally within an order of magnitude of
the baryonic mass associated with Muw, namely Mom ~ 1.2 X 10" 0~ £
Meo. Baryonic fluctuations on scales above Ma and below the baryonic
Jeans mass {~ 10" Me just prior to decoupling) do not grow significantly
in amplitude until after the decoupling epoch. After recombination occurs,
baryenic fluctuations (even if not present initially) rapidly grow to respond
to the neutrino perturbation on scales * 2> w.. The first fluctuations to
become nonlinear have masses of ordet Myn, and these undergo aspherical
collapse preferentially along one axis, as envisaged in the original Zel’dovich
pancake theory. Because of the sharp cut-off of structure at short wave-
lengths, a caustic surface forms as trajectories intersect, The baryonic
component develops a radiative shock and undergoes fragmentation. The
neutrinos freely penetrate the caustics and separate from the baryons.
Multiple streaming motions develop in the midplane, due to the infalling
neutrinos and those at low velocity initially near the midplane. It is likely
that such a configuration is unstable in the presence of the inhomogeneous
baryonic component, the gravitational two-stream and Jeans instabilities
being effective as the streams interpenetrate. The baryonic fragments
perturh the local gravitational potential in such a way as to generate sheet-
like density fluctuations. A similar phenomenon appears to be present in
N-body collapses of spheroidal distributions of particles (Miller and Smith
1979). According to one-dimensional N-body simulations of the pancake
collapse, streaming progressively develops in phase space as neutrinos that
have already passed through the plane are turned back, secing a deeper
gravitational well as the infall continues. One ends up with a sandwich
of bound neuttinos surrounding a fragmented baryonic pancake.

A substantial fraction of the neutrinos retain a low velocity until
several collapse times (in a direction perpendicular to the plane of sym-
metry) have clapsed, according to one-dimensional simulations (Doroshke-
vich et 4l, 1980a; Melott 1981), and these cold neutrinos become bound
to the baryonic fragments. Little dilution of phase space density occurs
for these neutrinos. A similar effect is well known from earlier studies of
one-dimensional collapse (e.g. Janin 1971). One expects that the mass
fraction of neutrinos should increase progressively with the depth of the
potential well of the baryonic core. Consequently, neutrino infall can at
least qualitatively account for the dark matter in galaxy halos and also
produce an increase in mass-to-luminosity ratio with increasing scale. One
of the successes of the original pancake model is preserved, namely the
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large halos and filamentary nature of the galaxy distrihution, since the
baryonic component still undergoes extreme dissipation. The dominant
mass constituent of the universe, the neutrinos, should possess a much
more uniform distribution. Fragmentation of the neutrino sandwich can
also occur directly hy Jeans instability provided that fluctuations on scales
< Jwm are present in the infalling neutrinos. This could result in the
formation of loosely bound dark structures which may be largely devoid
of any associated baryonic component.

Massive neutrinos rescue the adiabatic fluctuation model from two
otherwise nearly fatal difficulties. Since most of the power in the density
fluctuation spectrum is at a mass-scale M., as opposed to being spread
over the range between the damping mass and the baryonic Jeans mass
prior to decoupling, the correlation function is greatly reduced at large
scales if m, ~ 30 eV, The observations are perfectly consistent with a
ptimordial adiabatic density fluctuation power spectrum 8p/p oc £" with
either #» = 0 (white noise) or # = 1, the constant curvature value that
offers such theoretical appeal (Figure 2). Because the neutrino fluctuations
grow between z. and decoupling, whereas the radiation fluctuations do
not, the strong coupling after the recombination epoch between radiation,
baryons and neutrinos results in radiation temperature fluctuations that are
reduced by a factor ~ za/zw. This applies on small and intermediate
angular scales, and suffices to reconcile the observational upper limits with
the anisotropy required to form galaxies in the adiabatic model (Figure 3).
The large angular-scale anisotropy presents more of a problem, since here
the gravitational potential fluctuations are relatively independent of
and cause large-scale structure in the microwave background radiation.
Because the power in fluctuations on the horizon scale prior to decoupling
is reduced, however, neutrinos do improve matters. The removal of the
broad peak in the matter fluctuation spectrum suppresses the dipole ani-
sotropy (to which it contributes an appreciable amount) more strongly
than the guadrupole anisotropy, which is largely due to potential fluctua-
tions on our present horizon scale associated with scales ~ Mun,  The
quadrupole anisotropy can now be accounted for without producing exces-
sive dipole anisotropy if 0 £ # £ 1/2, although # = 1 apparently results
in too small a quadrupole anisotropy (if we adopt the result of the Princeton
group as a firm value, see Figure 5).

The isothermal fluctuation theory also undergoes a major revision if
neutrinos are massive: in fact, the first structures to form may be pan-
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cakes of total mass M (z) ~ 3 X 10" mx ™ Mo. This apparently para-
doxical result arises hecause baryonic fluctuations are immersed in a hot
neutrino fluid at decoupling. Growth can only commence after the
decoupling epoch on a mass-scale ahove the instantaneous neutrino Jeans
mass. The amplitude of the growing mode is suppressed by a factor
/0. Scales above M. (zs) grow from decoupling to the present, while
scales below M, (z«) experience delayed growth. The results from the linear
theory of fluctuation growth are schematically summarized in Figure 6.
The inhibition of growth results in a flattening of the fluctuation spectrum
below My (ze) by M¥. 1f # < 1, fluctuations on scale M. (z4) are the st
to go non-linear. Since baryonic pressure is completely insignificant on
this mass-scale, one again ends up with pancake formation, but now on
mass-scale My (za).

An intriguing difference between adiabatic and isothermal pancales
is that the former exhibit a sharp cut-off in internal structure at A << Aum,
whereas the isothermal fluctuation spectrum continues below A (ze). The
minimum scale can be at least as small as the present neutrino Jeans mass,
M, (0) = 10° m3~* Mo, although &gs/or ~ ./ » 1 would be required
on this scale for it to be presently non-linear and undergo collapse. It
seems more plausible that small-scale structure is formed not directly from
primordial fluctuations in a uniform background but by the fragmentation
which will occur readily during the non-linear stages of isothexmal pan-
cake collapse. The lack of a well-defined short wavelength cut-off ensures
that the baryonic fluctuations within a given pancake are large, and these
suffice to result in fragmentation of the collapsing neutrino cloud. The
non-linear hackground of the collapsing pancake gives a huge boost to the
growth rate of substructure, provided only that small fluctuations are
present initially (Sato and Takahara 1981). Within the neutrino fragments
that extend in mass down to M, (0), baryonic dissipation will occur to
presumably form the luminous regions of galaxies.

The amount of radiation anisotropy for this isothermal neutrino pan-
calee model can be estimated from the required amplitude on scale My at
decoupling. To obtain 8g1/ps ~ 1 on scale o at present, where the galaxy
correlation function

E{r) = (r/r0)"* and rp = 5 h~" Mpc ,

we require that at decoupling
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Fie. 6. Fluctuation growth in a neutrino-dominated universe. Dotted lines indicate schematic
evolution with redshift of adiabatic density fluctvations and broken lines the evolution of
isothermal fluctuations for different mass scales that correspond to the scale on the ordinate.
Heavy lines are characteristic mass-scales: My is horizon mass, My, = baryonic Jeans mass,
M;, = peutrino Jeans mass (assuming m, == 30 ¢V), and My, is baryonic damping mass.
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Soufoe = 0.01 wry™ {rg/r)ir+d 2

Now extrapolation of the linear regime of the correlation function back to
decoupling yields the effective normalization used previously for evaluating
isothermal radiation fluctuations, namely

Son/on = [ra {1 4 za) ¥/ r]032

The radiation fluctuations associated with the isothermal density fluctua-
tions in the presence of massive neutrinos are, therefore, increased by a
factor ~ 0.01 (1 -+ zq)® &30 mao‘”z ~ 10 7,72,

These estimates all assume that a!l the neutrino mass resides in one
flavos, but they can readily be generalized. It appears as though isothermal
fluctuations with #z << 30 eV would be untenable, by producing excessive
radiation anisotropy on an angular scale of a few degrees, for a white noise
initial spectrum. However, # = 1 would be consistent with this and other
upper Hmits. A mote severe difficulty is that the predicted dipole aniso-
tropy now exceeds the measured value for #» << 1. However, with # = 1,
the predicted quadrupole anisotropy is only 107° for w2, = 1. This may
barely suffice to account for the observed anisotropy.

There is an additional effect that may boost the fluctuation growth
rate by a large factor. If the isothermal fluctuations are strictly entropy
fluctuations with 8ps/ps = constant, then 8¢./p, = 8po/py = 0 at some
initial epoch when they are produced, presumably at the end of baryo-
synthesis (Bond e# al. 1982). In this case, the fluctuations contain a small
amount of curvature, associated with stress perturbations of order ps/p.
This has no significant effect until a fluctuation first enters the horizon after
the neutrinos have gone non-relativistic. At this stage, adiabatic fluctua-
tions of amplitude 8gs/es (2/Q) are generated, The neutrino component
of these secondary adiahatic fluctuations grows in amplitude on mass-scales
greater than M., After decoupling, these scales have a far larger amplitude
than the primary isothermal fluctuations on scale M. (zd), having been
boosted by a factor ~ (1 + z)/(1 + za) [Mo (za) /Mo 112415,

One now obtains pancakes just as in the adiabatic theory, except that
there is considerable substructure. The growth rate of the isothermal
fluctuations is boosted in the pancake collapse on scale M., resulting in
efficient fragmentation that continues down to scales of or even below
~ 10° M. This is because the primordial fluctuation isothermal spectrum
may extend down to scales below the post-decoupling baryonic Jeans mass.
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If 7 <1, the fragment spectrum peaks at M (z4), corresponding to a
baryonic mass of ~ 10" Mo, since it must reflect the amplitudes of density
fluctuations present at the onset of collapse. Since an isothermal fluctuation
spectrum with » > 1 fails to result in any appreciable quadrupole aniso-
tropy, one may consider that fragmentation will first occur on scales
~ M, (z¢). This, therefore, provides an intriguing possibility for generating
latge-scale structure, including the quadrupole anisotropy and large-scale
features in the galaxy distribution, from primordial isothermal fluctuations.

6 - CONCLUSIONS

If the neutrino has a rest-mass = 30 eV, both the adiabatic and iso-
thesmal fluctuation theories provide acceptible interpretations of the qua-
drupole anisotropy in the cosmic microwave background radiation. While
an excessive dipole anisotropy is not genetated with a near flat (# =~ 0)
fluctuation spectsum, there is nevertheless likely to be a substantial con-
¢ribution to the observed dipole component. Indeed, it seems unavoidable
if there is a cosmological quadrupole anisotropy. This means that one
should not expect the motion of the Local Group with respect to the Virgo
Supercluster to coincide in amplitude or in direction with that inferred
relative to the hackground radiation.

Galaxy formation now occurs via pancake formation. 'This is practical-
ly inevitable in both adiabatic and isothermal theories. In the latter case,
secondary adiabatic fluctuations also lead to pancakes of mass Mun. The
initial conditions required are either cutvature fluctuations, K~10"%, or
entropy fluctuations, 8ps/ps = 107, on scales M with possible (but not
necessary) interpolations X o¢ M and 8ps/gs & M~ to smaller mass-
scales. The interpolation of the fluctuation mass spectrum to lasger scales
also is not ciucial, since, for #=0, the covariance vanishes on very large
scales, and the potential fluctuations due to the Mux lumps are adequate
to account for the quadrupole anisotropy.

Fven if isothermal initial conditions are precisely adjusted to avoid
the secondary adiabatic fluctuations, scales M, {z) are the fisst to go non-
Tinear because of the constraint # = 0 imposed by the interpretation of the
quadrupole anisotropy. Only in this case, large initial amplitudes are
required, with 8ps/gs of order unity on galactic mass-scales in order to
overcome the s/, suppression factor. In general, isothermal fluctuations
first become non-linear on mass-scales that are essentially pressure-free,
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since the baryonic Jeans mass is below 10° Mo, and should therefore collapse
anisotropically to form pancakes. These pancake masses are typically those
of the most massive galaxies. Pancake collapse results in efficient frag-
mentation when isothermal fluctuations are present: the substructure aids
galaxy formation, since galactic cores can now presumably form halos more
easily out of the collapsing neutrinos.

Now suppose that experiments eventually demonstrate that 72, €30 eV,
In the standard mode! in which baryonic matter dominates the mass
density of the universe, a primordial adiabatic density fluctuation spectrum
that accounts for galaxy formation is untenable. This conclusion only
presumes that the reported quadrupole anisotropy of the cosmological back-
ground radiation is genuinely of cosmological origin. One cannot account
for this by gravitational potential fluctuations without producing an exces-
sive dipole anisotropy, unless an exceedingly ad hoc initial fluctuation
spectrum is introduced.

One is left with primeval isothermal density fluctuations, which
cluster hierarchically after becoming non-linear at z <<z« to cventually
form galaxies and clusters. Now preexisting isothermal fluctuations cannot
survive the grand unified era if baryosynthesis occurs, unless one appeals
to some additional process that can affect the baryon production. The most
plausible possibility is if decaying inhomogeneous curvatute or shear modes
exist as residues of mote chaotic conditions in the quantum gravity era.
These only yield significant fluctuations if the baryosynthesis era is suf-
ficiently close to the Planck epoch. Incorporating the decay rate of accept-
able shear modes, one evidently requires the grand unification mass to be
> 10°GeV, if inhomogencously decaying shear is to play any significant
role in affecting the expansion rate of the universe, and yield 8gs/0s >
1074,

Clearly, the higher the value of the grand unification mass the more
likely one is to have residual decaying modes from the quantum gravity eta
perturbing baryosynthesis. A high value of the grand unification mass may
arise naturally in a supersymmetric grand unification scheme. This places
fermions and bosons on an equal footing. One consequence is that in such
supersymmetric theories, fermion equivalents of identical spin to bosons
arise naturally, In particular, photinos are produced in equal number to
the photons, and the photinos can have a non-zero rest mass. According
to a recent caleulation (Weinberg 1981), a possible photino rest mass is
~ 100 V. Thus, one can now repeat all calculations involving massive
neutrinos, simply replacing the neutrino by the (unobservable) photino,



FUNDAMENTAL ‘TESTS OF GALAXY FORMATION THEORY 467

This conclusion suggests that a pancake formation theory for galaxies
may be inevitable. The quadrupole anisotropy of the microwave back-
ground radiation, if interpreted in terms of potential fluctuations associated
with large-scale structure, inevitably leads to a scenario in which large
scales collapse first. (Galaxies must form by fragmentation of scales of order
10% to 10* Mo (for primeval isothermal fluctuations) if the neutrino/photino
mass is sufficient (10 to 100 ¢V) to account for the dark matter in the
unjverse, In the absence of such massive non-baryonic elementary particles,
the only acceptable theory is that involving primeval isothermal fluctuations.
These violate GUTs unless something like a supersymmetric theory is
adopted that allows a large grand unification mass-scale and thereby
enhances the plausability of decaying shear fluctuations as a residue to the
quantum gravity era. Yet the presence of massive photinos is likely in such
a theory. In addition, of course, one notes that the primordial nucieo-
synthesis of the light elements (including D, He® and possibly even He') is
acceptable only if non-baryonic matter dominates the present mass density.

It seems that the large-scale structuse of the universe is intimately
related to its microscopic structure on elementary particle scales. This is
pethaps not so surprising if one recalls that it is the initial seed fluctuations
at the Planck epoch that are likely to determine the asymptotic growth of
irregularities in the expanding universe. What perhaps is remarkable is
that one can now begin to make assertions about the reievance of grand
unified theoties to the early universe on the basis of the cosmological origin
of the quadrupole anisotropy.

Both isothermal and adiabatic theories make simifar predictions about
the evolution of protogalaxies. While one might expect some galaxy
formation to occur at large redshift in the isothermal theory, it seems
inevitable from the constraints imposed by the observed characteristics of
galaxies that the bulk of galaxy formation occurs at a similar epoch and in
a similar manner in both theories. The structure of the Local Supercluster
appears to be compatible with both theories. The covariance function of
the galaxy distribution over large scales only seems capable of setting
constraints on the primeval fluctuation spectrum in either theory. The
microwave background is unique in that the dipole, quadrupole and,
ultimately, higher multipole anisotropies can actually discriminate between
the adiabatic and isothermal theories. This is because even the assumption
of an initial power-law fluctuation spectrum leads to considerable large-
scale structure in the matter spectrum after the recombination epoch. Since
the quadmpole anisotropy arises from potential fluctuations on the horizon
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scale and the dipole and highes order anisotropies primarily probe smaller
scales, one has a sensitive measure of the large-scale power in the fluctua-
tion spectrum.

With adequate sky coverage of the multipole structure of the radiation
background, one could hope to distinguish between the hierarchical cluster-
ing and pancake fragmentation theoties of galaxy formation, unfold the
role of massive neutrinos or photinos in modifying the primordial fluctua-
tion specttum, and even measure the curvature radius of the universe, All
of these enigmas are encoded in the large-scale anisotropy. Deciphering it
promises to be one of cosmology’s greatest and most rewarding challenges.

I thank M.L. Wilson and C. Norman for helpful discussions. The
research described here has been supported in part by NASA and the

National Science Foundation.
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DISCUSSION

Aubpouzr

At the beginning of your presentation you call for the existence of gaseous
clouds to form galaxies, Tt seems to me that they are presently well observed.
There is the case, for instance, of I Zwicky 18 or so-called “lazy” galaxies which
are found to be a collection of gaseous clouds of about 10° Mg just starting now
to form stars (sce e.g. the recent work of Lequeux and Viallefond 1980, Astron.
Astroph., 91, 269, on this topic).

PEEBLES

I do not agree that the isothermal massive neutrino scenario leads o pan-
cakes or that in this scenario the first generation of hound objects is guite
massive. Suppose that at high redshift some baryons are in tight lumps. I choose
initial conditions that are orthogonal to adiabatic perturbations by assuming that
there are no curvature perturbations. That means the mass excess in the basyon
clamp js balanced by a like deficit in radiation and neutrinos. Radiation and
neutrinos would have the same initial distribution because they were in thermal
equilibrium. As the baryon fump comes within the horizon it tries to smooth
itself out but that is resisted by radiation pressure, so we get the original clump
somewhat expanded plus acoustic waves in the baryon-radiation mixture. The
latter are strongly dissipared by photon diffusion if the clump radius is small.
When the neutrinos become non-relativistic they accrete around the clump. A
simple sealing argument shows the resulting density to be p oc v, To get the
desired velocity dispersion at r = 10 kpc the baryon clump mass would have to
be ~ 10°Mg. The neuttinos near the center do not collapse far, so they de not
create much entropy. Thus the core radius is < 3 h=' Mpc, which is a com-
fortably small value and an advantage over the pancake picture,

S1Lk

If the baryonic fluctuations are linear, the growth of small-scale fluctuations
after the decoupling is suppressed relative to larger scales, This alone suffices
to make first bound objects rather massive in the isothermal neutrino scenario,
The effect becomes even more compelling if the isothermal [luctuations consist
of baryon density inhomogeneities at very large redshift.  Associated small
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curvature pertuthbations result in the growth of large-scale density fluctuations
once the expansion rate of the universe is dominated by nonrelativistic particies.
While these secondary curvature fluctuations could in principle be subtracted off
with an appropriately chosen admixture of the adiabatic mode, I see no compeiling
reason 1o do so.

SETTI
1) I would like to know what is the energy involved in the collisions of

the 10" Mo clouds you mentioned in your talk and what is the encrgy density
involved at the appropriate redshift,

2) If we did not know that there were galaxies, would we be able to
predict theit existence from current theory?

S1Lkr

1) Collision velocities are initially a few km/s and build up as the cluster-
ing of clouds develops. The limiting velocity is about 500 km/s; above this
velocity the shocked clouds cannot cool and will become unbound. The energy
density involved is comparable to the total binding energy of palaxies, since this
provides a measute of how much dissipation must have occurred during the
cloud collision-dominated galaxy formation process.

2) No.

Hawxine

You assume that the microwave background has not been scattered since a
redshift of about 1000, but is it not possible that there may be intergalactic
matter which has scattered it at z ~ 10? If so, would you then be able to rule
out adigbatic fluctuations?

Siik

Rescattering at z 2 10 would sinear out any preexisting anisotropy in the
microwave background at an angular scale below about 20°. This corresponds
to the angle subtended by a proper distance cortespending to the horizon scale
at z = 10, the maximum scale over which causal effects could operate, Predic-
tions of large scale anisotropy, in particular of the quadrupole or dipole aniso-
tropies, are unaffected by rescattering.
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1 - INTRODUCTION

The universe as we see it in our own neighborhood is about as in-
homogeneous as it could be while remaining consistent with our own
existence and the known laws of physics. On every scale, from the solar
system outwatds to the local supercluster (10 ¢cm to 10* cm), we find
that most of the mass is in objects {planets, stars, galaxies, clusters) which
occupy a small fraction of the volume. On these same scales we see very
significant anisotropies: if we imagine spheres centered on the earth split
by our equatorial plane, then the difference in mass contained in the nosth-
ern and southern hemispheres would be a significant fraction of the total
mass for each sphere on all scales from 10" to 10% cm.

Yet, when we survey the universe on the largest scale possible, study-
ing the microwave background emitted at a redshift of z =~ 1000 and a
distance from us of ~ 10% cm, we find an extraordinary degree of isotropy
with large scale fluctuations (dipole component) of the order of 2 X 107
and no fluctuations seen on galaxy or cluster mass scales which are as large
as 107" (cf. the papers by Silk and Peebles in this volume for a review of
the observations). How did so much structure grow from such smooth
beginnings? This is possibly the most important question in cosmology
today and a more or less standard approach to solving it has developed.
One postulates a spectrum of perturbations of unknown origin in the early
universe which must be small enough in amplitude at the decoupling of
radiation from muatter so that fluctuations in the mictowave background
be no larger than are observed. Then, depending on whether one hypo-
thesizes adiabatic or isothermal perturbations and depending on the initial
spectrum assumed, one integrates forwards in time allowing for growth,
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decay and mode-mode coupling, until some of the perturbations grow
to unit amplitude. This era when, metaphorically speaking, the waves
break, should be the (wavelength dependent) epoch at which self-gravitating
systems separate out of the background. These, depending on one’s theore-
tical beliefs concerning the spectsum of perturbations, will be globular
clusters {Peebles and Dicke 1968}, galaxies (cf. review by Gott 1977) or
clusters of galaxy-sized “pancakes” (cf. Zeldovich 1978).

Logically, this picture is attractive. The theoretician follows the
same course as nature, ie., forward in time from (I <+ 2) =~ 1000 to
(1 +2) =3 to 10, the era of galaxy formation. In practice there are
great difficulties, since we are extremely uncertain about the initial condi-
tions. We do not even know, for instance, whether baryons or neutrinos
carry most of the mass and we are not really confident that we know all
the relevant physical processes which affect the growth and decay of various
modes.

Another, more low-brow, approach sugpgests itsell. We can study
the part of the universe we know best, our galaxy and those galaxies within
the local supercluster, to learn two things: (1) what are the general pro-
perties of galaxies that must be “explained” by a theory of galaxy forma-
tion?; {2) what physical processes are important locally in the formation of
self-gravitating systems (stars and star clusters}) which might also be
important on the cosmological scale (galaxics and galaxy clusters)?  After
we gain confidence studying these better, but still imperfectly, understood
systems, we can then extrapolate backwards from presently observed
palaxies at (1 4+ 2) = 1 to 2 to the era of galaxy formation at (1 + z) =
3 to 10. While the philosophical difficulties with this approach are clear
(how, for example, does one tie the model of galaxy formation derived by
this backward looking approach to conditions in the early universe?), it
has the advantage that one is laying out a proposed map over the relatively
recent epochs of cosmic time which are now or will soon be accessible to
direct observations; i.e., it is, in principle, testable.

The important facts that we learn from our survey of the local universe
are two: (1) galaxies show a surprising degree of uniformity requiring
very few parameters to predict most of their properties and, furthermore,
the distribution of these properties (mass, radius, etc.) show characteristic
scales, implying that other than purely gravitational processes were
important at the birth of galaxies; (2) non-conservative enetgy processes
are very important locally in the formation of self-gravitating systems with
both the radiative losses from cooling gas and the energy input from
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massive stars essential ingredients, Complex feedback processes are
evident, wherein star formation begets {or can limit) more star formation
and, in any case, all memory of initial conditions is quite lost in the ongoing
process, except for constraints imposed by overall conservation laws relating
to mass, angular momentum, etc,

I will discuss these two topics briefly in Sections 2 and 3, turning in
Section 4 to a specific theory of galaxy formation, and presenting summary
remarks in Section 3.

2 - PROPERTIES OF GALAXIES

A) Definition of Components

Baade (1944a, b) is usually credited with the recognition that the
distinct stellar components observed in our galaxy in the vicinity of the
Sun have parallels in other systems, so that galaxies may be consideted to
contain a mixture of more or less distinct components. A specific classi-
fication scheme of galactic components, developed on the basis of earlier
work, received widespread adherence foflowing Blaauw’s (1965) summary
of the 1957 Vatican Conference on Population Types. According to present
views this classification scheme remains largely valid and is seriously
incomplete only insofar as it omitted mention of the dark halo, now believ-
ed to be a dynamically important component (although its composition
remains quite unknown). IHowever, at the time of the 1957 Vatican
Conference the properties of these components were known only locally
with any security. We now have a fairly accurate picture of their spatial
distribution and of the correspondence between the locally observed com-
ponents and constituents of other galaxies. A specification of four com-
ponents suffices to provide 2 moderately complete characterization of most
galaxies:

a. The Spheroid: The approximately spherical distribution of old
stars and globular clusters witb radial dependence well approximated by the
de Vaucouleurs law (1959) scems fundamental to most stellar systems.
Locally, stars in the spheroid are identified with the metal poor “Popula-
tion I1” and in the center of the galaxy witb the more metal rich “Galactic
Bulge”. Similar spheroidal distributions are seen in most spiral galaxies and
the basic, elliptical components of elliptical galaxies appear to be identical
except for scale factors.

31
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b. The Disc: The flattened distribution of relatively metal rich,
middle aged and old stars with radial dependence well approximated by an
exponential in surface density {de Vaucouleurs 1959, Freeman 1970) that
may or may not contain a central “hole”. The Sun belongs to this com-
ponent. It is scen in other spirals, often shows weak spiral structure (cf.
Schweizer 1976), and dominates the light in some S0 systems.

c. Population I: The very flattened distribution of gas and young
stars with surface density distribution like that of the disc (exponential),
but also showing, typically, prominent spiral arm patterns. As to mass,
this component is always insignificant (except possibly in very low mass
systems), but it is most important in the chemical evolution of galaxies
and dominates the total light in late Hubble type systems.

d. The Dark Halo: The approximately spherical distribution of some
collisionless fluid (low mass stars, neutrinos, black holes...?) which contains,
in our galaxy, perhaps 1/4 of the mass intetior to the Sun’s orbit, but
9/10 of the mass interior to 100 kpc, with density dependence approximately
p oc r~2 in its outer parts.

A more complete and quantitative description of these components
is given by Caldwelf and Ostriker (1981) and Bahcall and Soneira (1980).
A historical review and a relatively detailed and up-to-date presentation
is given by Mihalas and Binney (1981).

B. Components: Statistical Properties

The basic spheroidal components show an extraordinary degree of
uniformity with most astronomical examples, from the 10" Lo spheroid of
M 87 to the 10° Lo of tbe local group dwarf NGC 205, showing such family
resemblances that they all appear to belong to a single one-parameter family.
Sandage (1972) noted the color-luminosity relation for ellipticals which, it
now appears, can be extended to the spheroidal component of spiral
galaxies. Faber (1973) found a metallicity-color relation, Faber and Jackson
(1976) a velocity dispersion vs. luminosity relation and Kormendy (1977)
and others a core radius vs. luminosity relation (this last showing consider-
able scatter).

Thus, the knowledge of one parameter, the luminosity, allows one to
make a prediction of almost any other measurable property of a spheroidal
system to an accuracy of better than 209 of the dispersion of that quantity
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in normal galaxies. TFurthermore, following the extremely plausible argu-
ments presented by Eggen, LyndenBell and Sandage {1962), we believe
that this subsystem of our Galaxy and, by extension of other galaxies, was
formed first and in the relatively short time frame of a few free-fall times
(<2 10% yrs). It is remarkable that the basic component of galactic systems
can be specified by one number. Reasoning from first principles one would
have expected that, at the minimum two parameters, mass scale (M} and
radius (R), would have been required (or possibly three, M, R and angular
momentum J). Alternatively, one could choose the two parameters to be
the epoch of formation and mass. The observations indicate clearly that
cither most galaxies formed at an essentially fixed epoch, or that there was
a tight relationship between epoch of formation and mass of system formed
(with most massive systems formed last).

To a surprising degree, specification of the luminosity of the spheroidal
component (L, 1) allows a good prediction of the other components as
well. For example, if Ly, 5 > 10" Lo, then the other observed components
are usually relatively faint; the system is classified as elliptical. If 10'** Le>>
Lep, 5 > 10°° Lo; then the system disc population makes a significant con-
tribution but Population T is relatively unimportant and the galaxies are
classified as SO or Sa. If Lens << 10°° Lo, Population 1 typically dominates
the light {a result possibly affected by sclection). However, at the extreme
low luminosity end of the sequence, dwarf spheroidals are known with es-
sentially no Population I or disc components. The fact that environmental
influences are also clearly important (cf., for example, Melnick and Sargent
1977 or Dressler 1980) in determining the ratios of different galactic types
to one another depending on galaxy density, may or may not require an
extra parameter. It is possible that low luminosity spheroids are relatively
mote rare in regions of a high galaxian density, thus accounting for the
relatively small number of spiral systems; or, alternatively, they may be
present in the same relative numbers as in the field, but in dense systems
of galaxics they do not occur within disc galaxies. Analysis of existing
observations should allow one to answer this question.

Thus, galaxies can be thought of as a one-parameter set of objects.! The
sequence is, of course, very similar to the familiar Hubble-Sandage sequence.

U Tt is at first surprising that angular momentum is as unimportant a separate parameter
for galaxies as it Is for stars. Although it may be important in individual systems it appears
that its value can be predicted from the value of other guantities so that it need not be
treated as an independent parameter.
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The important new fact is that, quantitatively, most properties along this
sequence can be predicted from the luminosity of the spheroidal component.?
As an example we examine how the Holmberg radii (Ru) of spiral galaxies
might be correlated with Ly, We know that the velocity dispersion in the
bulge satisfied a Faber-Jackson relation vn, wms o¢ Lo (Whitmore, Kirshner
and Schechter 1979) and that the rotation velocity of the Population I
component satisfies vra = V'3 vaisn {cf., e.g. Gunn's paper in this volume)
and that v is well correlated with the Holmberg radius (Rubin et 4f. 1980).
This implies that Ry should correlate well with L.

The extreme simplicity, statistically speaking, of galaxy properties is
an important clue to the processes of formation to which we shall return,
It would seem that a faitly deterministic theory of galaxy formation, in
which stocbastic effects were relatively unimportant, would have the best
chance of explaining the observations.

C) Physical Scales

It is a very significant fact that definite scales are associated with
palaxies. As an example, consider the physical scale length of the luminous
parts. We do not, for example, know of many objects with characteristic
scales < 1 kpc or 2 100 kpc and there is no obvious selection that would
prevent us from finding such objects among nearby galaxies. This fact is
not simply produced by our definitions — whbat we call galaxies — since
thete is not a large amount of light emitted by objects near the edges of
the observed distribution of size; and the optical cosmic background
(Shecbtman 1974} is well enough accounted for by existing objects to argue
that it is impossible for most of the light to come from cither very low or
very high surface brightness galaxies. Quantitatively, it is perhaps easiest
to make the point by considering luminosity as the variable rather than
size. A convenient way of characterizing the galaxy luminosity function was
found by Schechter (1976) who approximated the distribution with
N {4)dé = £ ¢4, where ¢ is the luminosity of the object in units of
some fiducial luminosity ¢ = L/L, and v is typically found to be in the
range 1.0 to 1.5. The Schechter luminosity function has a “break” with
few galaxies brighter than L, and a characteristic luminosity of the typical *

2 Tor a possible interpretation of this fact see Ostriker {1977).
3 Typical in the scnse that most of the light Is emitted by galaxies having luminosity
within one magnitude of L.
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galagy of order L,. Others such as Abell (1964) have found other forms
of the luminosity function to be more convenient but all proposed dis-
tributions show a break at some characteristic luminosity. As another ex-
ample consider the “multiplicity function” of Gott and Turner (1979)
defined so that G (¢) d? is equal to the light emitted per unit volume by
groups of galaxies having luminosity in the range ¢ — ¢ + d¥¢, where ¢
is the group luminosity in the units of some fiducial luminosity. The func-
tion G () is found to have the same shape for clusters as Abell foand for
galaxies — two power laws connected at a break — so that there is a
characteristically well-defined typical luminosity of a cluster.

Returning to the distribution of properties of individual galaxies, we
can couple the distribution of luminosity shown by sphetoidal components
with a power-law-like relation between the luminosity of the spheroid
and other statistical properties such as velocity dispersion, to determine
that there must exist characteristic values for these other properties as well,

One may immediately ask whence such physical scales might arise.
Gravity itself has no scale and the phenomena thought to arise from putely
gravitational effects also show no scale, as found, for example, by Peebles
{1980) in the analysis of galaxy counts or by Aarseth, Gott and Turner 1979
in the analysis of gravitational n-body experiments.

Detailed modelling of galaxy formation inevitably includes gas dynamics
and, more importantly, radiative cooling of gas clouds, since it seems
impossible to form the ohserved bound, centrally condensed systems of
stars without significant energy dissipation. The requirement that cosmical
gas clouds be able to cool on the relevant time scale will, as noted by several
authors {Ostriker 1974, Binney 1977, Rees and Ostriker 1977, Silk 1977),
singles out certain scales as possible for self-gravitating entities. It is reas-
suring that the simplest arguments based on this principle lead to proposed
values for the preferred scales close to the range observed. A similarity to
stars is suggested.

In the following respects stars are like galaxies: a) for most (main
sequence) stars the observed parameters are well correlated with one
another and a one-parameter {mass ot luminosity) sequence is a good ap-
proximation; b) most of the mass in stars is in objects within a factor of 10
of the solar mass, with characteristic values of quantities such as mass
and radius determined, we think, during the process of star formation by the
(atomic) physical processes of radiation generation and transfer,

It appears that galaxy formation must involve, in a critical way,
radiative dissipation and other physical processes, and that a purely gravi-
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tational approach to the prohlem is likely to fail. Also the morphological
analogies to stellar properties lead one to believe that analogous processes
may occur in star formation and galaxy formation,

3 - STAR FORMATION IN THE INTERSTELLAR MEDIUM

Since the model for galaxy formation proposed will be conceptually
very close to the present picture of star formation, it is perhaps best to
review very briefly current ideas on that subject. The interstellar medium
(ISM) is quite complex with a description of several components required
to model the observations or understand the known physical processes.

Most of the volume in the solar neighborhoed, it is generally agreed,
is filled with hot low density coronal gas having temperatures ~ 10°7K,
density ~ 107*% em™? and cooling time ~ 10°® yrs. There are theoretical
reasons for believing that this region is not very atypical and that, by volume,
the coronal gas dominates in most of the galaxy. Imbedded in this hot gas
are warm (T~ 10* K) clouds which in some cases have cool (T~ 10* K) cores,
the “diffuse interstellar clouds”, which are in pressure equilihrium with
the hot medium. The most massive of these clouds (M = 10° Mg) are
colder still (T ~ 10' K) and primarily molecular in composition. The mass
of the ISM is primatily in the cold clouds and particulatly in the regions
whete there is a high concentration of massive molecular clouds.

The extremely inhomogeneous nature of the ISM is now well undes-
stood and the explanation of its origin probably applies to the intergalactic
medium (IGM) as well. There are two complementary reasons; one related
to heating, the other to cooling. First, consider heating. The energy input
to the medium comes primarily in two forms. Photoionization produced by
the 13.6 to 40 eV photons emitted by hot stars {107 ergs cm™ s~ on the
average) will characteristically heat low density gas to 10*K and higher
density gas to lower temperatutes. A comparable amount of energy is inject-
ed into the medium by shock heating arising from explosions and winds of
all kinds, with standard type 1 and II supernovae probably making the
largest input. The shock velocities are typically in the range 10 to 10* km/s
and tbey naturally heat gas to temperatures in the range 10 to 10 K,
Furthermore, shock heating promotes inhomogeneity insofar as shocks tend
to propagate in the low density component of a multicomponent medium hy
passing and compressing (isothermally) higher density imbedded clouds.
The second reason is related to the thermal instability of cooling gas (cf.
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Field 19654 and has its origin in the cooling peak at 10* to 10° K, due
to resonance line radiation of cosmically abundant elements. Shock heated
gas will, on a cooling time scale, condense into new or onto previously
existing cool clouds. Estimated values for the IGM show that analogous
components (“hot” and “warm”) probably exist in similar ranges of
temperature and density.

The spectrum of cloud sizes in the ISM is limited on the upper end
by gravitational collapse and on the lower by evaporation; both of these
processes are also likely to occur for clouds in the IGM. Thus the heating
of both the principal components, even the existence of hot and warm
components in the ISM, is dependent on the continual energy input from
young stars with lifetimes typically « 10° yr and which, therefore, must
be steadily replenished over the lifetime of the galaxy. Processes leading
to the birth of these stars are very imperfectly understood at present but
several elements can be isolated as generally agreed upon: (a) star formation
occurs primarily (or entirely) in gas rich regions of the highest density and
lowest temperature; (b) gravitational collapse of clouds (perhaps initiated
by an ambient overpressure) is likely to be important; (c) there is some
observational evidence for “chain reactions” (Elmegreen and Lada 1977,
Elmegreen and Moran 1979), the interpretation being that hydrodynamical
enetgy released by young stars (in expanding H II regions, winds ox super-
novae) compresses by shocks adjacent cold clouds leading to isothermal
collapse of these regions and more star formation,

Nowhere in this schematic pictute of star formation is there any dis-
cussion of the initial spectrum of irregularities that existed when the galaxy
was formed. Presumably this is not because it is thought that the galaxy
was a petfectly spherical, uniform density ball of gas at that time (it probably
would have collapsed to a black hole if it had been!) but because any
memory of the initial spectrum of perturbations has been crased by the
ongoing physical processes in the ISM. A typical time scale is the heating
or cooling time of 10% years (also approximately the supernova remmnant
overlap time) which is much shorter than the age of the galaxy. It is
important to ask if the same situation applies in the IGM. Formation of
some galaxies will clearly affect the surrounding IGM. Will effects from
the various centers of activity overlap on time scales short compared to
the age of the universe so that we can consider the evolution of an IGM
largely decoupled from its initial conditions?

4 A specific application to galaxy formatien is included in this paper
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4 - GALAXY FORMATION

It is not difficult to estimate the energy output by a standard (L, =
10 Lo) galaxy in the form of shock waves from young stars. Estimates
arrived at by several different means give 10* ergs/L, galaxy, most of it,
of course, emitted during a brief early epoch coincident with the formation
of the spheroidal component. Given a present mean luminosity density of
jo = 10" Lo/Mpc® in the universe, this corresponds to an enetgy input of
10% ergs per current Mpc or

iy = 107" erpfec . (1)

If we equate this energy density to that of a monotonic gas for which
D =0T = 2u/3k, then P = 10'"%. A comparable energy was injected by
QSOs and active galaxies (cf. Tkeuchi 1981, Blandford 1981), and it is
quite possible that the two phenomena are really the same (or closely
related) and distinguished by primarily observational limitations. If this
energy had been injected at an epoch z = z then, due to adiabatic losses,
the energy density at some epoch z < z in the IGM would be

(1+z¥
#{z) = fly (2}
(1 -+ z)?

so that, for example, if z = 3 then the current value of # would be 10-%7
erg/cc and the current value of P would be 10°. Can disturbances propagate
between galaxies? Ignoring (conservatively) the two-particle correlation
function which makes the typical distance between galaxies considerably
less than #7, the mean distance between typical galaxies is approximately

b= {fof/L,)"" = 10" (1 + 2)"! Mpc . (3)

If we express the local density of the IGM in units of the critical density
#gas = 1077 Qyas, —2 atoms/eny’, then the local speed of sound in the IGM is

Cy = 10%* (PO/QO. gas, o)t km/s (4)
and scales as
C=0G( 4+ 2. {5

Thus the time required for a disturbance to propagate half way to the nearest
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galaxy is A = 10" (Po/o, ws -2)7"* (142)"? years. Expressing this in
terms of the age of the universe at z = 2z (and assuming an open universe)
we have

At
(W) e 10730 (€ pas, 20T T (erg/ec) 17V = 0.2 {6)
¢ i

independent of the initial epoch z:. Thus there is ample time for com-
munication between adjacent centers of activity if our estimates for encrgy
input are eveu approximately correct. The lower the density in the IGM,
the better is this approximation. This conclusion was artived at by Schwarz
et al. (1975) by an analogous but somewhat different route. Thus a model
for galagy formation analogous to star formation is at least causally pos-
sible. Is it however quantitatively reasonable?

I will discuss a specific model put forward by Ostriker and Cowie
(1981) which is very similar to that of Ikeuchi (1981) based on quasars.
We do not discuss the initiation of galaxy formation and it seems entirely
possible that either of the standard scenarios that do investigate this, es-
pecially the Zeldovich pancake approach, could be modified to include
many of the elements proposed here.

We imagine that a seed, a self-gravitating, stellar system (e.g. globular
cluster or small galaxy} of mass M, forms with a normal complement of
massive stars as determined by the initial mass function. Those stars over
10 Mo have a short lifetime and are expected to die explosively as super-
novae, injecting of the order of 10¥ ergs of blast wave energy into the
gaseous medium surrounding them. The total blast energy of all such
supernovae E is expected to be approximately propostional to the mass of
the system and can be expressed in terms of a dimensionless efficiency e

E=e¢med=10"e.sme | (7a)
numetically
E(){ = 1.8 ¢4 Mn ) (7[3)

whete our ignorance of E has been rephased as uncertainty in the parameter
e-s, Mu is the mass of the seed in units of 10" Mo and Ea the energy in
units of 10 ergs. Various independent arguments {cf. Ostriker and Cowie
1981, Bookbinder er al. 1980), based primarily on the observed metallicity
of galaxies or the locally observed initial mass functions, indicate that
£-s ~ 0.3 is a reasonable estimate for the efficiency. Much of the combined
energy from these early supernovae will propagate into the IGM as an
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adiabatic blast wave, initially similar to the standard Sedov-Taylor solution.
Then under certain circumstances a dense, cool shell will form that may be
gravitationally unstable to fragmentation and lead to the formation of new
bound stellar systems. If all of the required conditions are satisfied and
the mass in new systems is larger than the mass of the original seed, then
thete exists an amplifier which can cause a chain reaction of very rapidly
growing rates of galaxy formation, Two further conditions must be met if
the process is to modify significantly the rate of galaxy formation: the
e-folding time of the process must be short compared to the age of the
universe and blast waves from different centers must not overlap before
cooling and fragmenting. Tor certain epochs and proposed galaxy masses
all of the required conditions are met as outlined in Ostriker and Cowie
(1981) and spelled out in greater detail in Vishniac, Ostriker and Bert-
schinger {1982). Here let me focus for definiteness at a particular era,
2=z =9, and further assume that the cosmic density of primordial gas
at the time corresponds to a current value of (p/peddo = 0.2 with an as-
sumed value of the Hubble constant equal to 100 km/s/Mpe. Then, from
an explosion of energy Ba a dense shell would have formed after a time
of 9 X 10° Ea®? years with a radius of Rea = 0.67 Ea™ Mpe, a velocity of
300 E«™® km/s containing a mass of 9 X 102 E¢™® Me. Since the cosmic
age at that time was ~ 20 X 10° years, explosions more enexgetic than 10%
ergs would not have had time to cool. Thus we might imagine an explosion
originating in a 2 X 10" Mo galaxy (Fe = 1.0); it would lead to amplifica-
tion: by a factor of 90 producing a system with present-day properties like
that of a typical group of galaxies: mass =~ 10" Mo and size = 1 Mpc. One
definite prediction of this theory is that galaxies should be formed on sheet-
like surfaces, a characteristic common to it and the Zeldovich pancake
picture. An approximate stability theory indicates that the mode of maxi-
mum instability in the sheet corresponds to a mass of 1.5 X 10° Mo, com-
parable to the relatively common Magellanic ifregular type systems. This
is near the lower bound of the instability strip which predicts that galaxies
can be made in the mass range, 10° £ M,/Mo < 10% in rough agreement
with observational facts. Since galaxies form on an essentially two-
dimensional surface, they will automatically satisfy a Faber-Jackson type
relation between mass and velocity dispersion (cf. Ostriker 1982). Also
in agreement with observations is the prediction that galaxies should
typically be made in bound groups of mass ~ 10" to 10" Mo and crossing
times of ~ 10° years (cf. Gott and Turner 1977). The pancake model,
I believe, would tend to predict larger masses and smaller crossing times.
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However, much more work must be done before the theoretical distribu-
tions of either the luminosity function or the multiplicity function can be
predicted with any confidence.

The rapidly growing instability will be limited, in any given volume
of space, when adjacent blast waves ovetlap. This will leave the remain-
ing gas in a two-phase medium similar to the ISM, with “clouds” of 10° K
(photoionized) gas occupying a small fraction of the volume and being
pressute confined by the hotter and lower density, shock-heated intercloud
medium, Analysis of the QSO absorption lines, associated by Sargent et al.
(1980) with intergalactic La absorbing clouds, indicates properties for the
intercloud IGM similar to those predicted. The required pressute of the
IGM, P = aT = 10°, is an important specific test of the model.

It is interesting to ask about the fate of explosions that might occur at
an earlier epoch. Then, in addition to ordinary radiative gas cooling, inverse
Compton cooling due to collisions with blackbody photons can be quite
important., This process will allow quite massive and energetic explosions
to cool with the ratio of cooling to the age of the universe being

£eool 100
= ( J , (=2 6) (8)
' (1 + 2

independent of E. However, the cooling is so efficient that very large
explosions will cool before they have swept up more mass than was in the
seed, so no amplification will result. The maximum energy that will
amplify is

Folomae = 4 X 10%e. (1 + 207 , (z26), (9

which restricts the epochs of interest to z < 30. In the allowed interval,
6 < z < 30, if the instability begins, it will likely not lead to ohjects like
ordinaty galaxies. Cooling is so efficient that the Jeans mass in the frag-
menting shell is quite small and, for example, at z = 25, the mode of
maximum instability in the shell has a mass of 2 X 10* Mo X Ee™*. Thus,
it is possihle that very massive stars rather than galaxies would he produced
at this epoch; these have short lifetimes and leave no optically visible
remnants. Thus, volumes of space suhject to the instability at an early
epoch might now seem “empty”. What volume would be enclosed by
such apparently empty regions? So long as the explosions continue to
amplify one can think of the hierarchy proceeding as a detonation wave
outwards from the original seed turning matter to energy with an efficiency
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e. A detonation wave in an £ = 1 universe (appropriate for such eatly
times) expands at the rate

Ry = 146" ¢t (10a)
or

E=13.04e¥Fp = 88 x 10962 (14+2)"% | (10b)

(Ostriker et al. 1982). Then equating (9) and (10b) gives zmax = 6.7 and
Eat, max == 4.1 X 10°e.#°. This gives a maximum radius of 5 =" Mpc at
z = 6.7 and a current (z = 0) radius of ~ 50 e_4"* Mpc, comparable in size
to the void found by Kirshner e# af, (1981) from galaxy redshift surveys.

5 - SUMMARY

a) Locally observed galaxies can be quantitatively considered to follow
a onc-parameter sequence, the defining parameter being the optical lumi-
nosity of the spheroidal component; this indicates eitber that most galaxies
were formed during a relatively nasrow interval of cosmic time, or that
the mass of the formed galaxy was tightly correlated with the epoch of
formation;

b) All quantifiable properties of individual galaxies show characteristic
scales which indicate that gravity was not the sole force operating during
formation; existing theoretical work leads one to believe that gas cooling
processes set the scales for the observed systems;

c} A process exists whereby explosions originating in one forming
galaxy will drive a shock into the surrounding medium, with gas cooling
ultimately causing the formation of a dense, cool, gravitationally unstable
shell, out of which a new generation of galaxies can emerge. The proper-
ties of the galaxies and groups so formed have the cbaracteristic scales of
observed systems.

Many further details of this model remain to be worked out. It should
be thought of as complementary to, rather than a replacement of, existing
theories since it does not address the question of the initiation of galaxy
formation. In the usual theories a spectrum of fluctuations is followed in
cosmic time until nonlinear density fluctuations form. The explosive
processes described hese can be thought of as an amplifier, multiplying by
large factors certain parts of the spectrum at certain cosmic epochs. Its
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virtue appears to be that the scales amplified and the epochs preferred
agree with those indicated by our very imperfect empirical knowledge of
galaxy formation.

I would like to thank many of my colleagues, especially L.L. Cowie,
JE. Gunn, CF. McKee, P.J.E. Peebles, M. Rees and E. Vishniac, for
helpful readings and suggestions that have CO]ltllbuth to this ongoing work,
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DISCUSSION

ReEs

I wonder to what extent one can adopt some of your ideas on an “a la
carte” basis, even if one feels uneasy about swallowing them completely. In
particular would not your calculations of fragmenting cool sheets apply also in
some versions of the “pancake” picture, where gas is squeezed in one dimension
but may be expanding in the other two?

OSTRIKER

Soine aspects of the model could presumably be carried over to the pan-
cake theory. However, the magic value for the surface mass density will occur
in gas cooling from a high temperature blast wave but will not necessarily occur
for gas with increasing temperature in an accreting pancake.

S1LK

Primeval galaxy searches have been unsuccessful out to z < 5. One possible
solution may be that the initial protogalaxy collapse occurs slowly, lasting up
to ~ 107 years,

OSTRIKER

Pethaps primeval galaxies are not observed due to dust obscuration as-
sociated with intervening galaxies.

Hawkine

How many galaxies are made from each seed galaxy, and so how many
galaxies would you need?

OsTRIKER

Approximately one seed per group of several galaxies {10™ to 10" Mg) is
required and the seed may be as small as a globular cluster.



GALAXY FORMATION 491

Oorr

1 would feel very happy with your attractive theary if it were not for the
seeds, The seeds show that galaxies can be made in other ways, Have you
given thought to the possibility of a direct confirmation of your model, for
instance, a test in which you could directly observe the shells? And can you
make superclusters?

OSTRIKER

Direct observations of galaxies (and gas) on two dimensional expanding
surfaces would provide direct but not unique evidence for the theory. The point
I wished to make is that, regardless of how galaxy formation begins, the hydro-
dynamical amplifier should take over quickly, since its time scale is much
shorter than the Hubble time. Thus, almost all of the galaxies will have been
made through the chain reaction, and small mass objects such as glohular clusters
might be remaant seeds.

Davis

How do your models compare with the observational constraints set by
the X-ray background and optical background?

OSTRIKER

The Bookbinder e 4l (1980) paper discussed tbermal bremsstrahlung of
the gas leaving palaxies and concludes that a few percent of the background
could easily be produced by this process. I have not yet thought about non-
thermal emission but it may be significant,

SETIT

As Davis just said, I am also worried about the contribution of these
galaxies to the X-ray background, In fact, if the 10 or so supetnovae which
explode emit X-rays as they are known to do, I have just estimated that the
integrated contribution would exceed the X-ray background in the 2 10 10 kev
range by at least a factor of 10. Moreover if the same supernovae do produce
cosmic rays with the same efficiency which they are thought to have in our
Galaxy, then it seems to me one has to be careful that they do not produce
too many Y-tays via the p—p interaction and Compton X-rays from the electron

32
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component of the cosmic rays. This would again violate the relative back-
grounds.

VaN DER Laan

A second or third generation event finds itself in an environment with an
extreme range of density contrasts. The explosion energy will then be dissipated
in the very tenuous, very hot volume elements. How will this offset the ef-
ficiency of producing next generation galaxies?

OSTRIKER

Yes, thete is a phase when the IGM will resemble the present ISM and
blast waves propagate in the low density medium. They pass and crush or
evaporate “clouds”. Those clouds which collapse produce more galaxies and
the process continues until we are left with a spectrum of stable or evaporating
clouds. The parameters agree well with those deduced by Sargent ez al. (1980).

VaN DER Laawn

The triggers should be strong to moderate tadio sources, Their luminosities
may be comparable to that of the usual radio galaxies but their radio morpho-
logy would be altogether different. The dumb-bell configuration wili not be
there. 1t is of interest to do the sums to see if curtent VLA sensitivity/resolu-
tion combinations warrant a seatch.

OSTRIXER

Yes, VLA searches would be valuable.

Rees

If there are no genuinely primordial fluctuations in the gravitational
potential, can your mode! account for gravitationally bound systems like the
Coma cluster? If © =< 1, any region is initially gravitationally unbound and the
production of peculiar motions would tend to make it even more so.

OSTRIKER

Galaxies will be made in small bound groups having a size of the order of
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the present two-particle correlation length (2 Mpc compared to 5 Mpc). After
this the same boosting process that occuts in the N-body simulations (even in
the case of low values of Q) will tend to propagate fluctuations to longer wave-
lengths. Superclusters cannot be made by the process unless explosions occur

at some earlier epoch.



REMARKS ON A POSSIBLE PREGALACTIC
« POPULATION IIT »

MARTIN }. REES
Institute of Astrononry
Madinglay Road, Cambridge

If the inhomogeneities in the early universe invoive entropy fluctua-
tions, rather than being purely adiabatic, then they will not be destroyed
by radiative damping before recombination. If these inhomogeneities have
a smooth spectrum with the amplitude decreasing towards larger scales,
as is indicated by the data on galaxy clustering, then the amplitude at
recombination may be = 1 on scales up to 10° to 10° Me. (This number is
nncertain because of the unknown slope of the fluctuation spectrum).
Since the Jeans mass just after recombination is ~ 10° Q2™ Mo, objects of
mass = 10° Mo would therefore be expected to condense gravitationally
at 7 = 1000, Before one can formulate a real theory of galaxy formation
based on initial entropy fluctuations, it is essential to have some idea of
what happens to these post-recombination condensations of sub-galactic
mass. Do they turn into supermassive black holes or do they fragment
down to stellar masses? Does the energy input from these objects affect
the residual gas by heating it up, by generating “secondary” fluctuations
via bulk motions, or by injecting heavy elements? What fraction of the
initial gas gets trapped in these “population TI[” objects or their remnants?
Can these objects, after they have undergone hierarchical clustering, provide
the “hidden mass”? T should like briefly to report some work on this
subject which I have been doing with A. Kashlinsky.

Two interesting papers written in the 1960s addressed this question,
but reached quite different conclusions. Pecbles and Dicke {1968) con-
sidered the fate of clouds of just above the Jeans mass. They argued that
the clouds would fragment into stars, yielding systems resembling globular
clusters. In contrast, Doroshkevich et al. (1967) envisaged that each cloud
formed a single supermassive object. The energy thereby released would



496 MARTIN J. RELS

heat the intergalactic medium, exert a negative feedback on the formation
of further supermassive objects, and would generate “secondary” inhomo-
geneities on larger mass-scales from which galaxies would later condense
(an idea reminiscent of that developed by Ostriker in his paper at this
meeting).

Kashlinsky and I have tried to consider the evolution of clouds sub-
stantially above the post-recombination Jeans mass (i.e. of 107 to 10* Mo).
We have noted two physical effects which could be important:

(1) Each cloud would have acquired some angular momentum via
tidal interaction with its neighbours before it started to collapse. The
amount of angular momentum can be conveniently parametrised in terms
of binding energy E and angular momentum ] by the quantity

T |E[" Viot
A= o . Numerical simulations (Aarseth and Fall
GM? Vieree fatt
1980, Efstathiou and Jones 1979) show that clouds should acquite a range
of angular momenta, the quartile points for X being 0.03 and 0.09. The
cloud would thus become totationally supported after collapsing by a
factor ~ 2%, if it had not already fragmented before that stage;

(if) If we are concerned with collapse soon after recombination, the
background temperature wiil be 1000 K. This means, obviously, that no
part of the cloud can get cooler than this. Also, even if only a small fraction
of the material gets re-ionized, Compton drag may become important.

A recent discussion by Tohline (1980) suggests that fragmentation
may not occur until the cloud has collapsed by a large factor. The pos-
sibility of Compton drag would inhibit fragmentation still more in this
particular context. For this reason, we consider it plausible that the gas
may increase its density by a factor A" to A~* before fragments have
separated out. (The factor 2~¢ is reached when the central part of the
cloud becomes affected by rotation, the full factor 2=* would be attained
if the entire cloud developed into a thin rotation-supported disc). If enough
I forms to permit cooling below 10° K, these densities ate enhanced
further by a factor, (Tgs/10*K)-.

The naively estimated Jeans mass at the end of such a collapse is
below ~ 1 Mo; and we see no reason why, in principle, the gas could
not all end up in low-mass stars, On the other hand, most of the material
in the original cloud might end up in a single supermassive object. This
could happen either for the general reasons outlined by Larson (1978), or
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because, when the outer part of the cloud attempts to settle into a disc,
viscous effects (including those arising from the gravitational instabilities
themselves) heat and thicken the disk, causing the gas to drain instead
onto a central object.

Tt would of course be unrealistic to expect to predict the masses of
Population 11T objects with any precision. After all we are still unclear
about what determines the IMF in the sites of present-day star formation
in our Galaxy, and we are even further from understanding the fragmenta-
tion process at early epochs where physical conditions were very different.
However, our considerations have made us even more sceptical and open
minded than earlier workers have been. Fragmentation depends critically
on very uncettain parameters: the degree of inhomogeneity in the primordial
clouds on mass-scales below 10° Mo, the amount of viscosity in massive discs,
etc. Until these parameters can be quantified, it scems worthwhile to explore
the consequences for galaxy formation of two extreme alternative hypo-
theses: (i) the hidden mass is in a population of low-mass stass; (ii) there
was a pregalactic population of supermassive objects, We note also that
the fate of a 10° to 10° Mo cloud may be sensitive to the value of its angular
momentum parameter A, Since there will be a factor of ~ 3 spread in 2
from cloud to cloud, there may be two different modes of evolution (cor-
responding to different ranges of A) for a coeval population of clouds.
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DISCUSSION

PEEBLES

If the gas cloud mass were near the Jeans limit and if the gas were ap-
preciably ionised, it would expand rather than contract.

Rexs

The model I have discussed applies to clouds which would still be col-
lapsing even if they were at 10 K (rather than only at the recombination
temperature of ~ 3 % 10°K). The relevant masses are therefore 107 1o 108 Mg,
Note that the mass scale on which 8p/p =~ 1 at the recombination temperatute
{for isothermal fluctuations) may well be substantially hisher than the post-
recombination Jeans mass.

OsTrIKER

T had the impression that cold self-gravitating discs were always unstable
to the bar mode on the time scale of one rotation period. How would this
affect your scenario?

Rexs

Yes; the disks T have discussed would of course be unstable to all medes
from the bar mode down to the Jeans length. The bifurcation would happen
on a dynamical timescale and the growth rate for Jeans length instabilities would
be even faster. But the crucial question is whether this does happen; or whether,
contrariwise, the initiation of these instabilities so greatly enhances the effective
viscosity and internal dissipation that the disc thickens and becomes centrally
condensed to a sufficient degree that the negative feedback prevents the fragments
from separating out,

S1Lx

I would like to point out one effect which suggests that primordial clouds
are capable of fragmentation down to stellar-mass scales duting their isothermal
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coliapse phase. A spherical, uniform, pressure-free cloud that collapses from
rest and contains density fluctuations of amplitude & will undergo fragmentation
after the mean density has increased by a factor of ~ 82 The valuc of the
minimum fragment mass must, therefore, exceed the minimum Jeans mass in
order for the fragmentation to have occured before the collapse becomes adiabatic
by a factor §7%

This could be considerable and may inhibit fragmentation, especially if
pressure forces delay the growth of fluctuations during the initial isothermal
collapse phase. However, relatively modest deviations from sphericity quali-
tatively modify this result. Tor example, analysis of the {ragmentation of uni-
form oblate spheroids collapsing from rest indicates that [ragmentation occuts
after & density increase by a factor of 8§~ for initial flattenings (ratio of sbort
to long axis) of < 0.7. Since we expect any realistic collapse situation to involve
appteciable deviations from spherical symmetry, we expect the minimum
fragmentation mass in a primordial cloud to be of the order of ' Mg. This
implies that a primordial collapsing cloud could fragment into stars with masses
10 to 100 Mo, if there are initial density fluctuations of the order 1 to 10
percent.
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Several conference participants have expressed to me their wish to
get some feeling for how confident clementary particle physicists are in
the remarkable things they have heen saying about the very early universe.
T will try to show here that we particle physicists are almost as cautious,
modest and prudent as you professional cosmologists. To do this T will
depart from the usual format for this sort of talk — a breathless tour
through the first 0.01 seconds — and instead organize the talk around
some of the major developments in theoretical physics of the past few
years, emphasizing the physics background of the recent applications of
particle physics to cosmology, so that you can judge for yourselves what
fraction of this work should he taken seriously.

1 - SPONTANEOUS SYMMETRY BREAKING
The first topic is spontaneous symmetry breaking. One of the most

important developments in physics in recent years bas been the discovery
that nature is far more simple and symmetric than it appears at first sight;
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thete are a number of symmetries that govern the underlying equations of
particle physics hut are not apparent in the phenomena that are ohserved.
Such broken symmetries are often restored hy raising the temperature, so
we can conclude that at an eatlier time in the history of the universe these
symmetries were manifest. It appears that the universe has gone through
a sequence of phase transitions, at which as the temperature dropped
various symmetties became successively broken,

The first of the spontaneously broken symmetries to have an impact
on elementary particle physics (hut the last to get hroken in the history
of the universe) was the “chiral” symmetry of the strong interactions,
This hroken symmetry is a development of the early and mid 1960%. To
explain it, T will rely on a well-known analogy between strong interactions
and magnetism. Just as the equations that govern a magnet are invariant
under three-dimensional spatial rotations, the modern theory of strong
interactions known as quantum chromodynamics has a so-called chiral sym-
metry, which can be thought of as consisting of four-dimensional rotations
on the four-vector

Viz=iadvysd+dysu Vo —igiysdtidysu
Viz=dYsu—dysd Vi= du+ddd

where # and d are the Dirac fields of the up and down quarks, and ¥s is
the usual Dirac matrix. This symmetry if unbroken would require that the
expectation value of the four-vector V must vanish, just as an unbroken
ordinary rotational symmetry would rule out an expectation value for the
magnetic field, But spontaneous magnetisation is possible, and in the same
way the spontaneous breakdown of the chiral strong-interaction symmetry
is signalled by the spontaneous appearance of a non-vanishing vacuum
expectation value of Vi (leaving unbroken the isospin group, consisting of
three-dimensional rotations of Vi, V2, Vi), This is expected to have occurred
as the temperature of the universe dropped to a value comparahle with
the characteristic energy scale A of quantum chromodynamics, say about
300 to 400 MeV.

The analogy can be carried further. Even apart from spontaneous
symmetry breaking the rotational symmetry in a magnet is not perfect, being
broken for instance by the weak external magnetic field due to the earth.
Similarly, the four-dimensional symmetry of the strong interactions is not
perfect, being intrinsically broken by the small bare masses of the up and
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down quarks. At low temperatures the effective mass of the quarks arises
mostly not from their bare masses, but from the spontaneous breakdown
of the four-dimensional chiral symmetry, and hence is of the order of the
characteristic energy scale A of quantum chromodynamics, about 300 to 400
MeV, but at temperatures above A the effective masses of the quarks {and
of the proton etc.) drop to their bare values, a few MeV. One consequence
of this intrinsic symmetry breaking is that the spontaneous breakdown of
the chiral symmetry as the temperature is lowered does not take place in
a sharp phase transition at one definite tempetature, but over a small range
of temperatures, in what is called a “rounded” phase transition. A great
deal of work has been done in calculating the behaviour of solid-state
systems in such rounded transitions, and it is easy to adapt these results
to see that the spread of temperatures over which the strong-interaction
phase transition takes place goes as the 0.538 power of the small bare quark
masses.

Even tbough these symmetries are spontaneously broken at zero
temperature, they are not without consequences: for each broken symmetry
there is a zero mass excitation, i.e., one for which the frequency vanishes
as the wave number goes to zero. For magnetism these are the spin waves;
for the chiral symmetry they are the pions. Because the chiral symmetry
is not exact, the pions are not really massless, only much lighter than othes
hadrons. At temperatures above 300 to 400 MeV there are no massless
pions, only various chiral multiplets (4-vectors, 4-spinors, ete.) of nearly
degenerate massive or nearly massless hadrons; at the phase transition one
of these multiplets of spin zero hadrons becomes nearly massless; and at
lower temperatuzes it is only the pions that remain very light.

By the way, you will sometimes hear references to a quark-liberation
phasc transition, a temperature above which quatks are untrapped. It is
widely believed that at low temperatures quarks are trapped; they can
never get isolated because the quark-antiquark forces get stronger and
stronget as we try to pull paits apart, It is also believed that quarks behave
as essentially free particles at very high temperature because the strong
interaction coupling constant decreases toward zero with increasing energy.
However, this does not imply that there is a sbasp quark liberation phase
transition, a specific temperature at which quarks suddenly become liberated.
After all, if you heat a gas like air, the proportion of nitrogen or oxygen
atoms bound in molecules gradually decreases, but there is no phase
transition at which the air suddenly goes from diatomic to monatomic.
There may be a quark-liberation phase transition, but this is not clear. We
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can be much more confident about the phase transition at which the strong
interaction chiral symmetry became spontancously broken: a symmetry is
either broken or not, and we know that chiral symmetry is unbroken at
high temperature (because the QCD forces become too weak to bind quarks
and antiquarks to form pions) and is broken at low temperature (because
the observed proton mass is about 1 GeV, not a few MeV}, so there must
be an intervening phase transition.

The second example of spontancous symmetry breaking that has be-
come important in elementary particle physics is the breakdown of the
“electrowealk” symmetry [known as SU(2) X U{1}] that connects the
weak and electromagnetic interactions and also connects the neutrino with
the electron and the charge 2/3 quarks with the charge — 1/3 quarks.
Although it is not ruled out that this symmetry breakdown is also produced
by strong (“extra-strong” or “technicclor”) forces which bind the Goldstone
bosons, it is more generally assumed that the spontaneous breakdown of
the electroweak symmetry is due to the appearance of vacuum expectation
values for one or more weakly coupled elementary scalar fields. If one
adopts the simplest hypothesis, that there is just one doublet {¢*, ¢°} of
these scalars, then from the observed value of the Fermi coupling constant
of beta decay we can infer that at the present time the vacuum expectation
value of ¢° is

L = 2 G2 = 247 GeV

Another difference between the electroweak and the QCD phase transition
is that the electroweak symmetry is a gauge symmetry, like electromagnetic
gauge invariance, rather than an ordinary global symmetry, like chirality.
In consequence, there are no Goldstone bosons; instead the spin-one
sihlings of the photon, the W* and Z°, acquire helicity zero components
and thereby become massive, with 7w = 40 GeV/sin 0 and 7z = 80 GeV/
sin 20, where 0 is the Z°'—v mixing angle, which must be taken from ex-
periment. In the simplest case of one scalar doublet the only remaining
physical spin zeto particle is the “Higgs hoson” associated with the neutral
scalar field Re (¢°). This particle would not have been seen experimentally
yet, but may be found in the next decade.

Another interesting thing ahout gauge symmetries (which has been
understood for a long time in solid state physics) is that, for a range of
parameters of the theory, the phase transition in which the symmetry be-
comes broken is not of second order, but at least weakly of first order.
A second order phase transition is one in which the order parameter (the
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quantity whose appearance signals the breakdown of the symmetry) rises
suddenly but continuously from zero as the temperature drops below the
critical value for the phase transition, This is the case for instance for the
magnetisation and for the expectation value of Vi in the examples of broken
global {that is, not gauge) symmetries discussed earlier. A first order phase
transition is one in which the order-parameter (e.g. < ¢°>) rises dis-
continuously from zero to a finite value at the critical temperatuse, a small
ot a large jump for a transition that is weakly or strongly of first order.
The reason for this behavior in gauge theories is that the curve of free-
energy versus order parameter has two local minima, one with vanishing
and the other with non-zero order parameter. As the temperature drops,
the minimum with non-zero order parameter becomes deeper, and at the
temperature where it becomes lower than the other minimum the order
parameter jumps from zero to the Jocation of the deeper minimum, perhaps
with some delay or “supercooling”.

In the simplest case of one scalar doublet, the parameters of the first-
order electroweak phase transition can be calculated in terms of a single
unknown: the mass of the Higgs boson, or equivalently the curvature of
the potential at its mininnim at zero temperature. There are two interesting
cases:

(1) The Higgs boson mass, 2, may be much larger than its minimum
value, about 7 GeV. In this case the electroweak phase transition is at 2
critical temperature

350 GeV

kT, = .
100 GeV Y22
1+
MHiggs

The phase transition is only weakly of first-order, and occurs with very
little delay. (This sort of phase transition was first considered by Kirzhnits
and Linde; the methods for showing that it occurs and for calculating
quantities like T in general theories were then worked out by Dolan and
Jackiw and by me. There ate interesting complications that enter when
one tries to carry these calculations to temperatures very close to Te, dis-
cussed recently by Ginsparg),

(2) The Higgs boson mass may be comparable with its minimum
value, say of order 10 GeV. In this case the critical temperature is also of
order 10 GeV, and the phase transition is strongly first-order and ap-

33
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preciably delayed. This case has been considered by Witten and Linde.
In a case like this, it is possible for the rate of penetration through the
barrier that separates the two minima to be so slow that the world stays
for a very long time in the vacuum state in which it started, that of un-
broken symmetry, even though as the temperature changes this becomes
no longer the deepest minimum of the free energy. Specifically, this hap-
pens for a vanishing scalar mass term in the Lagrangian, corresponding to a
Higgs boson mass very close to V 2 times its minimum value, or 9.4 GeV.
(This is the case originally studied at zero temperature by Coleman and
Weinberg, Hrick Weinberg, not me. There are reasons discussed by
Gildener and myself for suspecting that the Higgs boson mass may have
this value, but this is something that will have to be settled by experiment.
Unfortunately, a Higgs boson of mass 9 GeV, although not too heavy to
be produced by modern accelerators, has decay modes which do not seem
to lead to any easily identifiable signature). The transition from unbroken
to broken symmetry occurs through the formation of buhbles of broken-
symmetry vacuum, which appear at random in the unbroken symmetry
vacuum, at a rate shown by Callan and Coleman to be of order (using units
with = ¢ = 1)
'~ (kT e~ bubbles ¢m™ g

where A is the barrier penetration factor, calculated in this case by Witten
to be (for A » 1)

32 sint 0 [2+4sec® 0117 18.897
A= == 3900/ 81 {mw/I1
3e? [24sect 0] I L KT

(Related calculations have been done by Steinhardt; Guth and B, Wein-
berg; and Sher). In order to have at least one bubble per Hubble volume
per Hubble time, it is necessary to have I' 2 H', where H is the Hubble
expansion tate, which in the broken symmetry vacuum is of order (Gmn'}”2.
This does not happen, or at least not until kT drops to the derisory value
of ¢ smw, where A becomes comparable with unity and the WKB ap-
proximation breaks down. However, as pointed out by Witten, long before
this the phase transition does occur, not by a tunneling through the barrier
between the two minima, but by the disappearance of the barrier itself.
At temperatures of the order of A = 300 MeV, the ordinary strong inter-
actions produce a breakdown not only of the chiral four-dimensional sym-
metry but also of the electroweak symmetry, leading to terms in the free
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energy which allow an immediate decay of the unbroken-symmetry vacuum
into the deeper broken-symmetry vacuum. Still, even though the pbase
transition does not wait for barrier penetration, it is striking that the
universe stays in a metastable supercooled state of unbroken electroweal
symmetry over a time long enough for the temperature to drop and the
cosmic scale factor to increase by a factor of 1000,

This sort of supercooling would have an effect of great cosmological
importance. Taking the free energy density of the present vacuum state
to be zero, the free-energy density in the unbroken-symmetry vacuum at
temperatures € 300 GeV must on dimensional grounds be of order s’
(ma =~ 10 GeV). After the phase transition this energy becomes thermalized
so the temperature rises up to about mu and the entropy density is about
wod’. Witten’s more careful estimate gives (24 GeV)'. But just before the
phase transition the temperature was only about 300 MeV, corresponding
to an entropy density of about (300 MeV)*. That is, the non-equilibrium
supercooling increases the entropy and the entropy-baryon ratio by a factos
of 10°

It is not clear whether this result should be welcomed or deplored.
About 15 years ago, when we [irst learned from the iicrowave background
temperature that the entropy-baryon ratio is about 10" to 10", it seemed to
many cosmologists that unity would be a far more plausible initial value.
I tried hard to think of something like bulk viscosity which could produce
a preat deal of entropy, but nothing came remotely close to giving a
10° to 10™ fold increase. At that time I would have been delighted to think
of something like supercooling which could increase the entropy by a factor
of 10%. However, as discussed below we now think that the entropy-baryon
ratio was perhaps fixed at very early times at some large value. If this is
the case, then a further increase by a factor of 10° may not be tolerable.
But there is no problem if #u » 10 GeV.

2 - Barvon anp LErToN NONCONSERVATION

The second of our major topics is baryon and lepton nonconservation.
Our thinking about this possibility has been powerfully affected by the
discovery of the gauge symmetries that underly the strong and electroweak
interactions. There is a theorem to the effect that, if you write down the
most general renormalizable theory that is consistent with these symmetsies
and involves just the familiar quarks and leptons and gauge and Iiggs
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bosons, then there is simply no way to make such a theory complicated
enough to violate the conservation of baryon and lepton number. Ience
baryon and lepton conservation do not have to be assumed as fundamental
symmetries in order to explain why they are conserved in ordinary strong
and electrowealk interactions, and this presents us with the possibility that
they are #o# conserved in other interactions.

To be a little more specific, we can imagine that there may be “exotic”
particles with masses given by some very {arge mass scale M, exotic in the
sense that they have unfamiliar assignments of the quantum numbers of
the strong and electroweak gauge symmetries. We would not observe
these exotic particles in experiments at ordinary (& M) energies, but their
exchange could produce effective nonrenormalizable as well as renormaliz-
able interactions at ordinary energies. By “nonrenormalizable” or “re-
notmalizable” interactions we mean in effect interactions whose coupling
constant is either a negative power of mass or dimensionless, respectively.
I have already said that there are no renormalizable baryon or lepton non-
conserving interactions allowed by the strong and electroweak gauge sym-
metries, so to encounter baryon or lepton non-conservation we must look
to the nonrenormalizable interactions. Their coupling constants ate then
negative powers of some mass, and what mass could it be but the
characteristic mass scale M of the superheavy particles? Thus baryon
and lepton non-conservation may occur, but would naturally be expected
to be suppressed by one or mote powers of very large masses.

For instance, the least supptessed interaction which could lead to
baryon nonconservation is a Fermi interaction among three quark and one
lepton ficlds, whose coupling constant (like the Fermi coupling of beta
decay) is the — 2 power of a mass, The proton lifetime is inversely
proportional to the square of this coupling, and hence proportional to the
fourth power of this mass; in order for the lifetime to be greater than the
experimental lower bound of ~ 3 X 10 years, this mass must be greater
than a few times 10" GeV.,

There are in fact at least three reasons for suspecting that superheavy
exotic particles may actually exist. The first is that as realized by Max
Planck the combination of quantum theory with gravitation introduces a
natural mass scale mr=1.2 X 10" GeV, and something new must enter in
physics at or below the Planck mass scale to cure the problems of quantum
gravity. The second reason has to do with grand unification, which I will
come to later, and the third is connected with the scenario for creating
baryons in the early universe, to which I will return shortly. All three argu-
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ments point to the existence of a new mass scale greater than about 10" GeV,
and i there are exotic particles not much heavier than this then we may
expect haryon nonconsetving processes like proton decay at a rate we might
be able to observe.

There are a number of experiments going on now in Europe, Asia,
and the U.S. which look for proton decay. The two largest ones are in a
salt mine in Ohio and a silver mine in Utah. In these experiments the
decaying sample of matter consists respectively of 10,000 or 1,000 tons of
water, and the decays are monitored by watching for the odd flash of
Cerenkov light which would be produced by relativistic charged particles
emitted in the decay of a proton or bound neutron. There is no news to
report from these experiments as neither of them has yet filled their tanks.
I asked how things were going in these experiments just before coming
here. As I understand it, right now the price of botb salt and silver are so
high that the mining companies are too busy mining to allow the physicists
to get their equipment down the elevators and {ill their tanks. So we will
have to wait for a little while and bope for a drop in the price of salt
and/or silver.

If baryon number is not conserved then maybe one can explain the
cosmic excess of baryons over antibaryons through physical processes in the
very early universe. An early detailed study of this possibility was given by
Sakharov, and more recently by Yoshimura; Dimopoulos and Susskind;
Ellis, Gaillard, and Nanopoulos; and others. A number of theorists have
worked to develop a realistic scenario for how a baryon number might
actually have been generated, There is one scenario developed by Tous-
saint, Treiman, Wilczek, and Zee and by me that seems to me pretty
plausible. It goes as follows.

Suppose that there is an exotic particle of very large-mass — we will
call it an X particle — and suppose it decays in such a way as to violate
baryon conservation. The usual sort of particle one thinks of in this context
is a color-triplet boson, because such a particle could decay (by renormaliz-
able interactions) into channels with different baryon number: either a
quark (also a color triplet) and a lepton (color singlet), or into two anti-
quarks (two antitriplets can make a triplet). Suppose that such a boson, X,
decays into these two channels, ¢¢ and 44, with branching ratios » and
1—r respectively. Its antiparticle X will then decay via the anti-channels
X = §¢ and X = g¢, with the same total rate (according o the TCP
theorem) but in general with different branching ratios, say 7 and 17,
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Quarks have baryon number 1/3, so the net baryon number produced when
an X and X both decay is then

1 2 1 2
AB = —p e {lomp} o —F o — (1 —F) = peF,
3 3 3 3
This demonstrates one point that is obvious anyway — no net baryon

number is produced unfess CP as well as baryon number is nonconserved,
because CP would require that the branching ratios for corresponding
X and X decays all must be equal. But that is not the end of the story.
Even if there is an exotic color triplet X boson with branching ratios # % 7,
you will not get any baryon production if you start with a state of thermal
equilibrium, because then inverse decay processes g4 — X , ¢4 ~» X, etc.
will simply use up whatever baryon excess is produced in the X and X
decays. What one needs is that the X and X boson decays occur at a time
when the temperature is below the mass of the X bosons, so that a Boltz-
mann factor exp {—mx/kT) can inhibit the inverse decays, and yet have
X and X bosons still abundant, because the universe has been expanding
too fast for their number to have had time to drop to the level expected
in thermal equilibrium at these temperatures,

It is easy to work out the consequences of these requirements. The
lifetime of the X or X bosons will be of the order of

mean life = 1/g.* my B=c=1)

whete g is the coupling constant for the decay interactions, say of order
107* for gauge bosons but perhaps as small as 107° for scalar Higgs bosons.
On the other hand the age of the universe at early times is of the ordet

1 3 n2pr,

1 8TGp (KT

whete mmr. is the famous Planck mass, equal to 1/VG in units with
F=c=1,or 1.22 X 10” GeV. The X and X bosons will decay when
this age becomes comparable with their lifetime, i.e., at a temperature

KT == (g mp mx)?
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But to avoid the inverse decays we want kT = mx so we want

= 107 GeV  gauge bosons

mx 2 gx’ L =
> 10" GeV  scalar bosons

These ate very large masses, but it is clear that cosmological baryon produc-
tion will not wotk unless there are very heavy particles, This is one of the
reasons 1 referred to earlier why we want to consider particles of extremely
high mass.

How much baryon number is actually produced in this way? We must
consider two cases, either that s is greater than gd me, or that it is
somewhat smaller,

If mx > g2 mr, then our analysis is very simple. The baryon-entropy
ratio produced at the time of X boson decay will be just equal to the net
baryon excess AB produced per X or X decay, which as we have seen for
color triplet bosons is the branching ratio difference, »—7, times the ratio
of the X boson number density and the entropy density, which is of order
unity. A mote careful estimate gives a batyon to entropy ratio of order

kos/s = 0.01 AB .

It is jmportant that, even though we cannot calcudate the haryon-enttopy
ratio with precision, this analysis shows that it is a pure number which is
determined by purely microscopic considerations, and therefore must be
the same everywhere in the universe, provided that mzx » kT at the time
of X and X boson decay everywhere in the universe. Under this assumption,
even if the early universe is highly chaotic, the perturbations will have a
uniform vafue for the baryon-entropy ratio, and hence will be of the type
called adiabatic.

If m. is somewhat less than g mer, then the universe is not far out
of equilibrium at the time of X boson decay, and much of the baryon
number is lost in subsequent thermalization processes like inverse decay.
A great deal of work has been done on this case in the last two years,
especially by Kolb and Wolfram and hy Fry, Olive and Turner. They carry
out computer solutions for the complicated Boltzmann equations governing
varfous reactions that would have occurred as the temperature dropped
from where X bosons began to decay down to values well below #zx. These
calculations show that the haryon production is indeed suppressed, but
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only by a power of the small number #2./ g #zr; it is found that the baryon-
entropy ratio is of order

kns/s = 0.01 AB (my/gy* men)"* .

More important than the precise numerical value is the fact that in an
anisotropic universe, where the local expansion rate can differ from
(KTY/mre, the baryon-entropy ratio can vary from point to point, [or
instance, if in some region anisotropies make the expansion rate much larger
than (KT¥/mm, then the effective Planck mass in the formula for kns/s
is smaller than the nominal value, and the batyon-entropy ratio is increased,
possibly up to the maximum value of 0.01 AB. In this way one gets non-
adiabatic perturbations, which have been studied in detail by Bond, Kolb
and Silk and by Bartow and Turner. As you know, such perturbations
survive much better than the adiabatic perturbations down to the time of
recombination.

What value do we expect for the crucial quantity AB? The most
important point here is that AB is always small, because it vanishes in the
lowest-order, or “Born”, approximation. This can easily be seen by an
amusing little argument. There is a famous symmetry in physics, TCP, the
invariance under a combined time-reversal invariance, charge-conjugation,
and parity inversion. This by itself does not require that » = 7 or AB = 0;
for this one would need C or CP invariance. But as everyone learns in
statistical mechanics courses, in Botn approximation all cross sections and
transition rates satisfy a principle of “detailed balancing”; they effectively
respect time reversal invariance. But TCP and T imply CP, which implies
AB = 0, so lowest order graphs never yield a net baryon production.

Nanopoulos and I have tried to calculate AB as accurately as we could.
{Similar calculations have been done by Ellis, Gaillard and Nanopoulos
and by Bart, Segre and Weldon). We found that in sufficiently complicated
theories AB can get contributions from the interference of zero and one-
loop graphs, but even so the possible range of values is enormous, from
107% to about 107", corresponding to a maximum baryon-to-entsopy rate of
about 10* to 107", This overlaps the observed range of possible values
for this ratio, but the agreement here hardly constitutes a triumph of
theoretical physics.

I should mention an interesting remark made in this connection by
Ellis, Gaillard, Nanopoulos and Rudaz. They point out that the sort of
CP violation which must occur when baryon number is produced cosmo-
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logically would also show up at low energies in one other sort of CP
violation, the electric dipole moment of the neutron. “Barring cancellations”,
they find that a given value for the baryon-photon ratio ms/#n (essentially
the same thing as the baryon-entropy ratio knn/s) would require a neutron
dipole moment

Hi

dy >3} 107" e cm
Hy

Right now the uppesr bound on the neutron dipole moment is a few times
10°% e cm, implying an upper bound on the baryon-photon ratio of about
107%. This is not yet a real conflict. However, if the experimental limit
on the neutton electric dipole moment continues to decrease, we may have
a real problem here.

I have emphasized baryon nonconservation here {even though lepton
as well as baryon number would be violated in processes like X — ¢4 and
gl or p-»e* 7w because we have evidence that the universe is not
baryonically neutral, while no one has any idea whether there is a tiny
imbalance in the population of black-body neutrinos and antineutrinos
which would give the universe a non-vanishing lepton number comparable
to its baryon number. Nevertheless lepton nonconservation is interesting
physically, because lepton number is, along with baryon number, one of the
two supposedly conserved quantities which may in fact not be conserved,
and it may be interesting cosmologically as well,

Just as there are no baryon number nonconserving interactions among
ordinary particles that are renormalizable (i.e., with dimensionless coupling
constants) there are also no renormalizable interactions that violate lepton
number. Thus lepton number nonconservation at ordinary energies will be
suppressed by one or more powers of superheavy masses. However, there
is an effective interaction which violates lepton (though not baryon)
number and has a dimensionality of only 5, so that its coupling is suppressed
by only one power of a superheavy mass M. It is of the form

g — e )

with g of order «/M. The appearance of a vacuum expectation value
< ¢ > = 300 GeV will then produce a Majorana mass term #2 vv for the
neutrino, with

e = g < @0 2> = @ {300 GeVY/M .
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If M is as large as 10" GeV, then #2 will be about 107% V. 'This is large
enough to make neutrino oscillations important in solar neutrino ex-
periments, but much tco small to have any importance in other astrophysical
or cosmological phenomena. Witten has shown that in some SO {10)
theories the relevant M might be as small as 10" GeV, giving a neutrino
mass as large as 10 eV, which would be of great interest in understanding
the dynamics of galaxies. On the other hand it is possible that baryon
number minus lepton number is strictly conserved, as it is in the simplest
SU (5) model, in which case the neutrino mass would be strictly zero.
Unfortunately terrestrial experiments have not yet definitely settled the
question of the neutrino mass.

3 . GrRAND UNIFICATION

The third of my major topics is grand unification. The idea here is
that the strong and clectroweak interactions and the quarks and leptons
form part of larger families of interactions and particles which are connected
by some big group G of gauge symmetries. 1f the spontaneous breakdown
of this big group is characterized by a larger scale of vacuum expectation
values than the 300 GeV associated with the breakdown of the electro-
weak gauge symmetry, then the other vector bosons besides the W*, Z°, ¥
and gluons will be very heavy and the forces they produce might have
escaped detection. Much worlk has been done to develop such theories, by
Pati and Salam; Georgt and Glashow; Georgi; Fritsch and Minkowski; and
many others. I will try here to emphasize those aspects of grand unified
models that do not depend on the details of specific models.

There is an obvious problem with any sort of unification of strong with
electroweak interactions: the strong interactions are obsetved to be much
stronger then the electroweak interactions. In 1974 Georgi, Quinn and
I pointed out that the coupling strengths would only be expected to be
equal if measured at an energy scale M comparable to {or greater than)
the scale of the vacuum expectation values which break the big group G.
The strong interaction coupling constant is believed to decrease slowly
with energy, and the electroweak couplings change even more slowly, so
it is possible for the couplings to come together at some scale M, but only
if M is very large indeed. 'We found that the two electroweak and the one
strong coupling constant would all become equal at some energy, but only
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if the parameter sin’ 8 which describes Z°--y mixing were adjusted to have
the value
1 5 ¢
N N R | | B
6 9 g* (mw}

where g.{E) is the strong coupling constant as measured at energy E.
Experiment did not agree with this in 1974, but it does now, to within a
few percent. With sin?0 given this value, the mass M at which the
couplings come together is

4 1 8
M =~ Aexp - = 10% GeV .
11 e 3 g% (mw)

This result, and the above formula for sin® 8, apply to a wide variety of
proposed grand unified models. There are many corrections that have been
developed, by Buras, Ellis, Gaillard and Nanopoulos; Goldman and Ross;
Magciano and Sirlin; Hall; and others, The most important numerically
is that the ¢ here should be replaced with the electric charge e (7zw), measur-
ed at frequencies comparable with the W mass, with & (mw)/4 % about
1/128 instead of 1/137, reducing M to about 5 % 10" GeV. Grand
unified theories are generally found to contain vector or scalar bosons
whose exchange can produce barvon nonconservation, and with their mass
of this order, the proton lifetime should be of order M'/m,’ &* = 10**
years.

Of course, we ace not really certain that there is no new physics from
the few hundred GeV accessible to acceleratoss all the way up to 10" GeV.
Tt may be that there is a sequence of symmetry breaking scales filling up
this whole range. One can only record a number of constraints that must
be satisfied by the physics of these intermediate scales. First, particles with
masses € 10" GeV must not have interactions that could produce “normal”
proton decay processes (eg. p—>e* ™, n— ¢* w7} because then these
processes would be so fast that they would have been already discovered.
Also, whatever baryon violation is produced by particles of these inter-
mediate masses must not allow the baryon number to equilibriate back to
zero.  Finally, the change in the dependence of coupling constants with
energy at intermediate scales must not mess up the agreement hetween
theory and experiment for sin® 0.

If there really is a spontancous symmetry breakdown produced by
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vacuum expectation values of order 10" GeV, then it is to be expected that
the universe experienced a phase transition at comparable temperatures:
the big group G was unbroken (and all its vector bosons massless) at
temperatures above 10° GeV, but then the symmetry became spontaneous-
ly broken down to the symmetry group SU(3) % SU{2) X U(1) characterizing
the observed strong and electroweak interactions. But was this a first or
a second-order phase transition?

One of the most interesting applications of elementary particle theory
to cosmology of the last year or so has been the exploration of the
consequences that follow if the spontancous breakdown of the big group
G to SU(3) » SU{2) X U (1) was a first order phase transition. That s,
at a temperature of order 10" GeV the G-noninvariant vacuum state be-
came of lower energy than the Geinvariant vacuum, but the G-invariant
vacuum remained metastable at least temporarily. In such a case the
universe may be trapped for a while in the G-invariant or “false” vacuum,
and only make the transition to the true vacuum at a later time and lower
temperature through barrier penetrations or thermal fluctuations, just as
water vapor may not turn into liquid water until the temperature drops
well below 100 °C. This sort of delayed phase transition has been studied
recently by Guth; Linde; Cook and Mahanthappa; Tamvakis and Vayona-
kis; Sato; Steinhardt; and Lapchinsky, Rubakov, and Veryaskin, Guth
has emphasized that such a scenatio might help to solve three outstanding
problems of modern cosmology: the entropy (or flatness) problem, the
horizon problem, and the problem of monopoles. Let us look in turn at
cach of these problems, and sec how a delayed first-order phase transition
might help to solve them.

Entropy. The total entropy S within the radius of curvature R (¢)
(for £ = % 1) of the universe is at least as large as that contained within
the present horizon radius =~ ™, so

S > (KT,) Ho® == 10% |

Why is this so big? This problem is related to the flatness problem: the
universe is some 10* Planck times old, and all this time the deceleration
parameter, ¢, has been increasing or decteasing away from g = 1/2, so
why is ¢ still within a factor of 10 of 1/2? That is, why is the universe
still so flat? To see that these are the same problems, note that the equa-
tions of the radiation-dominated Friedmann model tell us that the universe
will start with ¢ == 1/2, and will remain essentially flat for a period of
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§* Planck times, so its present flatness is understandable if S = 107, At
least in my opinion, the mystery is simply why S is so large. Of coutse,
one possible answer is that S is infinite, because we are in a flat (£ = 0)
Robertson-Walker universe, with infinite radius of curvature. Then ¢
remains 1/2 forever. Guth argues that this assumption of perfect flatness
malces no sense in a universe which is manifestly not perfectly homogeneous
or isotropic. I am not sure. At any rate, he and [ agree that after 10
Planck times it is implausible that we should just now be emerging from a
period of essential flatness, so it seems likely that the universe will remain
nearly flat for a while longer, in which case g0 must be now close to 1/2.
If the universe underwent a transition from the false to the true
vacuum at a temperature k'l'v « M, and if the cnergy density difference
(= M of the two vacua then subsequently thermalizes, the entropy density
will become of order M? instead of (IKT1), so the entropy of the universe
will increase by a factor of order (M/KTi}. In order to get an entropy
S = 10 from an initial value S = 1, it is necessary for the universe to
remain in the metastable false vacuum long enough for the temperature
to drop from M to 10°% M = 107 eV, i.e., long enough for the Robertson-
Walker scale factor to increase by a factor 10”. The production of baryon
number would have to take place after the universe was reheated by the
transition to the true vacuum, back up to temperatures nearly of order M.

Horizon. It is well known that points in opposite directions in the
sky have nearly equal black-body background temperatures. This suggests
that they must have been in causal contact with some common inflrence.
However, since we are midway between the sources of microwave back-
ground in opposite directions, their distance from us in co-moving
coordinates must be less than their coordinate distance from this common
influence. The coordinate distance travelled by light from time # = 0 to
the time fx when the radiation was emitted must therefore be greater than
the coordinate distance travelled from time £z to the present time #. In
terms of the Robertson-Walker scale factor R (#), this requires that

t t
R

0
dr dt
R (5 R {#)
9 N

If R(#) behaved as in a matter-dominated Friedmann universe, with
R (#)oc 7, then this condition could be satisfied only if £z > #/8, or in
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other words if the radiation redshift zw is less than 3. However we have
every reason to believe that ze = 1000, in which case the R () of the
Friedmann model could not possibly satisfy the above inequality.

On the other hand, if the universe went through a long period of
supercooling in the false vacuum, then during this period its energy density
was of order M* (supposing it to be zero now), and during this time

R(f) == R(0}e™

dmG
o e 22V GMY
3

After the transition to the true vacuum and the subsequent thermalization
of the released energy, the energy density became proportional to
Tt oc R, s0 R (#) oc (¢ + const)'”. Imposing a condition of continuity on
R (#) and R () at the time & of this transition, we have for £ > #

R(5) =R ™ (1 -+ 20 (¢t — n))7? .

(For simplicity we ignore here the subsequent crossover to a matter
dominated universe with R (£) oc #7). Then for t » &1 » 1/a, the above

inequality becomes

1 I
— Z e V2 n/a
o

or inother words (recalling that Swi®® = to mze1)

M
M/Tl 2 s Sminiﬂ' .

TH,

For M/mm. = 107 and Swin = 10%, this gives a supercooling expansion
factor M/Ty = 10%, a condition only slightly less stringent than that
imposed by the flatness problem.

Monaopoles. It was discovered mathematically by *t Hooft and Polya-
kov some years ago that gauge theories like the electroweak theory are
likely to involve heavy magnetic monopoles. These ate not present in
theories based on semi-simple groups, as for most grand unified theories,
but they appear when the vacuum makes its transition from a state which
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is invariant under the big semi-simple group G to one which only respects
the strong and electroweak groups SU (3} and SU (2) X U(1). {As ex-
plained by Kibble, monopoles appear as the knots left over when the
domains in which G is broken in different directions coalesce). Their mass
will be of the order of M/%, where M as before is the scale of the vacuum
expectation values which break G, and @ is some appropriate fine structure
constant of order 107, This suggests a mass of order 10" GeV, so in order
that the mass density of these particles should not produce too large a
cosmic deceleration, their present numbes density should be less than about
107% of the present entropy density. However, as pointed out by Preskill
and Zeldovich and Khlopov, this condition is not easy to satisfy in grand
unified theories. ‘They point out that the monopole and antimonopole
densities are likely to be one per horizon volume at the time of the phase
transition from the G-invariant to G-noninvariant vacuum, and only a
small fraction of monopoles and antimonopoles will annihilate. (However,
Dicus and Teplitz have raised the possibility that the monopole-entropy
ratio might be reduced to below 107" by the increase in entropy caused by
monopole-antimonopole annihilation). The horizon volume at a temperature
T is of order

V}mrizun = I"lf[wl == [G,{k’l‘])'?‘}“:*t? == ;rfzm;l/(le)" s

while the entropy density produced in the phase transition is of order M?,
so the monopoie-entropy ratio produced at temperature Ti is of order
monopoles/entropy == (IK3)%/mp "M

If the phase transition is not delayed, so that kTi = M =~ 10% GeV, this
gives a monopole-entropy ratio of about 107, too large by about 13 orders
of magnitude. In order to reduce the monopole-entropy ratio to something
like 10°%, one would want the phase transition to be delayed until the
temperature drops by a factor of about 107 to about 10" GeV. The
production of monopoles in these phase transitions has been studied in
detail by Guth and Tye; Einhorn, Stein, and Toussaint; Einhorn and Sato;
Lazarides and Shafi; Langacker and Pi; and Fry and Schramm. Unfortunately
one cannot be confident regarding the number that would actually be
produced or the fraction that would then annihilate.

As we have seen, the entropy, horizon, and monopole problems sug-
gest a period of supercooling in which the universe remains in the “false”
vacuum while it expands by a factor of at least 10%, 10%, or 107 respectively.
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What sort of expansion factor would we actually expect for the period of
supercooling? The answer depends on what we think brings the period
of supercooling to an end.

One possibility is that the supercooling ends by a quantum-mechanical
“tunneling” of the vacuum, from the higher energy metastable G-invariant
false vacuum to the Jower-energy stable SU (3) x SU (2) % U (1) —invariant
true vacuum. This has been studied by Guth and E. Weinberg, using
methods of Coleman and Callan and Coleman. They find that the tempera-
ture [y at which the tunneling occurs is sensitive to the detailed parameters
of the theory, and could be almost anything, A severe problem with this
approach is that the tunneling process is random: bubbles of true vacuum
appear here and there in an uncorrelated fashion, but the universe is ex-
panding so fast that they can never coalesce and thermalize the energy in
their walls.

Another possibility is that the transition from the false to the true
vacuum occurs not by a tunneling from a metastable to a stable state but
by the disappearance of the bartier between them. This loss of meta-
stability would occur everywhere in the universe at the same temperature
and hence at the same time, so there would be no problem of bubble
coalescence. The problem in understanding how this is possible is that we
want the supercooling to last while the temperature drops by many orders
of magnitude, and if metastability lasts this long, why at some relatively
tiny temperature should it ever end?

One way that metastability might be lost is through the slow loga-
rithmic increase of gauge coupling constants, finally producing strong
forces. (This ends the metastability only if the zeto-temperature theory
is of the type originally studied by Coleman and E. Weinbesg). Now, the
bigger the group, the faster the couplings increase with decreasing energy,
so one might expect the coupling constant of the vector bosons associated
with the big group G to increase in the false vacuum more rapidly than the
ordinary strong coupling constant of QCD increases in the true vacuum,
Sher estimates that the G-forces would become strong in the false vacuum
when the temperature drops to about 10° GeV. These strong forces may
produce a dynamical breakdown of the big group G, but then again, they
may not.

A related possibility that does not seem to have been studied in the
literature is that it is not the increase in strength of the coupling of the
hig group G that ends the metastability of the false vacuum, but rather
it is the increase in strength of the coupling associated with some sub-
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group of G, that eliminates the potential barrier along divections in the
space of scalar fields for which this subgroup is unbroken, and thus opens
up a channel along which the false vacaum can decay. (This is similar to
Witten’s picture of SU(2) x U (1) breaking, discussed eatlier), The
attractive thing about this possibility is that the coupling of a smalf SU (2}
subgroup gets strong with decreasing energy much more slowly than the
coupling of G or QCD, so that there is a chance that the metastability
might survive down to really low temperatures.

Another possibility, studied by Press, is that although the universe
stays in the false vacuum during many efoldings of expansion, the
temperature does not drop very much during this period, being kept high
by Hawking radiation from the horizon. 1t is then quite plausible that a
moderate change in temperature would eventually change the dependence
of free energy on vacuum expectation values in such a way as to end the
metastability of the false vacuum.

It is also possible that gravitation has something to do with the loss
of metastability. In any reasonable theory of gravity, we would expect
a scalar field ¢ to interact with the Ricci scalar R through a term 5 ¢* R,
with & of order unity. (Such a term is needed in any case as a counterterm
to ultraviolet divergences). Abbott has pointed out that this will become
more important than the term ¢® (kT)* ¢* produced by thermal fluctuations
when ¢ (kT)? falls below R = & =~ GM', ie., when kT drops below
M?*/eme. = 10" GeV. He finds that metastability is lost at this temperature
it & is positive, while if 5 is negative it lasts forever. Similar conclusions
are reached by Iujii and by Hut and Klinkhamer.

In summary, it is not difficult to see how the transition out of the
false vacuum could be delayed until the universe cools by a very large
factor, large enough apparently to solve the monopole problem; but it is
difficult to see how this transition could be delayed until the temperature
drops to the level of 10 eV or so that is required to solve the entropy
and horizon problems.

4 . SUPERSYMMETRY

My last major topic is supersymmetry. This is a symmetry, first pro-
posed in its modern form in 1974 by Wess and Zumino, which puts
particles of different-spin into the same symmetry multiplets. 1n this
respect it is unique, which may be why it has been so actively studied
despite the lack of any experimental support.
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Of course, we do not sce supermultiplets of particles in nature with
equal mass and different spin, so supersymmetty, if a valid symmetry at all,
must be spontaneously broken, Its implications depend critically on the
scale of the vacuum expectation values which break it. If these vacuum
expectation values are of order 10® GeV, then supersymmetry does not
offer much in the way of direct implications for physics at ordinary energy.
On the other hand if the vacuum expectation values which break super-
symmetry are of the same order as those that break the electroweak gauge
symmetry, say of order 300 GeV, then the particles of different spin in
supermultiplets are split in mass by amounts of order mw, or in some cases
much less. This is the case T will consider here.

If the gauge bosons such as the W*, Z° v and gluon have super-
pattners of spin 1/2, with masses that are not different by more than
100 GeV or so, then these superpartners must be taken into account in
calculating the dependence of coupling constants on energy. Generally
speaking, the main effect is simply to reduce the rate at which all squared
coupling constants vary with the logarithm of the energy by a factor 9/11.
As pointed out by Dimopoulos, Raby, and Wilczek, this means that the
successful prediction for sin?0 is unaffected, but the mass M where the
strong and electroweak couplings come together is increased, to about 107
GeV. “Ordinary” proton decays like p — 7° ¢* would still occur, but at 2
rate decreased by a factor of 10% and hence would be quite unobservable.
On the other hand the increase in M is actually helpful from the point of
view of cosmological haryon production, because everything happens earlier,
when the universe is further from thermal equilibrium.

The quarks also have superpartners, scalar bosons which like the
quarks are color triplets, I mentioned earfier that color triplet bosons are
just what are needed to produce baryon nonconserving processes like proton
decay, and the slow rate of proton decay requires that the color triplet bosons
which mediate the decay must be heavier than about 10" GeV. How then
can we tolerate superpariners of the quarks whose mass is no more than
100 GeV or so? One possible answer that I have been studying larely is that
there is an additional gauge symmetry at ordinary energies, in addition to
the SU (3) and SU {2) X U {1) of the strong and electroweak interactions,
which together with supersymmetry rules out any renormalizable baryon
nonconserving interactions of the scalar superpartners of the quarks. (Such
an addition to the low energy gauge group had already appeared in various
models of Fayet, which aim at explaining how the scalar superpartners of
the quarks and leptons can be so much heavier than the quarks and leptons
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themselves). Such a symmetry would also have the effect of ruling out a
neutrino mass at any astrophysically relevant level.

Fowever, if supersymmetry takes away the neutrino mass, it replaces
it with other odds and ends that may play an important role in astrophysics.
One of these is the goldstino, a massless particle of spin 1/2 which
has the same relation to broken supersymmetry that the pion and the spin
waves have to the broken chiral and rotation symmetries in strong intes-
actions and ferromagnets. Goldstinos have coupling constants comparable
to ¢, but they connect ordinary particles like quarks, leptons, etc. to their
heavy superpartners, so at low encrgies goldstino interactions are suppressed
by large masses in interna! lines, and hence are similar to neutrino inter-
actions, They would count along with the neutrinos in determining the
expansion rate of the universe during the period just prior to helium
synthesis, and hence tend to increase the cosmic helinm abundance.

There is a fascinating complication regarding goldstinos: when gravity
is taken into account the goldstino disappears from the theory, being re-
placed by the helicity 2 1/2 compoenents of the spin 3/2 superpartners of
the graviton, the gravitino, Through this “super-Higgs” mechanism the
gravitino acquires a mass, calculated by Ferrara and Zumino to be

4T I

Meravitine =
3 MpL

where I is the constant with dimensions of (mass)® that characterizes the
strength of the supersymmetry breaking. If F = {300 GeV)’, the gravitino
mass is 1.5 % 107° e¢V. Tor a gravitino that is this light, the helicity
& 1/2 states behave for all practical purposes just like the massless
goldstino which would be present in the absence of gravitation. On the
other hand, if F is of order 107 GeV, then the gravitino mass is of order
10® GeV. Such a particle would of cousse play no role at the time of
nucleosynthesis, much less at present, but its relatively slow decay might
generate large amounts of entropy at very eatly times. (The astrophysical
implications of a 1 keV gravitino have been considered by Pagels and
Primacl).

Another interesting oddity is the photino, the spin 1/2 superpartner
of the photon. Tts mass vanishes in the lowest order of perturbation theory
and is, therefore, suppressed relative to mw by at least a factor /8 7
Farrar and 1 have tried to estimate the photino mass, but we find that it
depends critically on the numbers of supermultiplets of different kinds and
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on the pattern of symmetry breaking; depending on what one assumes, the
photino mass could be a few MeV, or a fraction of a keV, or 107% ¢V, or
zero. Photinos of mass less than an MeV would contribute like neutrinos
and goldstinos to the cosmic energy density just before nucleosynthesis,
and hence would further increase the helium abundance. It is possible
that photinos have a mass of the order 10 eV to 100 eV which would make
thbem an important contribution to the galactic and cosmic mass densities, but
this does not seem particularly likely. Photinos decay into goldstinos plus
photons at a rate calculated by Cabibbo, Farrar, and Maiani to be of order

Pp}mlinu = 87 ﬂi’fspholim/Fz .

For F = (300 GeV)?, this gives a photino lifetime longer than 10" years
for photino masses below about 800 eV, so these photinos would still
be abundant in the present universe. Lven though their decay is slow, it is
much faster than neutrinos of comparable mass, so UV photons from
galactic photinos might be detectable. Heavier photinos would be very
rare, but they still might he of astrophysical interest. For instance, photinos
with tasses of a few MeV could be produced in supernova cores and then
deposit their decay photons in the outer layers of the supernova or in the
space outside.

As this talk has progressed, we have been moving steadily into areas
of elementary particle physics about which we feel less and less certainty.
This sense of uncertainty will be heightened if I remind you that in all this
work on supercooling, gravitino masses, etc., one is forced on observational
grounds to assume that the present cnergy density of the vacuum (minus
whatever bare cosmological constant may be present in the Lagrangian) is
zero, of at any rate less than about 107" GeV per cubic fermi, an assump-
tion for which at present there is not the slightest rationale in terms of
fundamental physical principles. But even if particle physicists and
cosmologists are not yet able to offer definite answers to cach others’
problems, there does seem to be an increasing area of common concern in
the physics of the very eatly universe, about which it is worthwhile for us
to keep in touch.

I am very grateful to Alan Guth and Edward Witten for their help
in correcting errors in an eatlier version of this paper.
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WEISSKOPE

Tt is very hard to statt out commenting in any general way after this splendid
talk, The first impression I received during this exciting report is that particle
physics seems to bave become even mote uncertain and hypothetical than cosmo-
logy. This is by no means a reproach; on the contrary it is wonderful how
much one can expand ideas that have been conceived in connection with ex-
petiment. Let me point out how far we actually are from experiments. In view
of what we have just heard, the theory of electro-wealk interaction is old hat
and already should be considered almost like Maxwell's equations. By the way,
Steve Weinberg is one of its founders. This theory, of coutse, is based upon
the existence of the intermediate bosons, just like Maxwell’s equations are based
on the existence of light waves. You know, it took about 20 years after Maxwell,
i T am not mistaken, until Hertz actually produced such waves. If he had not
succeeded, Maxwell’s equations would have been forgotten. Now the bosons
have not vet been seen. I think they will be seen soon, if they can be seen,
because the CERN proton-anti-proton experiment is prepared for that purpose
and goes cxtremely well. A telegram to Steve from Geneva may already be
written, but it may not come. Now I mention this in order to emphasize that,
although the electroweak theory contains tremendous generalizations of quantum
clectrodynamics, there are a good number of experimental observations that
support it.

But what about the Grand Unification Theory (GUT)? Steve said him-
sclf that at present we have just one experimental support, a quite imptes-
sive one, namely, the fact that GUT, in almost all its versions, can predict
what he modestly bas refused to call the Weinberg angle. Important as
it is, it is only one number. T am very wortied that, in order to
accept this very elegant theoty, one has to assume that up to 10" GeV
there will be no new particle appearing. So far we always have found
new substructures whenever we went 1, 2, 3 or 4 orders of magnitude up in
energies. One cannot but ask oneself whether the existence of five quarks
{probably they are 6) and of 3 clectrons is not alteady a sign of substructure.
Are we supposed to assume that this is not so and tbat we already know the
groups that inchude all truly elementary particles, the ones that are known at
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present, with a few small exceptions? That idea leaves one with an extreme
uncertain feeling. But we are accustomed to such feelings especially in the
framework of cosmology. So far cosmology neither supports or disproves GUT,
So far that theory does not give any definite answers to those questions that
are wolrying us, such as the proton surplus, the famous 107°, the horizon
problem, the entropy problem. None of these questions are really answered by
GUT, although it is not yet excluded that GUT contains some of the answers,
in particular to the proton surplus problem, As to the others there are, I would
say, “romantic” possibilitics how one could solve them, by introducing phase
transition, Maybe particle physics develops too many new unproven ideas per
unit time. Well, these are my personal impressions that are probably influenced
by having been to long in this field.

SiLx

An attractive feature of the supersymmetric theory may be the large value
of the grand unification mass. This is sufficiently close to the Planck mass that
decaying inhomogeneities, shear modes, and other possible remnants of the
quantum gravity era conld still have sufficient amplitude (= 107%) to perturb
the expansion rate during baryosynthesis and generate baryon number fluctuations.

Hawkine

If you have a Higgs mass of 10 Mev in the electroweak theoty, you say
that the electroweak phase-transition would be strongly first order. In this case,
wotk we have done at Cambridge indicates that one would produce an un-
acceptably large number of black holes of about the mass of the earth,
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ABSTRACT

This article gives a brief qualitative discussion of the consequences
for cosmology and galactic astronomy of a neutrino type possessing a rest-
mass of order tens of electron volts. Emphasis is laid on the possible
detectability of ultra-violet photons which may be emitted by massive
neutrinos dominating both the universe and individual galaxies including
the Milky Way. One speculative possibifity is that fonisation observed
both in the intergalactic medium and in the halo of our Galaxy may be
produced by such photons. This would require a neuttino mass ~ 100 ev
and a radiative lifetime ~ 107 seconds, values which are compatible with
both cosmological constraints and considerations from elementary particle
physics.

1 « INTRODUCTION

This Study Week is taking place at a tantalising moment. There are
suggestions from both theotetical and experimental particle physics that
neutrinos may have a non-zero rest mass of order up to tens of electron
volts. If this turns out to be so and if the hot Big Bang picture of the
origin of the universe is at least approximately correct, then the implications
for cosmology are so far-reaching that it is reasonable to talk in terms of
a breakthrough as significant as the discovery of the 3 K cosmic background
radiation. '
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This follows in part from the remark of Cowsik and McClelland
{1972} that finite mass neutrinos left over from the hot Big Bang might
today be nearly as numerous as 3 K photons, This would be the case, for
example, for left-handed Majorana neutrinos with a mass less than 1 MeV.
The contribution of such neutrinos to the present value of the density
parameter {2 (p/pen} is given to a good approximation by

Qo= Za /1000 |

where the sum is over the different neutrino types, 7 is in electron volts,
and hw is related to the Hubble constant Ho by Hs = 100 o km sec™ Mpc™,

We see immediately from this formula that with 0.5 < hy < 1 and
mi ~ tens of electron volts, £ can easily reach unity. This could mean that
neutrinos contribute more, perhaps far more, to the density of the universe
than does anything else, including baryons, and that they could even close
the universe and bring about its eventual re-collapse {without deuterium
being destroyed primordially). This was Cowsik and McClelland’s (1972)
main original point,

There is the additional possibility (Cowsik and McClelland 1973)
that these neutrinos could provide the missing matter in clusters of galaxies
and in individual galaxies including the Milky Way. In this manner one
could account for the large velocity dispersions observed in clusters and
for the extended flat rotation curves observed in galaxies. Again in these
cases the total mass in the form of neutrinos would then exceed that in
baryons by a factor of order ten or more. This could turn out to be a
particulatly fruitful hypothesis, since the structures of clusters, and especial-
ly of individual galaxies, can be studied in detail, and these details could
then be refated to the neutrino distribution.

A further fruitful interaction between astronomy and particle physics
would arise if the neutrinos dominating both the universe and localised
condensations were to decay into lighter neutrinos, emitting photons in the
process. It has been pointed out by de Rujula and Glashow (1980) that,
with neutrino masses lying in the tens of electron volt range, the photons
would probably lie in the ultra-violet and so might be detected by the
methods of ultra-violet astronomy.

Two detection methods have already been discussed in the literature.
The first involves searching for the integrated ultra-violer background
arising from neutrinos decaying both cosmologically and in our Galaxy and
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for an ultraviolet signal from the Virgo and Coma clusters. In these cases
the absence of any observable effect attributable to neutrinos leads to a
lower limit on the radiative lifetime of the neutrino (Stecker 1980; Kimble,
Bowyer and Jakobsen 1981; Flenry and Feldman 1981; Shipman and
Cowsik 1981).

The second method involves searching for ionisation effects produced
by the decay photons on the assumption that these photons possess suf-
ficient energy. The presence of high velocity clouds of atomic hydrogen
in regions remote from the plane of the Galaxy again provides negative
cvidence which leads to a further lower limit on the neutrino lifetime
(Melott and Sciama 1981).

Positive cvidence of ionisation effects which could be attributed to
photons emitted by neutrinos would, of course, be more useful. Two
tentative possibilities have been suggested so far. In one (Sciama 1982a)
the ionisation of the intergalactic medium, which is usually invoked to
account for the absence of absorption troughs in quasar spectra (Gunn-
Peterson effect), is attributed to photons emitted by a cosmological dis-
tribution of decaying neutrinos rather than by the quasars themselves.
Such a hypothesis is very radical but it does have the merit of leading to
fairly definite values for the mass and radiative lifetime of the neutrino
type involved. In round terms one requires a mass in the range 50 to 100 ev
and a lifetime of ~ 10% seconds.

The other possibility {Sciama and Melott 1982} involves the highly
fonised carbon (CIV) and silicon (Si IV) found high above the galactic
plane by observations with the International Ultra-Violet Explorer (IUE).
The existence of these highly ionised atomic species may well have a con-
ventional explanation in terms either of collisional effects in a hot gas
(T'~ 10°K) or of ionisation by suitably hard photons emitted by hot
stats ot the sources of the soft X-ray hackground. However, these ex-
planations are not certain and an alternative, speculative, possibility is that
the photons involved arise from decaying neutrinos which dominate the
galactic halo. This again leads to a determination of the mass and the life-
time of these decaying neutrinos, with results remarkably similar to those
derived from our intergalactic hypothesis.

The derivation of these numerical results and the extent to which
they are reasonable are discussed in the final section of this paper. First,
however, we describe briefly the theoretical and experimental evidence
from particle physics that neutrinos may have a non-zeto mass. This is
followed by an equally brief account of the consequences of such a non-
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zero mass for the hot Big Bang and for the present density of the universe.
We then analyse the possibility that these neutrinos may dominate galaxy
clusters and individual galaxies. Finally we turn to the ultrawiolet implica-
tions if the neutrinos emit photons at a significant rate.

2 - Massive NEUTRINOS IN Parricir PHysICS

It has been known since 1934 that “the rest mass of the neutrino is
gither zero or at any rate vety small with respect to the mass of the
electron”.  Fermi {1934) deduced this from the shape of the electron
spectrum in beta decay near its high energy end point. Until recently the
most precise experiment of this type (Bergkvist 1972) led to the lmit
my < 60 ey at the 90% confidence level.

It was in the same year that Cowsik and McClelland {1972) pointed
out the fundamental importance for cosmology of a non-zero rest-mass for
the neutrino if the hot Big Bang picture of the origin of the universe is at
least approximately correct. However, at that time such a non-zero mass
was not popular amongst particle physicists and the consequences of Cowsik
and McClelland’s ideas were not widely investigated. Since then the climate
of opinion has changed, thanks mainly, on the theotetical side, to the
development of gauge theories, and especially of grand unified theories
(GUTS). With one exception, the minimal SU (5) scheme, these theories
do lead to a mass term in the neutrino part of the Lagrangian. Weinberg
(1979) has shown that, under very general conditions,

J < o7

Fily o~

M

where f is a dimensionless coupling constant, < e > is the vacuum ex-
pectation value of the scalar field responsible for intermediate vector boson
masses in the theory, and M is the grand unification mass scale, which is
related both to the proton lifetime and the energy at which all coupling
constants in the theory become equal,

In these theories one expects that < ¢s > ~ 300 Gey and M ~ 10"
GeV. The value of § depends on the model and can vary roughly between
a? and a?, where « is the fine structure constant. In this way one finds
masses for the neutsino ranging from 10~° to 10* ev. TFor a more detailed
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account and fuller references to the literature we refer the reader to the
surveys of Langacker (1981) and de Rujula {1981).

A related property of importance for us is the number of neutrino
types or flavours. Electron and muon neutrinos have been directly observed
and are known to be different particles. The tau neutrino has not yet been
observed but is presumed to exist. Experiments to search for it are
described by Morrison (1980). Further flavours could also exist and their
number is not specified by existing GUTS. A limit on this number has
been derived from arguments involving light element synthesis in the Big
Bang, since their existence would speed up the early expansion rate of the
universe, However, this limit is compatible with the existence of several
neutrino types beyond those already established.

In addition to the mass of each neutrino flavour playing a role in our
atguments, there is the further question of neutrinos oscillating from one
flavour to another as they propagate. This possibility was introduced by
Pontecorvo (1968) in connection with the solar neutrino problem. The
idea is that the neutrinos produced by the weak interactions are not in
pure cigenstates of mass but in a coherent mixture. The components of
this mixture propagate with different phase velocities because they have
different masses and, if a wave packet is considered, one finds that its
constitution expressed in terms of its states as defined by the wealk inter-
actions {that is, flavours) changes with time. Astrophysicists will recognise
the analogy with Faraday rotation, wherein a lineatly polarised wave, since
it is a mixture of oppositely circularly polarised waves which propagate
through a magnetised medium with different phase velocities, will rotate
as it propagates through such a medium. In the neutrino case the effect
is quantum mecbanical and its relation to the Uncertainty Principle is cleatly
described by Kayser (1981).

The situation is that neutrino oscillations require at least one of the
neutrino flavours involved to have a nonzero mass, but the converse is not
true, that is, the existence of a non-zero mass does not guarantee that oscil-
lations occur. T they do occur, then for two flavours one has a mixing
matrix which describes the effect: e.g.

Ve cos 0 sin o Vi
Yy — sin ¢ cos o V2
Weak interaction Mixing Mass

eigen states Matrix cigenstates
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The mixing mattix is orthogonal and so defines a mixing angle «. The
probability P for a certain neutrino, say Ve, of energy E to turn into v, after
propagating a distance L is then given by

(%) e 32%3) L
P = sin® 2o sin —

4F

Thus a detector sensitive only to ¥ could measure m% — w7, the difference
of the squared masses of the propagating eigenstates.

If several flavours are involved the mixing matrix is larger and the
situation more complicated. Moreover in this more general case the simple
distinction hetween Majorana (2 component spinor) and Dirac (4 com-
ponent spinor) neutrinos breaks down (Wolfenstein 1982).

Our final theoretical remark, which will be needed in the last section,
is that the more massive neutrino, say vi, can decay into the lighter one,
emitting a variety of other particles including photons. For example, the
decaying neutrino can first turn virtually into a charged lepton and an
intermediate charged vector boson W. The W then emits a real photon
and recombines with the virtual charged lepton to form the less massive
residual neutrino. In this case we would have overall

Yi—> VYo b Y .

If v is at rest, then conservation of energy and momentum in the decay
process leads to

H - 1%
By o=
2

If #2 « o we can simplify this to

The lifetime for this process depends critically on the number of
neutrino flavours assumed, since this decides whether a powerful inter-
ference effect called GIM suppression is operating (GIM = Glashow, Ili-
poulos, Maiani; see de Rujula and Glashow 1980). With only three
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flavours present theoretical values for the radiative lifetimes for neutrinos
of flavour 1 range from

10% 30 ev )
sec
Sin® 28 my
to ten times this quantity {Pal and Wolfenstein 1982), Here B is the mixing
angle between vi and Vs, which in some models is large (Goldman and

Stephenson 1981). With wider assumptions about the number of neutrino
flavours and associated Higgs types one obtains {de Rujula and Glashow

1980) a lifetime of
1.5 x 10% 30 ev 5
( sec |

Sin® 2, e

or possibly less (Pal and Wolfenstein 1982), with Bi the mixing angle be-
tween the fourth neutrino and vi,

We now consider briefly the experimental situation. Two recent
claims have excited great interest, although they have not been generally
accepted. The fisst involves the beta decay of tritium whose energy
spectrum has been studied by Lyubimov et al. (1980). They infer from its
shape at the high energy end that the mass 2. of the electron (anti-)neutrino
lies in the range

14 < my & 46ev

at the 999 confidence level. For criticism of this experiment see de Rujala
{1981).

The second experiment claims to have discovered neutrino oscillations,
thereby implying the presence of a non-zero neuttino mass. It was per-
formed by Reincs, Sobel and Pasierb (1980) who used reactor neutrinos
to study charged cusrent reactions in hydrogen and charged and neutral
current reactions in deuterium. The ratio of the charged to neutral cross-
sections was found to be less than expected theoretically, and this discre-
pancy was attributed to the presence of neutrino oscillations. For criticisms
of this experiment see Morrison (1980}. Morrison discusses also a number
of other on-going oscilfation experiments. Present results are negative and
ate usually presented in the form of a diagram relating squared mass dif-
ferences and mixing angles. The negative results then rule out certain
regions in this diagram.
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To summarise, there seems to be no reliable experimental evidence
yet that any neutrino flavour has a non-zero rest-mass. Fortunately several
experiments are now being performed which could, within a year from
now, determine either a direct mass or a difference of mass squares. Similar
remarks apply to the proton decay experiments. If they turn out to be
positive this would strengthen our confidence in GUTS, which by implica-
tion would give some theoretical support to the hypothesis of a non-zero
rest-mass for neutrinos.

3 - CoSMOLOGICAYL, IMPLICATIONS OF MAssive NEUTRINOS

In the eatly hot stages of the universe, when k1" exceeded #2., neutrino-
anti neutrino pairs could be produced by thermal excitation. Reactions
of the type

ot 4 e VA Y

would then keep the neutrinos in thermal equilibrivm with other particles
so long as the reaction rates involved were shorter than the expansion rate
of the universe. These reaction rates are determined by the weak inter-
action coupling constant and thermal equilibrium for left-handed neutrinos
(Shapiro er al, 1980) would have been maintained until kT dropped to
about 1 Mev (Weinberg 1972). Thereafter the neutrino distribution be-
came frozen out. So long as m € 1 Mev one can continue to treat the
massive neutrinos as a relativistic gas down to this freezing-out point. Their
number-density, #., would then have been of the same order as the photon
number-density, #., but because of the difference between Fermi and Bose
statistics one would have (Weinberg 1972)

e = 3/4 n, (kT = 1 Mev) .

When the temperature drops to about 1/2 Mev the electron-pairs re-
combine permanently giving up their enetgy to the photen gas. Since the
neutrinos are now decoupled from the photons, they do not receive much
of this energy and this further increases the difference between #v and #..
The new relationship is maintained indefinitely thereafter, unless, of course,
other dissipation processes intervene to increase #y. This final relationship
is (Weinberg 1972)

He ~ 1/4 1, (kT << 1/2 Mev) .
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After the freezing-out process the neutrinos go out of thesmal
equilibrium when they become partially refativistic (kT ~ #2). This is a
general property of partially relativistic particles which are non-interacting
but in a state of expansion or contraction. The momentum, p, of each
particle varies inversely as the scale-factor, R {£), but the energy of each
particle, being given by (p* + #%)'"?, varies in a complicated manner and
there is no way the temperature can vary with the scale-factor, R, so as to
keep the energy distribution in an invariant form. This is, however, pos-
sible in the extreme limits of relativistic particles (when I = p and
T oc 1/R) and completely non-relativistic particles (when E = p*/2m
and T oc 1/RY. Thus the neutrino distribution today would be out of
thermal equilibrium and, if a temperature is specified for it, one must be
careful to state whether one is referring to a momentum distribution of
the Fermi type for zero rest-mass particles or a mean encrgy property
2 = 3/2 kT.

If the 3 K photons observed today all come from the hot Big Bang
(we shall question this assumption later) then the present value of #. is
about one-quarter of 7, which for a 3 K radiation-field gives ~ 400
photons cm™, We would thus have

iy ~ 100 cm™?

for each neutrino flavour satisfying the assumptions we have been making.
(For the more complicated calculation of 7 when m, 2 1 Mev see Lee and
Weinberg 1977).  Accordingly, the contsibution of each flavour to the
density parameter £ = p/pei would be given by

1
i o~

2

100 hzo
whete #2 is in ev and he is related to the Hubble constant by
[Ty = 100 he km sec™* Mpc' .

This result, and its possible implications for a high density universe, have
already been discussed in the introduction,

By contrast, the present typical velocity v of a neutrino is far less
than that of the photons. One finds
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50
I

vy~ km sec™!

i

with »2; again measured in ev.
The question now arises, what constraints on v or X sz are implied

+
by our formulae (other than 7 « 1 Mev)? Two types of constraints arise.
The first is purely cosmological and involves the observational upper limit
on £ stemming from estimates of the age of the universe. The second
involves the further hypothesis that massive neutrinos dominate clusters
of galaxies or individual galaxies, We consider this second type of argument
in the next section, and discuss here only the age of the universe,

In general the age of a relativistic model of the universe has to be
computed numerically. This bas been done by various authors and is given
in convenient form by Stabell and Refsdal (1966} in their table IT, and also
by Bernstein and Feinberg (1981} in connexion with the massive neutrino
problem. To see what is involved we note that if he=0.5 (see Tammann’s
article in this volume, then % mi=100 would lead to an age of 9.5 10°

years, while % #z == 150 would yield 8.3 X 10° years. For ho = 0.7 and

r
% mi = 100 one obtains 8.2 % 10° years.

r

These ages are marginally less than the lowest ages usuvally quoted

for globular clusters (~ 13 X 10° yeass, Demarque 1980). It is not clear how

seriously one should take these differences. If they are taken seriously

we are not necessarily forced to reduce 2 m: below the 100 to 150 range,
1

although such reduced upper limits are often quoted in the literature.
There are two possible alternative paths we can take.

(i} We can assume that the cosmical constant is non-zero. This would
have implications for the observed value of the deceleration-parameter 4o
{which is discussed by Tammann in this volume), but at present it is an ill-
determined quantity. In this way, the limit on £ #2: could be raised to a

value of 200. !

(i) We could attrihute a substantial fraction of the 3 K photons to
processes occurring at intermediate red shifts, such as z ~ 100, thereby
reducing (*) the concentration of neutrinos left over from the hot Big Bang

{(*) 1 am grateful 1o Dt. A.C. Edwards for drawing my attention to this possibility.
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and so decreasing £2. The so-called population TIT sources involved could
be a pregalactic generation of supermassive stars or, alternatively, accreting
black holes. A recent discussion of these sources has been given by Carr
{1981) together with references to eatlier treatments,

Two astrophysical points are worth making here, The first, in favour
of the supermassive stars, is that one needs in any case a mechanism for
generating pre-galactic heavy clements in order to account for the shortage
of stars with low metal abundance in the Galaxy. Heavy elements produced
by population ITI stars could solve this problem, and also, by forming into
molecules and dust particles, help to thermalise the emitted radiation in a
manner which conforms with the presently observed spectrum of the 3 K
background.

The second point concerns the guestion whether this mechanism
could account naturally for the photon-baryon ratio of ~ 10" involved in
the 3 K background. This has been discussed especially by Rees
(1978).  Indeed Rees claims that all the 3 K background could be
due to population ITI sources, thereby doing away with the hot Big Bang
altogether. The helium and deuterium normally associated with “the first
three minutes” would then have to be attributed either to the Population
IIT sources themselves, ot to some unknown galactic processes occurting
later. His main point is that it is guite natural for about 0.01 per cent of
the rest-mass of a proton to be on average converted into radiation in a
Population 11T source. If this occusred at a redshift ~ 100, one would end
up with a photon-baryon ratio ~ 10",

Of course if we followed Rees all the way, there would be no cosmo-
logical neutrinos to worty about! IHowever, we may recall that GUTS are
having some success in accounting for the baryon asymmetry of the universe
in a hot Big Bang mode! {sce Weinberg’s article in this volume). In principle,
this theory also leads to a definite value for the photon-baryon ratio, which
in some models is of the general order of 10, T do not regard it, there-
fore, as unduly artificial to contemplate a mixed mode] in which Population
IIT sources provide a substantial fraction, but not all, of the photons in
the 3 K background. This would again permit a considerable relaxation
of the mass constraint on the neutrinos atising from their implications for
the age of the universe.
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4 - NEUTRING DoMINATION OF GALAXY CLUSTERS AND GALAXIES

As discussed elsewhere in this volume, it is now generally agreed that
both galaxy clusters and many individual galaxies, including the Milky Way,
contain some form of dark matter whose mass exceeds that of the visible
matter by a factor of the general order of ten. The form this matter takes
is presently unknown; it could conceivably be suitably faint stars, brick-
sized objects or black holes of appropriate mass. Several people have
recently added massive neutrinos to this list. The suggestion is attractive,
since if neutrinos do have non-zero rest-mass and the hot Big Bang picture
is correct, then a supply of neutrinos is in principle available, However,
several conditions have to be satisfied if this suggestion is to be taken
seriously.

These conditions arise from two types of consideration. The first
type concerns the galaxy formation process itself. Can galaxies and clusters
of galaxies form which are dominated by massive neutrinos? A number
of recent papets have appeared discussing this question with markedly dif-
fering conclusions. Since galaxy formation is the subject of other articles
in this volume and since it is a tricky subject which is difficult to sum-
marise briefly, we prefer not to enter into it here.

The second type of consideration does admit of a brief discussion. Let
us assume that neutrino dominated condensations have somehow managed
to form. What constraints on the neutrinos are implied by observations of
the present structure of these condensations?

The first of these constraints arises from a consideration of the
velocity-dispersion of the neutrinos in the gravitational condensation. Since
the neutrino distribution has to be spatially extended to account for the
observed flat rotation curves of galaxies, one would expect that its velocity-
dispersion would be in virial equilibrium with the gravitational potential
of the condensation. {The possible role of degeneracy pressure is touched
on in a later paragraph), This leads to a root mean square neutrino
velocity of order 200 km sec™ for the Milky Way.

One now requires that, at the time of galaxy formation, the cosmo-
logical velocity of the neutrinos be less than this on the general grounds
that, however a galaxy forms, this velocity is likely to increase in the
process. In other words, the cosmological neutrinos must not be so hot
that they cannot form or join localised condensations. 1f the galaxy formed
at a red shift z, a typical cosmological velocity at the corresponding epoch
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would be given by

50 (1 4 2))
T '3 Y
iy
We thus require that
1+ z
My P e @Y,
4

If, for example, we take z ~ 11, then
m, >3 ey, (1)

This simple argument, therefore, leads us into a mass-range for the neutrinos
which is already of interest to us from theoretical and experimental particle
physics and from cosmological considerations of the mass-density and age
of the universe.

A more stringent limit on the neutrino mass can be derived from the
opposite type of argument, that is, by considering the role of the Pauli
Exclusion Principle to which the neutrinos must conform. The basic idea
is that if the neutrino mass wete very low we would need a large volume
concentration of them to produce the required gravitational field. In ad-
dition the momentum space concentration would be large. Too large a
concentration would, however, lead to a violation of the Exclusion Principle.
Thus this argument leads, like the previous one, to a lower limit on the
mass of the neutrino,

A similar result is obtained if one assumes that galaxies are formed
after the neutrinos have become collision-free. Tn this case their distrihution
function in phase-space satisfies the Liouville equation and so is a constant
of the motion. One knows this distribution function at the outset of the
formation process from the cosmological discussion and so one can again
limit the resulting concentration of neutrinos. In an interesting extension
of this idea Tremaine and Gunn (1979) have applied Lynden-Bell’s (1967}
ideas on violent relaxation to this problem. Such relaxation would lead to
phase mixing. The resulting macroscopic or coarse-grained phase space
density can only decrease, however, so that one still obtains a lower limit
to the neutrino mass.

We now consider these arguments in mote detail. For purposes of
orientation it is illuminating, following Cowsik and McClelland (1973),
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Melott (1980) and Gao and Ruffini (1980), to consider the extreme case
of a galaxy as a gigantic “white dwarf” or “neutron star”, that is, as a self-
gravitating spherical assemhly of neutrinos in their ground state. We shall
see that such a model is not altogether unrealistic, although it does need
modification. Given the total mass, M, of such an assembly, assuming that
it is significantly less than the critical mass at which the assembly becomes
gravitationally unstable, one obtains a unique tadius, R, which for non-
interacting neutrinos would be given by

[
MR? =5 o 2)
G* ot
The critical mass M. is given by
6.4 % 10" Mg
M, ~ N
N

Tt is amusing to note that when ». ~ 30ev, Me ~ 10" Mo, which is
comparable to the nass of a supercluster of galaxies. This may or may not
be significant, In any case the mass of a cluster of galaxies is less than
critical for the range of neutrino masses of interest to us. We note in ad-
dition that the Jeans mass, Mu, is given by

M; ~ 107 M@/ ??lvz )

Returning to the relation (2) for the ground state assembly we note,
following Melott, that if we substitute 10” Me for M, and 100 kpc for R,
values appropriate to an extended galaxy, we obtain

my ~ 30 ev . (3)

Thus this simple computation again leads to a neutrino mass of tens of
electron voits. This result is suggestive but cannot be taken literally
because the resulting density distribution deviates significantly from the
1/# law which, for a spherical distribution, would be required to account
for a flat rotation curve.

Tt follows that the neutrinos dominating a galaxy cannot be completely
degenerate. The intermediate case of partial degeneracy has been discussed
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by Melott (1982), but for simplicity we consider here the other extreme
of a non-degenerate assembly with the pressure being provided by a clas-
sical velocity dispersion. The flat rotation curve now suggests using an
isothermal distribution, the parameters of which have been evaluated by
Peebles (1980). Here we give a simplified discussion.

We begin from a dynamical analysis of the structure of the Milky Way
in terms of the distribution and motion of known material and of an un-
known spherical halo, Several models of this kind have been computed
recently (Shuter 1981; Monet, Richstone and Schecbter 1981; and Cald-
well and Ostriker 1981}, of which the most detailed is that of Caldwell
and Ostriker. One obtains from these analyses a density for the halo
material which, at the Sun’s position in the Galaxy, can be great as
107* gm em™ and is determined to within about a factor 2. If this halo
material consists of neutrinos of rest-mass, #2, one then has for their
concenttation, #., at the sun’s position

100 ev
My ~ 10T | ———— | em™? .

iy

This represents an enhancement over the cosmological concentration of
~ 10° for m, ~ 100 ev.
Now the phase-space density f of these neutrinos has the general form

1
RO Y
{mny DY

But f must be less than 57 in order to satisfy the Exclusion Principle. We

thus require that
w2 107H By
with »7, b and v now expressed in c¢.g.s. units. With v ~ 200 km sec™

we obtain
we, > 30 ev (4)

which is a more stringent limit than (1). Clearly the similarity of (3) and
{4) suggests that the case of partial degeneracy should be kept in mind, as
discussed by Melott (1981).

When this type of analysis is applied to galaxy clusters one has a lower
density and a larger velocity dispersion to deal with, Thus the resulting
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limit on . is less severe (~ 10 ev). By contrast, in a statr the density is
very much higher and so the implied limit on # is much greater than any
value of interest to us here. There is no question, therefore, of neutrino
domination of a star! The conclusion of this discussion is then that, if we
leave aside the formation problem, galaxies can be dominated by massive
neutrinos if 7z lies between about 30 ev and 200 ev, and galaxy clusters can
be so dominated if #z lies between about 10 ev and 200 ev,

There remains then the question, could such neutrinos be detected by
any other property than the gravitational field which they exert? To this
question we now turn,

5 - Massive Neurrivos aND ULara-VIOLET ASTRONOMY

The most promising possibility for detecting galactic neutrinos appeats
to involve the ultrawviolet photons which they may emit (de Rujula and
Glashow 1980). These photons might be observed directly or {rom their
jonising effects if they are sufficiently energetic. We have discussed their
energy and the lifetime for the process in a previous section of this article.
Here we consider the astronomical aspects,

We note first the coincidence that the photon flux at the Earth
coming from galactic neutrinos has the same order of magnitude as that
coming from cosmological neutrinos (ignotring absorption effects for the
moment). This follows from the fact that the galactic enhancement in the
neutrino concentration for me ~ 100 ev is of the same order (~ 10%) as
the ratio of the radius of the universe to the scale-height of the galactic
halo (~ 30 kpc). The main difference is that the galactic flux is nearly
monochromatic (since the velocity-dispersion of the galactic neuttinos ~ 200
km sec™ « ¢), whereas the cosmological flux would be drawn out into a
continuous spectrum by the differential red shift associated with the ex-
pansion of the univetse.

In fact this spectrum would have the form

Prag (2’ — 0) ;\03."2 )\0 -2
(= M) Ho 4wz 252 A

where A is the rest wavelength of the decay photon, & the observed wave-
length, * the neutrino lifetime and go the deceleration parameter. Any ab-
sorption effects would have to be added to this relation. [There is a
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namerical error of ~ 10% in equation (7¢) of de Rujula and Glashow (1980)
which has been corrected by Kimble, Bowyer and Jakobsen (1981} ].

It has been pointed out by Stecker (1980} and Kimble, Bowyer and
Jakobsen (1981} that one can use this spectrum to obtain lower limits on
7 from the observed u-v background even if o corresponds to a wavelength
at which the Galaxy is opaque (e.g. % < 912 4), Since the observed
background is probably due to other sources, it has been used to limit ©
rather than to determine it. From an observed background ~ 200 to 300
photons cm™? sec™! ster™? A”', they deduce that

be

T > 10% — 10% sec , 10 ev < < 50 ev

)\ 0

if the intergalactic medium is transparent out to the largest redshifts in-
volved (z ~ 6). We return to the question of this transparency later.

Stecker (1980) also discussed the possibility that a reported increase
in the background at 1700 A might represent a photon flux from galactic
neutrinos and he suggested that T ~ 3 X 10% sec. According to Kimble,
Bowyer and Jakobsen {1981), this increase has not been confirmed and is
best treated as an upper limit to the actual intensity.

These authors also derived a lower limit on * for galactic neutrinos
from the general observed background in the 30 to 50 ev range (which cor-
responds to the mass range in which neutrinos of cosmological origin could
dominate the Galaxy), Their limit depends on the uncertain opacity of the
Galagy at these photon energies and on the photon energy itself, but lies
in the range

T 100 — 102 sec , 30 ev << E, < 50 ev .,

More stringent limits have been derived by Shipman and Cowsik
(1981) and Henty and Feldman (1981) from optical and ultra-violet ob-
servations of the Virgo and Coma clusters of galaxies. If these clusters are
dominated by neutrinos of appropriate mass the derived limits are

T3> 108 - 10% sec , 1 ev<<E, <10 ev .

Shipman and Cowsik consider that with existing or proposed instruments
one could improve these limits up to the range 10% to 107 sec.

All these limits are derived from direct observations of photon fluxes.
One can also use arguments derived from the ionising effects of the photons,
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as pointed out by Melott and Sciama {1981). These differ from the previous
arguments in that they can lead to limits on (or evaluation of) photon
fluxes at positions distant from the galactic plane, where the effects of
absorption by neutral hydrogen or dust will be different (and in general
less). For example, Melott and Sciama (1981) demanded that these photon
fluxes should not completely jonise the high velocity clouds. These clouds
are neutral hydrogen features observed at 21 em to be predominantly ap-
proaching uvs with velocities of a few hundred kilometres per second.
Various asguments suggest that some clouds lie at least a kiloparsec above
the galactic plane, while a recent estimate puts them at tens of kiloparsecs
away. In fact the limits obtained for 7 are valid so long as the clouds lie
within the Local Group of galaxies, but not within the galactic plane. One
finds in this way that

T > 10% seo Ly 22 13,6 ev .

There is no suggestion in any of these arguments (with the exception
of Stecker 1980} that one is close to observing a real effect which could
be attributed to photons from neutrino decay. Moreover, the theoretically
expected value of < is several orders of magnitude greater than even the
largest of the lower limits so far quoted. The question therefore arises
whether a more sensitive ionisation process can he discovered which would
lead either to an actual effect being identified, or at least to a much more
stringent limit on T in the relevant photon energy range.

One possible such process is the ionisation of the intergalactic medium
(Sciama 1982a). This ionisation is usually invoked to account for the
absence of absorption troughs in quasar spectra {Gunn-Peterson effect),
which leads to extremely low upper limits (~ 107" cm™} for the inter-
galactic density of atomic hydrogen and helium. Recently tentative positive
observational evidence has been obtained (Gondhalekar et al. 1982) for
an absorption trough due to singly ionised helium. This evidence was
derived from a spectrum of the guasar 2240-408, whose red shift is 3,18,
obtained using the International Ulira-Violet Explorer. If confirmed, this
would show that: (a) an IGM actually exists; (b} it contains helium; and
(¢) the helium is singly ionised but not all doubly ionised.

The conventional view is that the IGM is probably ionised by photons
emitted by the quasars themselves (Sherman 1981). Such a mechanism is
plausible but is hard to quantify, especially because of uncertainties in the
emissivity of quasars in the hard ultra-violet and in their spatial distribution
at large red shifts. 1t is, therefore, of interest to examine the alternative
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hypothesis that the ionising photons are emitted by a cosmological dis-
tribution of decaying neutrinos.

This hypothesis leads to stringent restrictions on the possible mass
mry and radiative lifetime © of the neutrinos involved. Since helium in the
IGM is singly ionised we require m 2 50 ev. This would be compatible
with the upper limit on #7 derived from lower limits on the age of the
universe. If helium in the IGM is indeed not doubly ionised we require
my £ 110 ev. Thus the relevant neutrino type must have a mass lying in

the range
50 ev £ e £ 110 ev |

We can place limits on the radiative lifetime, %, by requiring that we
satisfy all the observational constraints implied by the data relating to
absorption troughs. This question is discussed elsewhere (Sciama 1982a).
Since the IGM is jonised at least out to a red shift ~ 3.5, we find that we
require

o (0) T 5 3 3 10% em™ sec

where 71 (0) is the present density of ionised hydrogen in the IGM.

It is interesting to make the subsidiary hypothesis that the IGM is
neutral at red shifts greater than 3.5 and that this explains the red shift
cut-off in the gquasar distrihution (Osmer 1982} which is discussed by
Schmidt in this volume. In that case

{5 ~ 3 X 10%em? sec |

This condition ensures that there are, roughly speaking, enough
photons to ionise every hydrogen atom in the IGM. We still have to
ensure that this ionisation is complete enough to be compatible with low
upper limits on atomic hydrogen and helium in the IGM. Calculation of
the ionisation balance shows that, for example, at z ~ 3.5,

o~ 10— m (3.5) .
The observations would then be satisfied if

i (3.5) £ 5 X 1077 em™?
50 that
i () €5 1077 em™
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The upper limit on #u {0) is a few per cent of the baryon density arising
from galaxies, if all “missing matter” is of non-baryonic form. The ef-
ficiency of galaxy formation is unknown, but an efficiency of a few per cent
is not unreasonable. With this limit on zn (0) we atrive at the following
limit for T (assuming that the critical ionisation red shift ~ 3.5):

T > 107 sec .

Another possible ionisation process due to decaying neutrinos has been
proposed by Sciama and Melott (1982). It should be treated with great
caution, since more conventional explanations for the ionisation involved
are quite plausible. Nevertheless these conventional explanations have not
yet been established with certainty and, since the parameters required by
the neutrino hypothesis are similar to those derived from our intergalactic
discussion, we touch on it here.

It has recently been discovered by the International Ultraviolet
Explorer (TUE) that measurable column-densities of highly ionised carbon
{CIV) and silicon (Si IV) exist in the galactic halo several kiloparsecs from
the plane [ Savage and de Boer (1979, 1981); Ulrich ef 4l. (1980); Bromage,
Gabriel and Sciama (1980)). The existence of such high fonisation stages
can plausibly be attributed either to collisional effects in a hot gas
(T ~ 10° K} or to photo-ionisation due to hot stars or the soft X-ray
background.

The alternative explanation is that the photons arise from the decay
of galactic neuttinos. The photon energy would have to be at least 47.9 ev,
the fonisation potential of CIII, so that m, = 95.8 ev. This would satisfy
the neutrino domination constraint (4}, the cosmological constraint based
on the age of the universe, and our intergalactic constraine, Indeed, if
both our hypotheses are correct, the neutrino mass is confined to fie in the
narrow range 95.8 ev = m, € 110 ev.

Our second hypothesis also leads to an actual estimate of the life-
time, T. To evaluate T we first determine the photon flux required to
account for the obscrvations. These observations lead to a CIV number
density ~ 107" cm™, and to densities of Sill, SiIV, CII, CIV, and NV
roughly in the ratio 10: 1: 120: 4 : << 1 (unobserved), with localised
variations. In a photoionised gas these ratios are set by charge exchange
with HI, HHIT and IelT, as well as by direct photoionisation and recombina-
tion with free electrons. The rates of the processes which we need to
know have all been given in the literature and their application to this
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prohlem has heen discussed hy Sciama (1982b). It is straightforward to
determine whether a monochromatic flux of 50 ev photons can reproduce
both the observed ionisation ratios and the absolute values of the ion
densities. We find that with an assumed ambient gas density of ~ 10" em™
and a normal cosmic abundance of He, C, Si and N, we can satisfy all the
observations with a 50 ev photon flux of ~ 600 cm™ sec™'. With this value
of the photon flux the steady state ionisation balance which we are as-
suming to hold would be estahlished in a time less than the age of the
Galaxy.

The photon flux produced by halo neutrinos has been estimated by
de Rujula and Glashow (1980). Since the flux from extragalactic neutrinos
could be comparable we must consider the opacity of halo material for 50 ev
photons. The mean free path, ¢, for such a photon is given by

1

f o~ —
#(Hl)o

If the halo is opaque the column-density of HI within one mean free
path is
n (HI) £ ~ 107 em™? .

If #(H) ~ 107 cm™® and = (H1) ~ 1/3 # (H), we have ¢ ~ 100 kpc,
which is of the same order as the size of the halo. The observed column
density of HI at high galactic latitudes, including the disk contribution, is
ahout 2 X 10” cm? (Dickey et al. 1978), which is comfortably larger than
the value we are taking for the halo alone. We conclude that it is likely
that at a height of several kiloparsecs the extragalactic flux is shielded ourt,
but that in computing the internal flux the opacity is not an important
factor. Using the value for = given earlier, we obtain for the photon
flux I, '
6 x 10%

el 641
T seC

2 -1

I ~

§€C

Since the flux required to account for the observations is ~ 600

* sec™’, we conclude that our hypothesis requires that

cm”

T $0¥ sec , B, ~ 350 ev .
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This is comfortably longer than the previous lower limits and remarkably
similar to the estimate derived from our mtergalactic hypothesis.

It is, perhaps, worth considering the relation of the actual value of ©
derived here to estimates from theoretical particle physics. These estimates
were discussed in an earlier section. We note that agreement can be obtain-
ed for m ~ 100 ev if one assumes that there is a fourth neutrino flavour
and that the relevant mixing angle is not very small. In view of the
sensitive dependence of © on w2 (o¢ #27°), this agreement is not entirely
trivial.  We therefore pursue here briefly the significance for particle
physics of our tequirement that 7z, ~ 100 ev (Sciama 1981).

Both our cosmological considerations and the dependence of T on 2
imply that 100 ev is the mass of the most massive neutrino which is less
than ~ 1 Mev. Now there is one particular recent particle physics model
which also leads to a value for the mass 72y, wax Of the most massive neutrino.
This is a left-right symmetric Grand Usnified Theory based on the gauge
group SO (10). According to Fukugita, Yanagida and Yoshimura (1981)
this theory leads to a value for 2. ma which depends on the baryon asym-
metry parameter, on the assumption that this parameter is determined by
GUTS in the manner discussed in Weinberg (1979). These authors find
that for the simplest feasible Higgs-fermion coupling.

4 B 3 100 Gey Y04 1y /o
3'72\:, max ™ 100 r————— ———— ey ,
200 Gev iy 10"

where 2 is the mass of the top quatk, 72 is the mass of the Higgs boson
and #/ns is the photon-baryon ratio for the 3 K background. This result
is independent of the number of fermion generations if w2 > w2 in the
heaviest generation.

It is a striking consequence of this formula that 72, wa is about 100 ev,
the value we require, only if all the parameters contained within it take on
their most extreme values as allowed by either theoretical or observational
considerations. Thus ~ 200 Gev is the maximum value allowed for
from vacuum stability considerations (Flung 1979, Politzer and Wolfram
1979, Cabibbo, Maiani, Parisi and Petronzio 1979). A recent observational
analysis (Barger, Long, Ma and Pramudita 1982) concludes that either
e = 50 £ 25 Gev or 7 > 100 Gev. Moreover a theoretical attempt to
determine mz from renormalisation group arguments, on the assumption
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that there is an infra-red stable quasi-fixed point (Pendleton and Ross
1981, Hill 1981), leads to # ~ 250 Gev.

Secondly, nuclear stability requires that sz cannot be less than
3 X 10" Gev. This limit is based only on the charm state. The admixture
given by the quark mixing matrix | Uw | is unknown, but must be less than
1/50 for this limit to apply with mz ~ 200 Gev. Otherwise #z. would
appreciably exceed 3 x 10" Gey.

Finally we note that the maximum permitted value of 7./m is of order
10", This limit is derived from the supposition that only known types
of stars contribute to # through their baryon content. Any greater mass
determination derived dynamically would have to involve non-baryonic
matter. Of course in the spirit of this paper we would attribute all such
excess material to massive neutrinos.

We conclude that our hypothesis for the ionisation mechanism pro-
ducing CIV in the galactic halo leads to very stringent requirements on the
age and baryon density of the universe and on m and ., at least in this
particular Grand Unified Theory. One could take the view that this makes
our hypothesis rather implausible. However, we prefer to hold on to it
untii it has been definitely refuted. In this connection we note in particular
that, if as in some models (e.g. Witten 1980) m is proportional to the
squared mass of the associated lepton, then our hypothesis would be
compatible with an unmeasurably small e neutrino mass, and unmeasurable
oscillations between the e, it and © neutrinos. Accordingly, negative results
from the current round of experiments need not rule out the cosmological
breakthrough on the neutrino domination of the universe and of galaxies,
which has been the suhject of our speculations.

I am grateful to my student A.L. Melott for convincing me of the
potential importance of galactic neutrinos and to G.E. Bromage, A.C.
Edwards, G. Feinberg and L. Wolfenstein for helpful discussions and
correspondence.
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DISCUSSION

OSTRIKER

The density you report is # = 107*% cm™® now. If the pressure parameter
is p/k = p then the temperature now is T = 10*° § now and = 10°7 pat z = 3,
since T increases at least as fast as (1 + z}* in the past. Since you say that mm
is obscured at z = 3 the temperature cannot be higher than 10%% fe. T < 10%
at z = 3. Combining these inequalities we sec that you require the present
intergalactic pressurc to be less than 107" K == P, This is a bit lower than one
would think on other grounds.

SCIAMA

I do not tbink that we have any unambiguous evidence for the value of
the pressure in the IGM.

Davis

The dynamical problem associated with massive neutrinos is an extremely
serious one in my opinjon, This morning Joe Silk showed that the damping
mass of neutrino fluctuations is larger than 10" Mg, so that galaxy formation is
made even more difficult than it is in the standard scenarios. If pancakes of
the damping mass form as the first collapsed structure in the universe, I don’t
see how the neutrinos can be stuffed back into a small structuze as a halo with
1/#* and with the proper phase space density.

To avoid this disaster a group of us (myself and Ed Witten, Mike Lecar,
and Tad Pryor) have invented several fanciful schemes that preserve galaxy
sized fluctuations in a neutrino dominated universe. None of these schemes
are likely to be correct, but they exhibit the lengths to which one must go to
preserve galaxies in a neutrino dominated universe (Davis, M. e af. 1981,
Ap. I., 250, 423),

Three schemes were considered. Tirst, if there exist isothermal seeds such
as black holes or large amplitude baryon fluctuations of mass 10° Me, then
galaxies of 10” Mg can form hy accretion in one Hubble time. Peebles has
considered the latter possibility in some detail. The scenario is not ruled out



MASSIVE NEUTRINOS IN COSMOLOGY AND GALACTIC ASTRONOMY 53

but seems ad hoc hecause we simply are replacing one mystety for another. Why
should the seeds exist?

A second scenatio is to realize that the damping mass of neutrino per-
turhations varies as the present momentum temperature of the neutrino as T,?,
so that if Ty can be reduced from its canonical value of 1.9 X to under 1.0 K,
neutrino fluctuations on the size of galaxies will be preserved. This can be ac-
complished by the generation of additional entropy after the epoch of neutrino
decoupling, such as might result by the radiative decay of a massive neutrino,
However it is difficult to thermalize the new photons without first destroying
all the fragile deuterons, an effect first pointed out by Lindley. For the moment
this scenario is therefote moribund.

A third scenaric would resuls if a massive neutrine, perhaps the tau
neutrino, decayed non radiatively into three lighter neutrinos. The massive
neutrino must decay only after the lighter neutrinos become non relativistic and
have clustered in the potential wells defined by the heavier neutrinos. TFor a
wide range of parameters, galaxy sized perturbations can be retained. The mas-
sive neutrino must decay non radiatively to avoid the constraint on the visible
and near IR photons background, but if the decay resulted in additional mas-
sive, but lighter neutrinos, these will today be too hot to cluster even on supes-
cluster scales and will comprise a neatly uniform background of perhaps half
the mass density of the uvniverse. This could explain why measured M/L
estimates continue to increase even beyond the size scale of rich clusters, which
presumably form in a dissipationless fashion. The chief weakness of this model
is that the non radiative decay of the heavy neutrine is unknowr but is likely
to be so long that the universe today would still be radiation dominated from
its decay products.

Wirisskorr

Are you now inventing new physics?

Davis

Yes, these scenarios will not worlk for all grand unified models, but models
that forbid electromagnetic decay of a heavy neutrino have been considered by
de Rugula and Glashow, among others.

WEISSKOPE

Tt is most improbable that a particle theory gives a heavy ncutrino that

36
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decays only in light neutrinos and does not emit photons. The theory would
have to be even more artificial than the present G.U.T. theories.

FapER

Could you tell us what the status is of heavier neutrinos, around a few
Gev, in cosmology? Is there any reason known why the non-luminous matter
might not consist of this type of neutrino?

Scrama

Gev neutrinos would be non-relativistic at freeze-out, and so their number
density would have been suppressed by annihilation. They could not now play
an important role in cosmology or galactic structure.

GUNN

The supptession due to non-relativistic decoupling and decay does not set
in seriously until masses of the order of several Mev, The result is a forbidden
(by ©2 < 1) range of neutrino masses between 100 ev and 2 Gev.



SOME REMARKS ON PHASE-DENSITY CONSTRAINTS
ON THE MASSES OF MASSIVE NEUTRINOS

JAMES E. GUNN
Princeton University Observatory

Some time ago Tremaine and I (1979) published an often misquoted
paper which pointed out that there are severe constraints on the masses
of light “massive” {a few tens of €V) neutrinos, if one wishes to retain the
simple, and to us compelling, hypothesis that all the dark matter in the
universe is the same stuff and is, in fact, made out of those same neutrinos.
We concluded, in fact, that either that hypothesis must be given up, or
the missing mass is not made of such particles. The problem comes basical-
ly from the halos of galaxies, where the densities are high and the velocity
dispersions relatively low, which makes the phase-density rather high. The
phase-density can only decrease during violent relaxation, as pointed out by
Lynden-Bell (1967), and the phase-density in the early universe is given
uniquely by the neutrino mass by considerations of thermal equilibrium.

If the neutrinos are to make a structute of one-dimensional velocity
dispersion o and core radius a, the mass of the particles must obey the fol-
lowing inequality in order for the phase density not to have increased during
the formation of that structure:

9 b
n', = {1)
4 {275)5;‘2 2 G g al

or

100 km/s Y'* ¢ Lkpc ¥
wy > 101 g eV (2)

a a
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Here g is the statistical weight of the particle state, 1 for Majorana
neutrinos and 2 for Dirac ones. In the Galaxy the core radius of the halo
must be quite large to explain the rotation curve {see, for example, the
models of Ostriker and Caldwell 1979}, but in any case cannot be much
larger than the radius at the solar circle, about 8 kpe. The velocity dis-
persion in the halo materizl must be about 160 km/sec (see my paper on
galactic evolution in this volume). The cotresponding lower limit on the
mass is

we, o= 32 g7t eV (3}
and the corresponding limit on @ is

100 kms/s / Mpc ) ?
Q0334 | ———
Ho

The mass below which phase damping occurs is about 10* M.

Tremaine and I argued that such lasge values of £ which would
certainly be reflected in the measured mass-to-light ratios of groups, and
especially large clusters whose masses exceed the damping mass, disagreed
with the observations. This is still true, but by a smaller margin than was
the case two years ago, especially if recent trends towards a larger Hubble
constant turn out to be correct {Aaronson ef al. 1980). The luminosity
density in the universe is almost certainly larger than the value we used:
the one derived from the catalog of Kirshner, Qemler, and Schechter (1979),
with the corrections discussed in my evolution paper, is

L =31 x 10° Les Mpc™? (I1,/100) . (5)
The closure mass-to-light ratio is
M/Lir)eric == 822 {110/100) (6)

and the mass-to-light for the field population as derived from the compila-
tion of Faber and Gallagher (1979) is about

M/Lisias = 140 (Fis/100) (7)
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which vields a value of © of 0.17, only a factor of 2 away from that of
equation (4), if H == 100, If, however, I is as small as 50, the discrepancy
is a factor of 8. Given the severe timescale (age) problems associated with
latge values of the Hubble constant, especially for such relatively large
values of Q, it is clear that either the original problem or worse ones still

persist.
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DISCUSSION

Sciama

My student Melott is computing numerically a collapse problem with mas-
sive neuttinos to see, amongst other things, how easily the inequality of 2 is
satutated.

LyNpEN-BELL

A number of numerical expetiments were originally done on violent
relaxation, Many of those experiments show a little pip in the middle that
remained degenerate, although this could be avoided in the most violent col-
lapses.

Faner

It might be worth noting that we just manage to squeeze the neutrinos
into out galaxy, which is pretey sizeable as galaxies go. Since we know that
there are galaxies with smaller characteristic velocities and since it is plausible
that such galaxies will have smaller scale lengths, the lower limit on the neutrino
mass would be increased in these objects. It is clearly important to study the
rotation curves of small galaxies closely to determine whether, in fact, they are
surrounded by non-luminous halos and, if so, to see what the scale length of

these halos ate,

(GUNN

Tndeed.

FFABER

Since it is important for the neutrino question to know what is the smallest
galaxy containing nop-luminous material, 1 wonder whether there are many
dwarf spirals and irregulars for which Westerborl can make 2I-cm maps and
rotation curves.
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VAN DER LAAN

We caa in principle measute rotation curves {or limits on their shape) at
Westerborl for hydrogen-rich dwarf galaxies bigger than ~ 20 arcseconds, In
fact, some such information is probably already at hand or in the reduction
process.



THE BOUNDARY CONDITIONS
OF THE UNIVERSE

SW. HAWKING
University of Cambridge, Cambridge

This paper considers the questions of what are the boundary condi-
tions of the universe and where should they be imposed. It is difficult to
define boundary conditions at the initial singularity and, even if one could,
they would be insufficient to determine the evolution of the universe. In
order to overcome this problem it is suggested that one should adopt the
Euclidean approach and evaluate the path integral for quantum gravity
over positive definite metrics. If one took these metrics to be compact, one
would avoid the need to specify any boundary conditions for the universe.
This approach might explain why the apparent cosmological constant is
zero, why the universe is spatially flat, and why it was in thermal equi-
librium at early times.

The aim of physics is to provide a mathematical model of the universe
which will agree with all observations that have been made so far and
which will predict the results of further observations. Our present models
would consist of two parts:

i) a set of differential equations that govern the vatiables in the
theaty. These are normally derived from an action principle;

ii) boundary conditions for the differential equations, or for the
fields that are considered in the action principle.

One could conceive of models which did not have this division into
field equations and boundary conditions but the separation of the two has
been very valuable in enabling us to make progress by considering only a
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local region of the universe instead of having to try to devise a model which
would account for the whole universe at one go. We have made a lot of
progress on the first part of the problem in recent years and it now seems
possible that we might find a fully unified field theory within the not-too-
distant future. However, we shall not have a complete model of the
universe until we can say more about the boundary conditions than that
they must be whatever would produce what we observe.

In Newtonian theory, the gravitational potential obeys an elliptical
cquation in three-dimensional space at a given time. However, since the
discovery of special relativity, we have believed that the fundamental fields
all obey hyperbolic equations with the same characteristics, the null cone.
This means that the boundary values can be taken to be data on a space-
fike surface. In the General Theory of Relativity the metric that defines
the null cone is itself a dynamical field. Thus the causal structure of space-
time may be very different from that of flat space. There may be
closed or almost closed time-like cutrves such as shown in Figure 1.
In this case the data on a space-like surface would have to be such
that it reproduced itself exactly after a certain interval. This would be a
stringent requirement which might have only one or a small number of
solutions. I shall return to this kind of idea as a way of getting rid of
boundary conditions.

Even if there are no closed time-like curves tbe universe might not

spacelike surface

T7r
null cones

closed timelike curve

TFre. 1. An illustration of closed or almost closed time-like curves.
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be globally hyperbolic, i.e. there might not be any space-like surface such
that data on that sugface would determine the universe evetywhere. A
simple example is provided by anti-de Sitter space which is conformal to a
time-like strip of Minkowski space. The conformal factor goes to infinity
on the edges of the strip which are at infinity. As illustrated in Figure 2,
data on a space-ilke surface determines the solution of the field equations
only in a {imited region, the Cauchy development, which is bounded by a
null surface called the Cauchy horizon. Points beyond the Cauchy horizon
have time-like curves through them which can go off to spatial infinity with-

spacelike spacelike
infinity infinity
) Y.
Cauchy._ | _-Cauchy
develop~ herizon
ment of
spacelike
surface
spacelike
surface
J—nuli cone

past Cauchy horizon

Fie. 2. An illustration of how data on a spacelike surface determines the solution of field
equations only within the Cauchy development.
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out intersecting the space-like surface, They can thus be influenced by data
coming in from infinity.

Although there are a number of exact solutions such as anti-de Sitter
space, the Reissner-Nordstrom and Kest solutions which have Cauchy hori-
zons, it scems likely that they are all unstable in the sense that a small
perturbation of the initial data on the space-like surface will convert the
Cauchy horizon into an unpassable singularity. This leads to the very
plausible (though unproved} strong version of the Cosmic Censorship
Hypothesis: generic initial data on a complete space-like surface produces
a Cauchy development which is inextendible, i.e. it cannot be embedded
in a larger non-singular spacctime. In other words the Cauchy develop-
ment is either infinite in extent or it is bounded by singularities. In the
case of a solution of the Einstein equations which was a model of our
universe, we know from observation that there would be enough matter
to cause it to be bounded in the past by a singularity, the Big Bang, Tt
would seem natural to take this initial singularity as a place at which the
boundary conditions of the universe were imposed. We would then have
to explain why the universe started off:

@) spatially homogencous and isotropic;

£y in thermal eguilibrium;

¢) spatially flat, ie., with the kinetic energy of expansion exactly
balanced by the negative gravitational potential energy;

d) notwithstanding @), &) and ¢), with small initial perturbations
which gave rise to galaxies and the other inhomogeneities we obsetve in
the universe today.

Properties @) and #) might seem sensible on the grounds of simplicity
but property ¢} would seem to require extremely fine tuning and we do
not have any good explanation for property d).

" The discussion so far has treated gravity and the causal structure of
spacetime that is determined purely classically. However, the prediction
of spacetime singularities indicates that the classical theory will break
down and that quantum gravitational effects will be important. Some
people have suggested that these quantum effects would eliminate all the
singularities. There are two possible scenarjos:

i) the universe expanded for an infinite time as a steady state
(de Sitter) solution and then, for some ill-defined reason, it went unstable
and converted itself into the present day observed form;
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i} there was a previous contracting phase followed by a non-
singular “bounce”.

I do not believe that quantum effects can remove all the singularities
for the following reason. As shown in Figure 3 consider a star of a few
solar masses containing about 10% baryons which undergoes gravitational
collapse to produce a black hole. Because of quantum effects the black
hole will create and emit particles like a body with a temperature of about
1077K. At this low temperature the emission would consist almost entirely
of zero rest-mass particles, such as neutrinos, photons and gravitons. These
would carry away energy so that the mass of the black hole would slowly
decrease. After a very long time the temperature of the black hole would
become high enough for baryons and anti-baryons to be emitted in signi-
ficant numbers. However by then the mass of the black hole would have
fallen to about 107® of the original mass. Thus there would not be suf-
ficient energy left to emit the original number of baryons. The semi-
classical approximation used to derive the black hole emission will break
down when the black hole gets down to near the Planck mass. We do not
know how to treat this stage properly. There seem to be three pos-
sibilities:

i) the black hole turns into a naked singularity with a nepative
mass: '

i) the black hole stops emitting at about the Planck mass and
remains as a stable object thereafter;

iii) the black hole disappears completely.

Possibilities 1) and ii} would imply that quantum gravity was inherent-
ly asymmetric in time. One would expect the formation rate of black holes
of mass M shortly after the Big Bang to be of order M’ exp (—4 7 M?2/M2)
where M, is the Planck mass. Thus one would expect large numbers of
black holes of a few Planck masses. If these all left naked singularities
ot Planck mass black holes, they would completely dominate the mass
density of the universe at the present time and would produce an enormous
negative or positive deceleration parameter respectively. I therefore believe
that black holes evaporate completely. If this is the case and if most of the
original baryons do not reappear, there must be a naked singularity when
the black hole finally disappears. This naked singularity will mean that
spacetime is not globally hyperbolic. One would have expected this any-
way because of quantum fluctuations of the light cone.

1 quantum ecffects caused the universe not to be globally hyperbolic,
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Fre. 3. A star of a few solar masses undergoes gravitational coflapse to form a black hole
which becomes a naked singularity,
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it is obviously not sufficient to impose boundary conditions at the initial
Big Bang singularity. It is also difficult to see how one could impose
meaningful boundary conditions at a singularity which, by its very defint-
tion, is a place where the whole theory hreaks down. This problem has
been encountered by a numher of authors who have tried to calculate
particle production near the Big Bang singularity. They assumed some
initial “no-particle” state (it could hardly be called a vacuum) and endeavour-
ed to show that the rapidly varying metric would have created pairs of
particles with an approximately thermal distribution. However it is not
clear whether these “no-particle” initial conditions have any physical signi-
ficance or, indeed, whether one should try to start off the universe with
only gravity and nothing else. This would seem unfair discrimination in
favour of gravitons over other particles. '

T would like to suggest a different approach to the problem of the
boundary conditions of the universe which is based on the so-called
Euclidean approach to quantum gravity. In this one evaluates the path
integral over all positive definite (Euclidean) metrics with certain boundary
conditions. ‘This improves the convergence of the path integral and enables
one to handle topologically non-trivial manifolds which cannot really be
done if one restricts the path integral to metrics of Lorentzian signature.
It also improves the situation with regard to singularities hecause these
will still exist in the complexified spacetime manifold but they can be
avoided by the seciion (Buclidean section) of the manifold on which the
metric is real and positive definite. An example of this is again provided
by black holes. The partition function Z: for the canonical ensemble at a
temperature T is defined by a path integral over all metrics which are
asymptotically flat in the spatial dimension and which are periodic with a
period B = T~ in the Buclidean time direction. The Schwarzschild solution
is normally given in the form.

2M 2M Ay
dst—= — 1—~—-—)d!2+ lm—w) d# 4+ 248
r »

Putting © = — / ¢ one obtains & positive definite metric for » > 2 M. The
apparent singularity at 7 = 2 M can be removed by defining a new radial

coordinate
2M |
¥x=4M [ 1 — m———) .
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The metric then becomes
ds = (dt/4MP + (/2 MY d* + #d

The apparent singularity at x = 0,7 == 2 M is like the singularity at the
origin of the polar coordinates provided that /4M is regarded as an angular
variable and is identified with a period 2 7, i.c. 7 is identified with a petied
8 © M. The resultant manifold, the Fuclidean secticn of the Schwarzschild
solution, is asymptotically flat and non-singular because it does not contain
any points with # < 2M. The curvature singularity at » = 0 does not lie
on the Euclidean section. Thus one does not need to specify the boundary
values of physical fields at the singularity.

One might ask whether one could find such a singularity free Euclidean
section for the Friedmann-Robertson-Walker metrics. The answer is that
one can, at least for the spatially closed solutions. For example, the
Tolman solution for p = 1/3 v is

dif = —df + (& — Hd O,

where d 0% is the metric on a three sphere. The quantity ‘¢’ is the
radius of the universe at the time of maximum expansion, £ = 0. The
Big Bang is at 7 = ~ 4 and the Big Crunch is at ¢ = + «. If one puts
T=i¢, one obtains a complete singularity free positive definite metric
which, as shown in Figure 4, has two asymptotically Euclidean regions
connected by a throat of radius ‘¢’

This metric avoids the problem of having to specify boundary condi-
tions at a singularity but one would have to explain why the positive
definite metric should be asymptotically Fuclidean in two regions and
why the throat between them should be so large: the radius of ‘4 of the
throat is at least 10® Planck lengths. One possible reason might be that
this metric is in fact a constant time section of a five dimensional black
hole. The entropy of this five dimensional black hole would be pro-
portional to 4. One might be able to interpret this entropy as the
logarithm of the volume in space of all metrics occupied by metrics near
the given metric. In this case the most probable value for ‘4 would be
infinite, i.e., one would have a & = 0 parabolic universe. Within the limits
of observational accuracy, this is indeed what we have.

This positive definite metric does not, however, explain why the
universe should have started off in thermal equilibrium at a high tem-
perature, if indeed it did. To understand this I think that it is essential
to consider the large fluctuations of the metric and of the topology of
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-

Fre, 4. A singularity-free positive definite metric which has two asymptotically Huclidean
regions connected by a throat of radius, «.

spacetime that one would expect to occur on the order of the Planck
length or less. One might imagine that spacetime would display a “foam-
like” or even a fractal structure on these length scales but that it would
appear smooth and nearly flat on arger length scales. In order to study
this it is helpful to consider the volume canonical ensemble which is
defined by a path integral over all compact positive definite metrics with
an action that includes a cosmological term which is interpreted as a
Lagrange multiplier for the four-volume, just as the inverse temperature
is a Lagrange multiplier for the energy in the ordinary canonical ensemble,
By eveluating the path integral over compact metrics, one eliminates one
of the two parts of physics, the boundary conditions. There ought to be
something very special about the boundary conditions of the universe
and what can be more special than the condition that there is no boundary.

It seems reasonable to suppose that the path integral is dominated
by metrics which are very complicated on Planck length scales but which
appear smooth on a larger length scale and that the number of gravitational
states with a four-volume V goes up steeply with increasing V. Any non-
zero cosmological constant which arose from the vacuum fluctuations
of the various fields or from non-zero Higgs potentials could be absorbed

37
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into a shift in the Lagrange multiplier and a slight change in the small
scale structute, Thus one might be able to explain both why the apparent
cosmological constant is zero or nearly zero and why the universe is so
near to a parabolic £ = 0 model, The argument in the latter case would
be that there were indeed states of the gravitational field which cor-
sesponded to universes which were only a few Planck lengths across, but
that the number of gravitational states which they represented would be
much smaller than for large universes. Normally, the value of the cosmo-
logical constant is regarded as belonging to the equation-of-motion part
of the physics whereas the spatial flatness or otherwise of the universe is
supposed to be a boundary condition. The volume canonical ensemble
offers a possible way in which they might be related.

The complicated topology of the spacetime foam will mean that
spacetime will not have the normal causal properties such as propagation
only within the light cone and global hyperbolicity. These acausal effects
will not be noticeable at low energies but they will be important near the
Big Bang. One can think of the foam as being made up of virtual black
holes which appear and disappear in about a Planck time, 107 seconds.
Particles with normal energies will have wavelengths much longer than
the Planck length and will have very little chance of falling into these
virtual black holes. However, very high energy particles will be able to
fall into the virtual black holes and will be re-emitted as particles of other
species. This will mean that the universe will necessarily be in thermal
equilibrium at the Planck time. The acausal properties of the spacetime
foam might explain why the universe started off spatially homogeneous
and isotropic even though different regions were not in causal contact
according to the classical metric. This might also be a way of avoiding
the production of too many monopoles, a problem tbat does not seem
to have any satisfactory answer in conventional theories.

To summatise, because of gquantum fluctuations of the causal structure
of spacetime, it is not sufficient to impose boundary conditions at the Big
Bang singularity, even if they could be well-defined there. To overcome
this difficulty, T would advocate the Euclidean approach to quantum gravity
in which the path integral is evaluated over positive definite metrics. If
one uses compact metrics, one gets rid of the need to specify boundary
conditions for the universe, Hopefully this approach would explain:

1. Why the apparent cosmological constant is zero;
2. Why the universe is spatially flat;
3, Why the universe was in thermal equilibtium.



DISCUSSION

PreBLES

If the universe were in thermal equilibsium at the Planck time (strict Gibbs
distribution ignoring gravitational energy) the thermal fluctuations could be
disastrously large,

Hawking

Tt seems that the universe was in Jocal thermal equilibrium near the Big
Bang, but T agree that if you assume that it was in thermal equilibrinm over
lazger scales, you get too much large-scale inhomogeneity now. This is another
of the problems that one gets into if one tries to impose a boundary condition
at the initial singularity. On the other hand, if one imposes boundary conditions
on the Euclidean section, one might expect the universe to be smooth on the
Euclidean section. In the case of the X == + 1 Talman model, this would say
that the universe would be smooth at the time of maximum expansion. The
problem then would be to explain why it is slightly inhomogeneous now,

SiLk

The most likely form of fluctuations at the quantum gravity epoch may
be constant curvature fluctuations. These cannot have a large amplitude because
of large-scale anisotropy constraints. Is it possible that, even on sub-hotizon
scales, black hole formation could be suppressed as a consequence of this?

Hawkine

In order to show that one would expect to form a Jarge number of black
holes of a few Planck masses, I assume only that one has thermal fluctuations
within the particle horizon. As you and Peebles point out, the fluctuations on
scales much larger than the horizon must be less than would be expected for
thermal equilibrium,
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ScIAMA

I understand that not all curved spaces of indefinite metric can be analy-
tically continued into space with positive definite mettic. Are you depending
essentially on the fact that it can be done for a Robertson-Walker metric?

Hawging

It is true that only rather special metrics, like the Schwarzschild and
Robertson-Waller metrics, admit a Fuclidean section on which the metric is
real and positive definite. However, the idea is that a path integral over alf
positive definite metrics is eguivalent to a path integral over all Lorentzian
metrics. It is similar to what is done in ordinary field theory: one integrates
over all fields that are real in Euclidean space and says that it is equivalent to
integrating over fields that are real in Minkowski space.



SPONTANEOUS BIRTH OF THE CLOSED UNIVERSE
AND THE ANTHROPIC PRINCIPLE

YA, B. ZELDOVICH

Space Research Institute, USSR Academy of Sciences
Moscow

1 - INTRODUCTION

The idea of the spontaneous birth of many, even an infinite number,
of universes is not new; nor is it new that the actual universe may have
been selected because it offered the possibility of the creation of life and
consciousness. It appears that this conjecture, called the anthropic
principle, was first considered by Idlis (1958). It was further dealt with
by Carter (1973), and Wheeler (1974) pointed out that a definite set of
physical constants is needed. The subject has been most recently reviewed
by Rees {1981).

The general idea of quantum fluctuations of a metric, including the
possibility of topology changes and the break-up of some domains, was
emphasized by Wheeler (1962, 1968) and further developed by Hawking
(1978). But the real possibility of a scientific approach to spontaneous
birth of the universe has come about only recently in connection with the
De Sitter cosmological solutions.

2 - EXPONENTIAL EXPANSION OF THE D SrrreEr SOLUTIONS

In the De Sitter solutions the right hand side of the Einstein equation
is given by the energy-stress tensor of vacuum polarization produced by the
curvature of space-time. In this respect the solutions are self-consistent.
Their cosmological significance was considered by Gurovich and Staro-
binsky (1978) and later in more detail, including the transformation into
a plasma-matter phase, by Starobinsky (1980),
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We may write down two non-singular De Sitter solutions, the flat one

(1) and the closed one (2):
di? = 2d — (-t exp He) [dr* 4+ 72 (d 82 - sin? 0 d o) (1)
ds? = 2 dff — (H™' ch HeY [dr? + sintr(d ©F + sin? © d ¢?)] (2)

They both are unstable for small perturbations (Starobinsky 1979,
1980; Mukhanov and Chibisov 1981). Therefore, it is impossible to
extrapolate these De Sitter solution to £ = — oo,

Thete have also been attempts to consider the De Sitter solutions
depending on the energy of the Higgs fields in a symmetric state of energy
maximum before spontaneous symmeiry breaking leads to an energy mi-
nimum (see Turner 1981). This seems to me less probable compared with
vacuum polarisation.

3 - QUANTUM SPONTANEQUS BIRTH

We may imagine the quantum spontaneous birth of the universe as
follows. Using the idea of path integration in superspace (Wheeler 1968,
Hawking 1978) we may consider some particular scenario, for example
the law of growth, « (¢), the scale of a three dimensionally closed world.
One assumes that ¢ changes from ¢ = o to ¢ = H™! during a finite time <.
At @ = 0 we have a singularity before which the universe did not exist.
At the end the curve a(¢) is smoothly connected with the metrics (2,
consistent with the Einstein equations.

The amplitude for this process is given by the action integral:
dA=exp(iS) = exp (i f LAV dy (3)
0

The process violates the equations of general relativity, which means
that the action S is not an extreme. The total amplitude:

A= Jexp(if L4V de)dw (4)

integrated over all scenarios (dw} is an exponentially small quantity; but
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the important point is that the universe is closed and, therefore, the integra-
tion over space, dV, is possible; otherwise we should obtain identically
zeto,

On the other hand it must be emphasized that the total encrgy of a
closed universe is identically zero, as are its momentum and charge (Landau
and Lifshitz 1973). In this respect the birth of a closed world does not
violate the conservation equations. The critical or overeritical total density
of all matter is now preferred on astronomical grounds (Peebles 1980).

In connection with the recent discovery of the rest mass of neutrinos
it is quite probable that & > 1 and that the universe is closed. Its age T
in this case is limited hy T < 2/3 T{% , where Ho is the Huhble constant
today, unless there is a small cosmological constant (Zeldovich and Sunyaev
1980} which could stretch T at given Ho and €.

4 - THE MAXIMUM EXPANSION

Tt is important for spontaneous hirth that the minimum radius,
g = H', in (2) is not much larger than the Planckian length. The time
span T could be chosen to be of the order of the Planckian time. There-
fore, the dimensionless action, S, could be of the order of several units
but not very large.

The next step consists in an expansion of the universe in accordance
with classical general relativity but with vacuum polarization on the right
hand side of eq. (2). This expansion s asymptotically exponential, because
chH¢ == exp (Hy) at Hz » 1. This means that the role of curvature di-
minishes exponentially.

To switch from the De Sitter solution to the relativistic plasma Fried-
mann solution is considered as a jump of pressure from p = — & to
p=¢/3. The radius 2 (¢} and the energy density e are conserved during
the jump.

The equations lead to the conservation of da/dt but also to a jump
of d%a/d# which changes sign. The temperature of the plasma immediately
after the jump is not much lower than the Planckian 10% K.

Tt is easy to show, in accordance with the results of Starobinsky
(1980) and Turner (1981), that if the jump occurs at ¢ = # when
a{n) = H™ exp (Hz), then the following expansion goes to the maximum
radius (tutnover point):

dmax = a (&) exp (Hpg) = H ' exp 2H#) (5)
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The minimum temperature at this moment is:
Ty = Tpe exp (-~ H2) (6)

It is assumed that the cosmelogical constant is zero and moreover, as given
above, that p = £/3. In the late phase one has to deal with nonrelativistic
matter, p < e, but this does not change the results significantly.

The conclusion is that to explain the very large radius of the universe,
a (1)>¢/Hoy=10% cm, and the very low temperature, Tuw<<3 K=10"5 T, ,
we need a rather long phase of expansion in the De Sitter state.

5 - ANTHROPIC PRINCIPLE

We assumed that the De Sitter formulae (1) and {2) are exact, but
unstable, solutions. To make possible a prolonged expansion of the De Sitter
state one needs a small initial perturbation of the quantum-born universe,
because perturbations that are too strong lead to the birth of real particles
(Starobinsky 1980).

The principle of quantum spontaneous birth dictates the closure of
space, but does not exclude the possibility of large initial perturbations,
i.e. large departures from the initial metric and its first derivatives from (2).
The condition of small perturbations is perhaps explained by the anthropic
principle. The strongly perturbed universe is too shortlived.

I feel also that there is a certain arbitrariness and fuzziness in the very
concept of spontancous birth. Does spontaneous birth emerge “out of
nothing” or in a space of more dimensions or as a topological separation
from an initially given empty Minkowskian space? Can one compate the
probability of spontaneous birth of different universes? These unsolved
questions and perhaps other questions which are not yet even understood
should stimulate further work in this maturing area of research.

My thanks are due to L.P. Grischuk, LE. Gurevich, G. Marx, V.
Mukhanov, A. Poljakov, A. Starobinsky and G, Chibisov.

[Note by the editors: Details of the thoughts presented here by
Professor Zeldovich ate being prepared for publication in the Letters of
the Russian Astronomical Journal and the Monthly Notices of the Royal
Astrontomical Society].
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COSMOLOGY AND FUNDAMENTAL PHYSICS
CONCLUDING REMARKS

M.5. LONGAIR

Royal Qbservatory
Blackford Hill, Edinburgh

1 - INTRODUCTION

It is an impossible task to do justice to the level of scientific discussion
which we have heard during the last five days. AIl the lectures have
contained so much new and exciting material that the best I can do is to
recommend to readers that they read cach article with the closest attention
and then they will have some idea of the wealth of physical phenomena
which we now believe are important in understanding the large-scale
structure of the universe., [ will therefore restrict my attention to some
personal remarks about what I found particularly impressive and how T
believe we may be able to make real progress in elucidating many of the
fundamental problems discussed.

Before discussing these aspects, let me make a few general observe-
tions about what has happened this week. First of all, it must be stated
that not everything which could be said about cosmology and fundamental
physics bas been said, With only twenty-two participants it is natural that
some fields have only been lightly covered and others completely omitted.
In the latter category we must include all non-conventional interpretations
of cosmological data. Although regrettable, this omission was intentional
on the part of the organisers. Our intention was to discuss how far con-
ventional physics can account for the known facts of our observable
universe. We must accept that there is a finite chance that this approach
is not correct and that the non-conventional picture will prove to be right.
In this case, this volume will go down in history as an interesting side-
light on intellectual history. IHowever, if one wete to ask the average
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astronomer or physicist what approach was most likely to lead to a better
understanding of the universe, I am confident that the overwhelming
majority would adopt that contained in this volume. -

A second striking aspect was the degree of unanimity of the participants
on virtually all topics. This was not at all accidental, since it is obvious
that there is a very strong Cambridge-Princeton-CalTech atmosphere about
the meeting, According to my caleulations, afl the participants have either
worked at these locations for substantial periods or have been regular
visitors. Thus, the apparent unanimity is almost certainly deceptive and
one must ask what the rest of the world would have said about the above
lectures. In certain quarters, I know, there would be little sympathy for
some of the ideas but, on the whole, I suspect there would be agreement
about the basic ideas.

A third point which struck me was the way in which observational
cosmology has become simplified. It is a credo among many cosmologists
that the basic facts of cosmology should be simple. T am very reluctant
to believe that the way in which the large scale structure of the universe
came about depended upon a farge number of different complicated physical
phenomena. As an example of this simplifying trend, T would cite the
picture of galaxies which is emerging. TFor virtually all purposes, galaxies
were simply objects consisting of 10% visible matter and 9096 invisible.
These are the building blocks which define the large scale structure of the
universe.  Individual galaxies look very different and of bewildering
complexity but there was an underlying trend in the discussions that much
of this may well be of secondary importance. T helieve Jerry Qstriker’s
comment this morning was the culmination of this trend when he remarked
that all you really need to know about a galaxy is its mass and all the rest is
irrelevant detail. Thus, to a first approximation, all the cosmologist need
explain is how objects of different masses formed with 109 visible matter
and 909 dark. To anyone but a cosmologist it may be a depressing
tbought that everything we know and love in the universe is simply
referred to as “dissipation”.

I will do three things. First, T will try to assess what facts have been
established about the universe. I do this with some trepidation since I recall
vividly a previous conference in which I tried to define the facts on
another topic and was accused by Jerry Ostriker of being a Mr. Grad-
grind. He was the character in Dickens’ “Hard Times” whose children
were only taught facts, facts, facts. They never saw horses dancing in
firelight; they saw only the combustion of carbon and oxygen and so on.
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Fortunately, my facts are very exciting and form the basis for the proper
scientific study of cosmology. Second, 1 will try to answer Martin Rees’
seven questions and, finally, 1 will look at future prospects.

2 . Monern Facrts oF CosMOLOGY

It is not trivial to define precisely what one means by a fact, since
they evolve with time. Being realistic, 1 will take a fact to be what every-
one in this room would agree to be correct with, say, 95% confidence at
4.30 p.m. on 2 October 1981,

It is conventional to begin cosmology courses with the basic facts
that: (a) the sky is dark at night; {b) the universe of galaxies is expanding
mote or less uniformly; (¢) the universe exhibits a very high degree of
isotropy on the largest scales as evidenced by the microwave background
radiation. None of these facts are seriously questioned. To these, I sug-
gest we add the following.

(i) The hot Big-Bang. There was no serious challenge to the basic
hot Big-Bang picture of the history of our universe. The pieces of evidence
which provide the strongest support for this picture are the coincidences
between the predictions of light element synthesis, *He, *He, D, "Li, and
the observed abundances which were discussed in detail by Jean Audouze.
This coincidence is so striking that it seems inconceivable that this could
occur by chance, although we know of other cases in astronomy in which
such arguments can be misleading. It is intriguing that this type of evi-
dence appears to contradict McCrea’s law of evolutionary cosmologies that
you always have sufficient freedom in evolving cosmologies to patch up
anything which appears difficult to explain by reasonable or hypothetical
astrophysical processes at various cosmological epochs.  Therefore, you
can never prove that evolutionary cosmologies are correct. To put it
another way, if the abundances of the light elements had turned out to
be totally irreconcilable with the predictions of the hot Big-Bang model,
we would have tried to patch it up by appeal to suhsequent astrophysical
processes.  Undoubtedly, this would have been a severe blow to the hot
Big-Bang model and would have weakened our confidence that the universe
passed through a phase when the temperature exceeded 10 K. I would
argue that this coincidence is so striking that it substantiates convincingly
the inference from the properties of the microwave background radiation
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that the universe went through a hot phase. It would however be unwise
to believe that the question of the details of the basic hot Big-Bang are
settled, There remains the question of how much additional mass might
be present in massive neutrinos.

Nonetheless, the evidence is sufficiently encouraging that cosmologists
and physicists can now treat seriously the three basic problems of the hot
Big-Bang, namely: (a) the origin of the baryon asymmetry in the universc;
(b) the origin of the isotropy of the universe; (c) the origin of the fluctua-
tions from which the fine-scale structure of the universe evolved. Until
recently, cosmologists supposed that these properties had to be ascribed
to the initial conditions {rom which the universe evolved — a totally un-
satisfactory situation. We now begin to have the glimmering of an under-
standing of how these features might come about in evolutionary cosmo-
logies at very early epochs. The papers by Steven Weinberg and Stephen
Hawking indicated the directions in which progress may be expected in the
not-too-distant future in understanding these very fundamental cosmo-
logical questions. It would not be appropriate to comment on these very
exciting ideas at this stage. We must await the process of natural selection
in cosmology to find out whether or not these ideas will survive further
advances in elementary particle physics and quantum gravitation.

(1) The dark or bidden matter. It was probably always foolish to
hope that all the matter in the universe would make itself readily visible
to astronomers, At least we have powerful dynamical methods of measur-
ing how much mass is present in bound or almost bound systems and the
general consensus seems to be that from the scales of Sc galaxies to groups
and rich clusters of galaxies and probably beyond, most of the matter is
unobservable at present other than by its gravitational influence. The
discrepancy between the visible and invisible matter is agreed to be about
a factor of 10 and possibly greater on the largest scale, Nobody is certain,
however, about what form it is likely to take. Martin Rees illustrated
this vividly by suggesting that at present the uncertainty in the form
of the missing mass is about a factor of 10™ in mass, the possibilities
ranging from massive neutrinos to massive black holes.

We must treat all these possibilities seriously, At the low mass end
the possibility of massive ncutrinos has many astrophysical attractions.
Specifically, it may well go a long way to tesolve the rather serious problems
which have arisen in understanding how fluctuations in the mass distribu-
tion in the universe leave little trace of their presence at the epoch of



CONCLUDING REMARKS 387

recombination and in reconciling dynamical estimates of € with those
derived from primordial nucleosynthesis. My own view on this possibility
is that it is not really up to the astronomers to provide the answer. It is
up to the nuclear physicists to tell us whether the neutrino does indeed
have mass of ~ 10 to 100 eV and, if it does, that may settle the question.

If the neutrino does not have the appropriate rest mass, we have to
use purely astronomical means to find the nature of the missing mass and
this will not be easy. For example, it might consist of ultra-low mass stars
or Jupiters. These may be detectable by their infrared emission. If it is
in the form of black holes, certain masses may he detectable observational-
Iy by accretion phenomena or as gravitational lenses. That the latter might
prove to be an effective approach is suggested by the argument that the
excess of quasars around bright galaxies can be explained by gravitational
lensing of background objects by discrete compact masses in and around
galaxies. Incidentally, if this picture of gravitational enhancement of
quasar images by stars in nearby galaxies turns out to be correct, it will
be a classical example of a supposedly non-conventional phenomenon, ad-
vocated by Arp for years, becoming completely respectable and indeed
conventional. It will be a remarkable vindication of Arp’s approach to
ohservational astronomy.

It is hard to be optimistic about our ability to determine the nature
of the dark mass in view of the vast range of possibilities. For example,
if the matter were in the form of mini-black holes, which form during
phase transitions in the early universe as suggested by Stephen Hawking,
they would be very difficult to detect.

In my optimistic moods I believe that the hidden mass is prohably
more or less distributed like the galaxies. I say this on the basis that the
hidden mass ratio does not seem to vary greatly as one goes up in scale
from Sc galaxies to the scale of superclusters. This probably makes its
detection easier than if it were, say, concentrated in the space between
galaxies. It is very improper for cosmologists to seek easy ways out of
problems like this but it would be very convenient if the neutrine did turn
out to have mass of ~ 30 eV. The results of the forthcoming experiments
to attempt to measure the neutrino mass are of the greatest interest cosmo-
logically,

(iti) The large scale structure of the universe — the great boles. We
now have a much greater appseciation of the way in which matter is
distributed in the universe on the largest scale. Professor Qort and Marc

48
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Davis showed convincing evidence that there exist large regions of enhanced
galaxy density — superclusters — hetween which there are large holes
which are almost completely void of galaxies. The reality of these holes
and the filamentary supercluster structures are of the greatest interest for
understanding the sequence of events which took place when galaxies first
formed. Jim Peebles described his numerical experiments which try to
mimic the filamentary structure seen in his magnificent map of the dis-
tribution of galaxies in the Shane-Wirtanen counts of galaxies. His model
assumed a smooth covariance function without holes. You will recall his
pleasant turn of phrase to the effect that, when he compared his simulations
with the real universe, his attempts were like that of the rude apprentice
compared with the work of the old master. The apprentice’s picture was
not as sharp as that of the old master. It was blurred and lacked the fine
brush strokes of the original. He suggested that the general success of his
simulations indicated that his smooth covariance function was a good model
for the distribution of galaxies, My own personal view is that the old
master knows his trade better than Jim. If Professor Oort will excuse my
referring to him as the old master, I believe he is correct in identifying
the filamentary structures, the cells and holes in the distribution of galaxies
as real features which are telling us something important about how the
largest scale structures formed.

It is, of course, rather difficult to prove the reality of these structures
statistically. However, 1 take reassurance from the fact that it took Jim
Peebles a long time and a great deal of hard work to establish the clustering
of clusters of galaxies despite the evidence of the eye that they are clustered.
I believe that if Jim works even harder on his statistics he will also be able
to demonstrate the reality of filaments of galaxies and prove Professor Oort
absolutely correct.

The reason for wanting to have an agreed answer to this question is
that it is one of the few tests suggested to discriminate between those theories
in which the largest scale structures form first and then form superclusters
and filaments by collapsing into pancakes and those theoties in which the
galaxies form first and then develop into higher order clustering systems
by hierarchical clustering. I am personally very impressed by the numerical
simulations of Zeldovich, Doroshkevich and their colleagues which show
convincingly how cell-like and filamentary structures can form in the first
of these scenarios, commonly known as the pancake theory. It is not clear
how these filamentary structures form in the hierarchical picture in which,
almost by definition, fine scale structure tends to get washed out as the
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clustering hierarchy grows to larger and larger scales. It is important to
establish how critical a test this is of the way in which the large scale
structure of the universe forms. If indeed it supports the pancake picture,
the implications are profound for observational cosmology. The epoch of
galaxy formation must have been relatively recent, z < 5 to 10, and then
we may realistically hope to be able to observe directly phenomena as-
sociated with the formation of galaxies.

A further footnote to this “fact” is to note how rich Marc Davis is
astronomically. His pictures of the three dimensional structure of galaxies
in the universe are quite remarkable and suggest many marvellous tests
which can be made on the clustering environment of different classes of
objects. As yet the statistics are not very large, although definitely
impressive, and one can look forward to obtaining answers to questions
such as:

(a) Do spirals, ellipticals and SO galaxies exhibit the same large scale
structure or are their clustering properties different?

(b) What is the clustering environment about different classes of
active galaxy — for example, Seyfert galaxies, pecular galaxies, radio
galaxies, etc?

(¢) What is the correlation between gas content and clustering environ-
ment?

This is only a short list of the many exciting things which can come
out as by-products of Davis’ massive survey, It is very important to
pursue these studies with much larger bodies of data.

(iv} Direct evidence for evolution of astrophysical objects over
cosmological time-scales. The evidence for evolution over cosmological
time-scales has been convincing for some time for active systems such as
quasars and strong radio sources. The presentations of Maarten Schmidt
and Harry van der Laan indicated how these studies are now getting
down to the details of bow various classes of objects evolve with cosmic
epoch.  The only problem with these studies is that they concern the
evolution of rather exotic objects whose astrophysics is not properly
understood.

I found particularly intriguing the evidence which is now ac-
cumulating for the evolution of the ordinary stellar component of massive
galaxies with cosmic epoch. Jim Gunn showed evidence for evolution
of the properties of the brightest galaxies in clusters which may be ac-
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countable for as a combination of cannibalism and stellar evolution. Harry
van der Laan showed evidence that radio galaxies which are probably at
redshifts between 0.5 and 1 are much bluer than nearby radio galaxies.
In my own work with Simon Lilly, we have shown that the optical-infra-
red colours of radio galaxies show strong evolution of the stellar popula-
tion out to redshifts exceeding 1. I regard all these studies as our first
glimpse of what is now possible when the full power of modern instru-
ments and techniques js applied to the study of galaxies at epochs
significantly earlier than the present. There was « priori no reason why
such evolutionary effects should be observable; it just happens that they
have now been obsetved and they are bound to give us much decper
insight into the sequence of events which took place between the epochs
when galaxies first formed and the present day.

One intriguing item concerns the question of the epoch at which
galaxies formed and whether it is related to the apparent cut-off in the
distribution of quasass described by Maarten Schmidt. It sbould be noted
that we have known for a long time that the evolution of the comoving
space density of quasars and radio galaxies must converge at redshifts
z~ 3 to 4 because otherwise the source counts would not decrease as
dramatically as they do at low flux densitics. However, it has not been
possible to say whether the sources are absent beyond this redshift or
whether the comoving density of sources simply increases much more
slowly into the past.

It may be usefu! to look at the results described by Maarten Schmidt
in a way which is independent of modelling the evolution of the quasar
population, The question concerns the interpretation of Osmer’s result
on the absence of quasars in the redshift range 3.5 <z < 4.7. Malcolm
Smith has presented the result in the following way. Thete are 7 quasars in
the Hoag and Smith survey in the redshift range 2.5 <z<<3.5 which sbould
be detectable in the Osmer deep survey with 3.5 < z < 4.7 if such objects
indeed exist in that redshifc range. T{ it is assumed that the comoving
space density of quasars remains constant between redshifts z = 2.5 and
2 =5, i.e. no evolution over this redshift range, 7 to 9 quasars should be
observed in the range 3.5 < z < 4.7 whereas none are found. Thus, even
on this very consetvative basis, the decrease in comoving density of
quasars at these redshifts must be taken seriously. My own impression
is that the radio data are probably trying to tell us the same thing but
the evidence is much less direct.

Tt has been remarked by a number of authots that such a cut-off
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might be associated with the epoch when the bulk of the galaxies in the
universe first formed and this would be entirely consistent with the pan-
- cake picture, in which it is the largest scale structures which collapse first
at relatively small redshifts, z ~ 5.

3 - TenTATIVE ANSWERS TO SoME Basic QUESTIONS

In this opening lecture, Martin Rees listed seven questions which he
hoped would at least be addressed, if not answered, during the last week.
I will be so hold as to give tentative answers to these.

Question 1. What is the value of Hubble’s constant to a precision of
250%7

I was rather surprised when I looked through my notes to find the
degree of unanimity among the various estimates. I have summarised my
understanding of what was said in Table 1.

Interpreted literally, these estimates tend to favour a value of the
Hubble constant in the region of 50 to 60 km s~ Mpc™. This is a case where
I am suse the agreement is only apparent and due to the absence of certain
views at this meeting. [n particular, the infrared Fisher-Tully method
was not properly discussed although Gustav Tammann did express some
concerns about the technique. It is only fair to say that probably pro-
ponents of higher values of Ho would have reservations about the way
in which the low value was derived. I fear it is only prudent to reserve
judgement on the answet to this question.

TARLE 1 - Data relevant to the Hubble Constant

Type I supernovae Sandage and Tammann H, = 52 & 6 kms~! Mpc!
Globular cluster ages Faber T = 16 + 3 x 10° years

Sandage and Tammann T = 17 = 2 % 107 years
Age of the Local Group Lynden-Bell T = 16 x 10% years -
Rhenium/Osmium  ages Audouze T = 20 = 10 x 107 years

Tf B = 50 kms=1 Mpc~7, T, = = 20 x 109 years 2 T g natonical
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While on the subject of cosmological parameters, it is as well to
discuss the value of the deceleration parameter, go, and the density para-
meter, 2. On the surface, it looks as if one has a strong result from the
preferred value of Q of about 0.03 to 0.1, which comes from the abundances
of the light elements: D, *He, "He and "Li. None of the estimates of £ was
greater than 1. Idowever, the trend of the dynamical estimates of £ was to
values in the range 0.1 to 0.7. These came from estimates of the ratios of
dark to visible matter in the universe, from various versions of the cosmic
virial theorem by Jim Peebles and from the Local Supercluster test des-
cribed by Marc Davis. Although Gustav Tammann argued for a low value
of & from the latter tests, there was some fecling that a literal interpreta-
tion of the data suggested values closer to 22 ~ 0.3 than to 0.03. Among
the ways of resolving this discrepancy is the possibility that the neutrinos
have finite rest mass. 1f they have the canonical value of about 30 ¢V, they
are relativistic when light element production takes place and do not affect
the abundances of the elements, provided the baryon density remains low.
However, they do influence the dynamics of the universe and it is an
intriguing question whether or not it is possible to devise a consistent
picture, so that the light elements can be synthesised in their correct pro-
portions and there be sufficient mass in the neutrinos to give consistency
with the dynamical estimates of . My impression was that it is indeed
possible and it makes the question of the laboratory value of the mass of
the neutrino all the more urgent.

Question 2 (1). Are there preferred scales in the distribution of galaxies?

A tentative yes can be given to this question in the sense that the
covariance function of galaxies appears to become zero or negative on
scales ~ 15 to 20 Mpc. In any case there must be a break in the covariance
function from the value found on a scale of 1 < 8 Mpc. Jim Peebles de-
monstrated how significant quadrupole anisotropies in the microwave back-
ground would become, if indeed there remains little or no correlation
between structures on scales greater than about 20 Mpe. Nonetheless, we
probably do not know the covatiance function with any reliability on scales
between 20 to 100 Mpe and this should be the subject of study on large scale
deep plates of typical regions of the universe.

Question 2 (ii). Is there evidence of dissipative non-gravitational effects?

In my view, this is inevitable in all models of galaxy formation. I
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was particularly impressed by Sandra Faher’s diagram which showed that
all known classes of galaxies now lie within the region of density and
temperature space in which dissipation of energy hy radiative processes
must have taken place. [ do not believe this actually helps discriminate
between models of the early evolution of large scale structuses, because it
must eventually occur in all of them so that galaxies with the properties
we know can form. On the scale of clusters and superclusters, however,
the question of dissipation was controversial and the arguments which
suggest it is important are strongly model dependent. Tt would be very
exciting if we could identify large scale systems in the process of dissipating
energy during formation hut to my knowledge none of these systems has
yet heen identified.

Question 3. On what scales are galaxies tracers of the bidden mass?

A provisional answer can be given to this question. The fact that the
ratio of dark to visible matter is about 15 on all scales from Sc galaxies
to giant clusters suggests that the dark matter is associated with visible
matter. If the density parameter is low, € = 0.1, then probably all the
dark matter could be simply associated with the distribution of visihle
matter. If, however, the density parameter were closer to unity, the dark
matter would have to be elsewhere, almost certainly in the spaces between
clusters where the theoretician is free to endow it with a wide range of
exotic properties, many of which would be essentially impossible to exclude
by observation. This is just another aspect of the problem of resolving
the discrepancy between the dynamical estimates of @ and the amount of
mass in known systems.

Question 4. What is the relation between quasar and galaxy evolution?

The basic problem here is that there is no theory of quasars and radio
sources which is sufficiently secure that it can he used to predict what the
relation between the galaxy and its active nucleus should be. We can all
hazard guesses as to how it comes about. The central black hole is fed by
gas and, possibly stars, from the surrounding galaxy and grows until it
becomes a quasar-like object when its mass is ~ 10° Me and there is a ready
supply of fuel. But it is not at all clear how ideas like these can be put
into a form which provides quantitative relations between galaxy and
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quasar evolution. We need more empirical undetstanding of quasar, radio
galaxy and galactic evolution to be able to put flesh on this question. We
have seen bow these studies are now possible out to redshifts z = 1 and
I am optimistic that we will gain great insights from studies of these objects
in this redshift range, rather than by studying those at the largest redshifts.

Question 5. How can we probe observationally the redshift range
5 <z < 10007

In principle, if there exist discrete objects in this redshift range, we
should be able to investigate their properties and physical conditions along
the line of sight to them. However, I believe it will be very difficult to
find such objects. Clearly, they would have to be highly luminous objects
to be observable and the best objects for this purpose, the quasars, show
at least a convergence in their distribution, if not a cut-off, at redshifts
about 4, In addition, there is the awkward fact that the comoving volume
per uait interval of redshift decreases as z7* dz and so, even if the comoving
space density of soutces remains constant, the probability of finding large
redshift objects decreases.

If we cannot use discrete objects, we have only the integrated pro-
perties of these ohjects to look for, i.e., diffuse emission from a back-
ground of sources or emission and absorption features in the background
radiation. Distortions of the spectrum of the microwave background might
provide some information but at present the evidence suggests that these
distortions must be rather small,

I am not at all optimistic about studying this redshift interval on
the basis of what we know now. I suspect we need a new discovery to
make progress in this area.

Question 6.  How secure are the abundances of the light elements:
He, *He, D, Li?

Jean Audouze gave a complete answer to this question. I was par-
ticularly impressed by the new results on "Li and, by and large, the story
looks rather convincing. However, there is a real question concerning
abundance variations of deuterium. My inspection of his data suggested
that many of them are consistent with a single deutetium abundance with
one or two points which deviate from this mean value by a significant
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amount. This is such an important question that the origin of these
vatiations should receive urgent attention.

Question 7. Are there comprebensible physical processes which are
important for the time interval 107% <t < 107 seconds and which
can explain simultancously the overall isotropy of the universe and its
finite degree of inhomogencity on a fine scale?

1t is one of the most remarkable facts of modern cosmology that this
question can now be asked with a straight face and that there are now the
first tentative steps towards a real physical explanation of those profound
cosmological problems concerning the isotropy of the universe, its baryon
asymmetry and the origin of the fluctuations from which galaxies form.
I leave it to each individual to decide how seriously he wishes to take these
extrapolations of the known laws of physics.

4 . THE WAY FORWARD

I find it revealing to look at the observational basis for some of the
new “facts” about the universe. The list shown in Table 2 is by no means
complete but I bope it illustrates my point.

You will notice that all of these result from large and systematic
studies. In other words, rarely does one make a single simple observation

TABLE 2 - Some studies described during the Vatican Study Weck.

The covariance function for galaxies Peebles

The three dimensional distribution of galaxies Davis, Qort

The luminosity-velocity dispersion relation Faber

Evolution of giant elliptical galaxies Gunn

Distances of nearby galaxies Tammann

Surveys of radio quiet quasars Schmidt

Radio galaxy identifications van der Laan, Longair
X-ray counts for quasars and active galaxies Settl, Woltjer

D, e, 9He, "Li abundances Audouze
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which results in a quantum leap in our understanding. As soon as such
a phenomenon is observed, the immediate question is “How common is it
among similar objects of its class?” and true understanding only comes
from further systematic studies. Perhaps the most striking exception to
this rule is the discovery of the microwave background radiation but then
I would argue that there is no other member of its class available for
observation in cosmology.

Therefore, I firmly believe that the way forward is through the pursuit
of yet more difficult systematic work in all the fields we have heard about
this week. It may, of course, be that we are lucky and another single great
discovery will be made which at a stroke answers some of the profound
problems which we have heard about. Realistically speaking, however,
such a discovery is most likely to come out of the systematic studies, as for
example, happened in the cases of quasars, pulsars, X-ray hinaries, etc.

By and large, my list of top priorities would consist of more of the
above. Tf T had to select those which I think may be particulatly profitable,
T would suggest: further detailed studies of nearthy galaxies, deep surveys
of large areas of sky, the velocities and spectra of large samples of galaxies,
the relation of active galaxies to the properties of the stellar and gaseous
component of their parent galaxies and to their environments, measure-
ment of fluctuations in the microwave background radiation with high
precision. In particular, studies of how the properties of galaxies and the
large scale distribution of galaxies and diffuse matter change with cosmic
epoch are of particular significance.

Many of these programmes can be accomplished from ground based
facilities. With the development of CCD cameras and spectrographs, infra-
red photometers and arrays of high sensitivity and complementary radio
and X-ray studies, the redshift range 0 <<z < 1 is already available for
detailed study, provided the bodies which award large telescope time
recognise that, to make significant advances in these studies, a large amount
of dedicated observing time is needed. This is not encouraged in the
present climate where all large telescopes are grossly oversubscribed and
it is necessary to make a quick killing to ensure that the next application
will have a reasonable chance of success. T hope some of the influential
people in this room will help ensure that some of these demanding large
scale programmes are carried out in an effective manner,

The main problems in pursuing these programmes are technical. There
is an urgent need for efficient CCD spectrographs so that the redshifts of
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normal galaxies as faint as V == 22 can be achieved in a sensible observing
time. The first effective infrared detector arrays will produce a new picture
of the universe, very likely with most of the faint objects being galaxies at
large redshifts, It may even be possible to detect those elusive objects,
primaeval galaxies, in the near infrared waveband. To complement these
infrared pictures, one needs infrared spectrographs. These are only now
becoming available but without the sensitivities to undertake faint galaxy
work. There is great scope for technological development in this area.

Thete are already many excellent large ground-based optical and infra-
red telescopes. The development of optical and infrared telescopes with
apertures much greater than Sm is perhaps the most significant future
development in ground-based astronomy. Their singular importance is
their ability to increase, by a large factor, the number of photons received
from faint galaxics and quasars, as compared with the present generation
of detectors, and so prebe the universe directly to the very faintest
magnitudes.

In space astronomy the next major advance in cosmology will be made
by the NASA Space Telescope due for Jaunch in early 1985. This will open
up the world of galaxies with very high angular resolution out tw red-
shifts of one and greater. The types of astrophysics which we can now
undertake at redshifts of 0.1 will be possible for objects at significantly
eatlier cosmological cpochs than the present, The maximum gain will be
for point objects and luminous quasars of the type we know could be
observed at redshifts as large as 10 or 15, provided that: (a) they emit
signiticant radiation at wavelengtbs % = 800/(1 + z) nm; (b) we know
where to Jook for them; (¢) they exist. I fully expect us to obtain de-
finitive evidence about the detailed evolution of galaxies and clusters
between redshifts of 1 and the present epoch. I also expect we will be
able to see the effects of gravitational condensation in large scale structures
between the same epochs. These are only a few of the many exciting
cosmological questions which can be addressed and, 1 hope, answered
with some confidence by the Space Telescope.

Beyond that, we can look forward to other exciting space observatories;
for instance, COBE, which will perform detailed studies of the isotropy
of the microwave background on scales ® 2 7°, may be launched in 1987.
In the 1990’s we may look forward to the AXAF X-ray telescope which
may be thought of as the X-ray equivalent of the Space Telescope.
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5 - CONCLUDING REMARKS

I repeat my feeling that the threads of the broad picture are beginning
to be drawn together into a plausible physical picture for the origin and
evolution of the universe. Although many of the issues are complex in
their working out, the underlying physical ideas have an attractive simpli-
city. Not only are the physical ideas basically simple, but the present
picture of the observed world of galaxies is becoming simpler.

I emphasised that facts are relative things and that in astronomy they
tend to evolve with time. However, at least for a few hours, I have a
vision of 2 comprehensible universe which we can account for by the best
of contemporary physics. Our job is to find out whether this is illusory
or whether we will build upon this hard-won understanding.



CLOSING STATEMENTS

J. H. Oort

Professor Briick, who is unfortunately unable to attend this meeting,
has asked me to thank you on behalf of the Pontifical Academy for having
come to Rome and for the way you have contributed by your communica-
tions and vivid discussion to the interest and success of this Study Week.

H. van pER Laan

Before closing this final session of our Study Week, it is my privilege
to express our gratitude and joy for this opportunity, on behalf of all
participants.

The threatening divergences of art and science, of philosophy and
analysis, of religious motives and ambitious careers are all too real
in the Hves of most of us. This week has been a great counterforce, an
extraordinary experience of simultaneity in scientific endeavour and
artistic appreciation, of analytic efforts in the quintessential environment
of occidental historic christianity.

We thank Professor Chagas and the Pontifical Academy of Sciences
over which he presides for the invitations and the unsurpassed hospitality.
We ask you to convey our thanks to Pope John Paul IT.

I wish to thank the Academy staff for all their services, large and
small, to make this week a success and I single out particulatly Father
di Rovasenda and Signora Porcelli-Studer for their hard work and attention
to detail before and during this week. We thank the technical staff for
their help here and the kitchen staff for pleasant coffee breaks and superb
lutiches.

I thank Father Coyne and his associates, Father Boyle, Father Casa-
novas and Father McCarthy for their competent activities and their friend-
ship. Their best reward is good manuscripts before 15 November! Please
convey our appreciation to Dr. Roncalli for being so perceptive and
enthusiastic a guide on our Vatican Museum tour!
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Professor Briick, with Professots Longair and Rees, organized the
scientific program. You will not be surprised that we all think vou have
perfect judgement in inviting each one of us, We praise you for your
clever wisdom and your constructive labouss. I include here the staff of
the Royal Observatory, Edinburgh, particularly Miss Susan Hooper, who
somehow moved the whole mountain of administrative affairs, Where
would we be without dedicated secretaries.

Prof. Briick is unfortunately not here because of a slight indisposition,
We send him our warm regards via, last but not least, the incomparable
Mrs. Briick, whose charming leadership and constant attentive presence
have done so much to make this week one of the most memorable of our
lives! We thank you all. And herewith I close this Study Week on
Cosmology and Fundamental Physics,





