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LA SEMAINIEE DETUDE

SUR

LES NOYAUX DES GALAXIES



Le but des « Semaines d’Etade » de 1"Académie Pontificale des
Sciences o 616 ainst défini par son premier Président, S.E. le Rév.me
Pere AcosTINO GEMELLY O.F.M.:

« Tandis qu'on fixait, aprés sa fondation, les travaux de I'Aca-
démie, un probléme se présenta bien vite avec évidence: les sciences
posent chaque jour des problémes nouveaux qui donnent lieu d’ordi-
naire &4 divers essais de solution, souvent contradictoires. Il arrive
ainsi constamment que parmi les représentants les plus autorisés
d’une science et, en particulier, entre cewx qui se sont consacrés a
Pétede d’une méme questicn, on rencontre des opinions opposées.
De parcilles divergences se maintiennent parfois pendant de longues
périodes et constituent 4 la fois une grave difficulté pour Ienseigne-
ment des sciences et fréquemment aussi un obslacle considérable a
leur développement. D'ailleurs, l'expérience montre que les mé-
thodes actuellement pratiquées dans la discussion des problémes
scientifiques n’ont qu'une efficacité¢ limitée an point de vue de
I'¢tablissement d’une unité de doctrine. 11 serait hautement souhai-
table de promouvoir tout ce qui pourrait favoriser une cntente sur
les points en discussion,

« Un tel procédé semble devoir &tre particuliérement utile sous
ce tapport: A savoir éablir des contacls personnels prolongés entre
quelques représentants d’opinions différentes au sujet d’une ques-
tion déterminée »,
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Dans ce but, I"Académie Pontificale des Sciences a réalizsé une
nouvelle « Semaine d’Etude » ayant pour lite: « Les noyaux des

galaxics n (1),

Bien que ces derniers temps un travail intense ait été fourni sur
les divers aspects de ce probléme, il resfait cependant quelques ques-
tiong de défail & résoudre, of de nouvelles questions s'étatent de plus
posées pendant ces dernidres années.

Etant donné qu’on n’avait pas encore provoqué un débatl appro-
fondi & ce sujet et que le moment semblait propice pour le faire,
P Académie Pontificale des Sciences s’est proposée de réunir un nom-
bre restreint de savants, spécialistes de la question. Son bautl était
de recueillir, an cours d'une discussion approfondie, les synthases des
nombreuses recherches effectuées dans ce demaine; de formuler clai-
rement Uétat des différents problémes qui ¢’y rapportent; et par &
de pouvoir fixer les directives de recherche les plus logiques, les
plas persuasives et les plus prometteuses, étant donné Péfat actuel

de la scicnce.

A cet effet ont été invités par 1'Académie des experts qualifiss
en photométrie et spectroscopie stellaire, en dynamique stellaire,
des spteialistes de la distribution des étoiles dans notre galaxie et
dans les autres, des mouvements et de la composition des étoiles,
de radicastronomie, d’astronomie par moyen des rayons X, ef méme
des spécialistes de physique mucléaire et de cosmologie, qui, grice
a la renommée des lewrs études spécifiques ef 4 leurs contribulions
scienfifiques éiaient les plus indiqués pour contribuer i éclaircir le
sujel propesé par la Semaine.

(') Voir les « Semaines d'Etude» organisées jusqu’ict par I’Académie
Pontificale des Sciences i Ja page XXXI1.
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La présidence de cette « Semaine d’Etude » sur « Les noyaux des
galaxies » a éi¢ confiée au Président méme de IAcadémie Pontificale
des Sciences, 8., le Rév.me P. Dawier J. K. O’CoNNELL, 5.].
Directeur de la Specola Vaticana de Castelgandolfo, et I'organisation
générale av Chancelier de 1I'Académic Pontficale des Seiences
Prof. Prirro SALvIUCCE.

Ont été invités a4 la réunion les savanis suivants:

Prof. Dr. VIKTOR AMAZASPOVIC AMBARTSUMIAN, Professeur
d’ Astronomic a 1'Université de Jerevan; Président de 1'Académie
des Sciences de la RSS - RSS &' Avmenie (URSS).

Prof. Dr. ELraNorR MarGARET BURBIDGE, Professeur d’Astro-

nomie i ' Université de Californie - San Diego, Calif. (U.5.A.).

Prof. Dr. Georrrey Ronanp BursingE, Professeur de Physique
a I'Université de Californie - Sen Diego, Calif. (U.5.A).

Prof. Dr. Winziam Arrrep Fowiprr, Professeur de Physique
a VlInstitut de Technologie de ia Californie - Pasadena, Calif.
(U.S.A).

Dr. Hersrrr FrizpMan, Superintendant de ta Division Sclences
Spatiales et Chef du Centre 5.0, Hulburt de Recherche Spatiale aux
Laboratoires de recherches de la Marine des U.S.A. - Washington,
D.C. (US.A).

Prof. Dr. Fren Hovik, Professeur d’astronomie 4 I'Université

de Cambridge - Cambridge (Grande-Bretagne).
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Dr. Kenner Irwin KELLERMANK, Chercheur 4 1"Observatoire
National de Radivastronomie - Green Bank, W. Va. (U.S.A),

Prof. Dr. Franx James Low, Prolesseur de Sciences Spatiales
au département de Sciences Spatiales de I'Université Rice - Houston,
Tex. (U.S.A); professeur chargé de la recherche au Laboratoire
linaire et planétaire de 1'Université de U'Arizona - Tucson, Arz.

(US.A.).

Prof. Dr. Donarlp LywpeN-Brri, Senior Principal Scientific
Officer & YObservatoire Royal de Greenwich, Sussex {(actuellement ea
congé); Visiting Professor prés 1'Institut de Techmologie de la Cali-
fornie - Pasadena, Calif. {U1.S5.A)),

Prof. Dr., WiLLiam Hunter McCrea, Professeur d’Astronomie
théorique chargé de la recherche & I'Université du Sussex - Brighton

{Grande-Bretagne},

S.E. le Prof. Dr, WrLriam WirsoN Morcan, Académicien Pon-
tifical, Président du Départment o’ Astronomie de I'Université de

Chicago - Chicago, 1. (U.S.A}.

Prof. Dr. Puinir MorrisoN, Professeur de Physique théorique
a Ilnstitut de Technologic du Massachusetts - Cambridge, Mass.

(U.S.AL).

S.E. le R,P. Danmer Joseru Kerry O’Cennerr S.1., Président
de V'Académie Pontificale des Sciences; Directeur de I'Observatoire

Astronomique du Vatican - Cilé du Vatican (5.C.V.).

S.E. le Prof. Dr. Jan Henprix Oort, Académicien Pontifical;
Professeur d’Astroncmic & PUniversité de Leyde (Pays-Bas) et Di-

recteur de !"Observatoire de cette méme ville - Leyde (Pays-Bas).
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Prof. Dr. Donarp E. Ostersrock, Professeur et chef du dé-

partement d’Astronomic A I'Université du Wisconsin - Madison,
Wisc. {U.5.A.).

Prof. Dr. Marmin Joun Rirs, Membre du personnel scienti-
fique de V'Institut d’Astronomie Théorique de P'Université de Cam-
bridge, détaché temporairement auprés de Plnstitut pour les Ktudes
Avancées de D'Université de Princeton, N.J. - Princefon, N.[.
(U.S.AL).

Prof, Dr. Erwin E. SaLperer, Professeur de physique et d'étu-
des nucléaires & 'Université Cornell - Tthaca, N.Y. (U.S.A)

Dr. AriaNy Rex Sanpacr, Astronome aux Observatoires du
Mont Palomar et du Mont Wilkson - Pasadena, Calif. {U.S.A).

Dr. Warracy SarGENT, Astronome aux Observaloires du Mont
Palomar et du Mont Wilsen - Pasadena, Calif. {US.A).

Prof. Dr. MaarTEN Scumipt, Professeur ¢’ astronomie & 1'Institut
de Technologie de la Californie - Pasadena, Calif. {U.5.A.),

Prof. Dr. Hyron SpiNrap, Professenr d’Astronomie a 1'Uni-
versité de Californie - Berkeley, Calif. (U.S.AL).

Prof. Dr. Lyman Spi1zEg, JR., Prefesseur &’ Astronomie & 1'Uni-
versité de Princeton, N.J., US A., président du Département de

Sciences Astrophysigues et Directeur de 1"Observatoire de la méme
Université -~ Princeton, N.J. (U.S.A).

Prof. Dr. Harry van DER Laan, Professeur de Radicastronomie

& PUniversité de Leyde - Leyde (Pays-Bas).
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Prof. Dr. Joun Arcuisaln Wyerrer, Professeur de physique i
UUniversité de Princeton - Princeton, N.J. (U.S.A.).

Prof. Dr. Lovewyx Worter, Department of Astronomy de

I'Université de Columbia - New Yeork, N.Y. (U.S.A).

¢

Tous les invités ont participé & la Réuaion.

Le Secrétariat scientifique de la Semaine d'Ltude était composé
par les Rev. Péres Gecrce V. Coyne, Marrtin 7, McCartHy ef
Parricie J. Treanor, de "Observaloire du Vafican,

Le « Reglement des Semaines d'¥tude » prescrivant que le
nembre des Participants deit &ire rigourcusement limité, a malheu-

reusement empéché d'inviter d’auires illusires savants,

Ont aussi participé & la réunion: en qualité dinterpréte et
chef de Secrétariat M.le Joserming Lucas;, M.me HERMIONE
Montaner, M.me Mavura Marcuiese et M.me Rita MaNzo
en qualité de sténographes polyglottes de séance; M.le Ruona
Berr, M.me Carmen [Errara, M.lle Jean Mc¢ Tivoy, M.me
Pavrerre Rossaini, M.le Murier  Saprier, M.le HEATHER
Saunpers et Mle Anng SAUNDERS en gualité de sténo-dacty-
lographes polyglottes chargées des Proces-verbaux; en qualité de
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technicien pour Uenregistrement et la projection, Mr Mauro Erconr,
assisté par les opérateurs de Radio-Vatican Mr ANTONIO ALBERTINI
et Mr ULpsrico MErpvzzl. Le Bureau de Presse élait confié aun
Dr. Irancesco Sanvivcer, Condjuteur de Chancelier de F Académie.

Le Comité de Réception pour les Dames dirigé par Mme HELENE
Lorri, était composé de la Comtesse Karma Carvi oy Cornzo,
la Comtesse IsaBELLA Carvi pr Cornze, M.ome Maritd Punzi Por-
Lrrzer, M.ome CrLevLia Rostasnony et M.lle Joserra Bruscnr,

Le samedi 18 avril, fous les Participanis ont été regus en
Audience Solennelle par le Sowverain Pontife qui leur adressa un
discours et aprés IAudience a cu liew, an Sitge de 1"Académie Pon-
tificale des Sciences, une séance extraordinaire de I'Académie, &
taquelle ont été invités également les Participants & la « Semaine
d’'Etude »,

Durant la Semaine d’lifude, chaque communication a été
discutée en session piénidre.

Dans les pages qui suivent, aprés le compte rendun de 1'Audience
du Saint-Pére et le « Réglement des Semaines d’Etude », sont impri-
més les rapports eriginaux présentés & la Réunion et les discussions
qui les ont suivis, mis en ordre et publids par les soins du Président
de la Semaine d’litnde S.IE. 1 Académicien Pontifical et Pre-
sident de I'"Académie le Rev.me P, Danmer J. K. ’ConnerL, S.7.

Les séances se tenalent deux fois par jour, le matin de g h. 30
a 12 h. 30 et Paprés-midi de 16 Lk, 4 19 I,

La Note Collective Finale se trouve & la fin du présente volume.
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La réussite de la « Semaine d’ftude » a pleinement satisfait les
illustres Participants qui, & la fin de lenrs travaux, ont fenu a
exprimer au Saint-Pére leur profonde gratitude ef leur trés sincére
admiration pour cetie manifestation scientifique si réussie, en en-
voyant 4 'Anguste Pontife, animateur et mécéne de I'Académie,
le télégranyme suivant:

« Sa Samvrere 1E SouveramN Powntirs Pavl VI -Citd du Va-
tican, — Les participants & la Semane &' Elude sur les noyaux des
galaxies Vous prient daigner & accepier Iexpression de lewr adwni-
ration el de lewr profonde gratitude powr lewr avoir donnd la pos-
sibilité de travailler dans les conditions les meilleures & Iélude des
problémes des noyaux des galaxies et d'échanger lewrs idées en
pleine lbertd. Ils Vous expriment leur sincére recommaissance pour
Fhonneur que Sa Sainteté a bien wvouln lewr accorder leur permet-
tant de travailler sous les auspices de son Académic. — AMBARTSU-
MIAN, . Bursmck, G. Buxsmce, FowrLer, IFriEpMan, Hovik,
Keriersiany, Low, LyNpeN-BeLL, McCrra, MorGaN, MORRISON,
O'ConneLL, CQort, OsTERBROCK, REES, SALPETER, SANDAGE, SARGENT,
ScHMIDT, SPINRAD, SPitzEr, vaN DER LaaN, WHEELER, WOLTJER ».

A ce iélégramme d’hommage et de remerciement, le Saint-Pére
a daigné répondre par le message suivant, signé par Son Eminence
le Cardinal Secrélaire d'Elal:

« Professewr PreTrRO SaLviuccl, Chancelier Académie Pontificale
des Sciences - Casina Pio IV, Citta del Valicano, — Saint-Pére irés
sensible déférent message participants Semaine d'dlude sur noyaux
des galaxies vemercie sentiments exprimés el se réjouil facilitds ren-
conirdes auw sein Académie Pontificale pour éludier problémes et
dchanger iddes. Vous charge transmetire tous signalaives paternels
encouragements et asswrance priére powr lewrs personmes et leurs
travaux en vue bien hwmanité. — Cardinal VILLOT ».
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Le matin do mercredi 15, les participanis ont visité la Tour des
Vents, qui fuf le premier Observatoire astronomique dn Vatican,
consiruit par Grégoire XII1 dans 'enceinte du Palais Apostolique,
et Paprés-midi ils se sont rendus 4 Castelgandolfo, o ils ont visité
I"Observatloire astronomique du Vatican et le Laboratoire Astrophy-
sique qui en dépend, institutions toutes deux équipées des instruments
de recherche les plus modernes, selon les exigences techniques des
programmes spécifiques de 1'Gbservatoire,

Les Participants ont aussi visité la Bibliothéque Apostoligue Va-
ticane et les Archives Secréfes Vaticanes sous la conduite des
Rév.mes Préfets Mons., MARTING GiusTr ef Pere AvrHons: Raxs, §.1.

Cnfin, le soir du samedi 18 avrl, un diner d’adien a é&té
offert par I’Académie, selon ia coutume, aux eavants participant a
la « Semaine d'Eiude »,



IVAUDIENCE
ET

LE DISCOURS DU SAINT-PERE



Le matin du samedi 18 avril, le Saint-Pére a accordé dans
la Salle du Consisteire du Palais Apostolique Vatican, une Audience
Solennelle 4 Yoccasion de la Session Plénicre de PAcadémie Ponti-
ficale des Sciences et de la « Semaine d'Etude » sur « Les noyaux
des galaxies » tene par F'Académic. Ont participé aussi a 1" Audience
de nombreuses éminentes personnalités.

Etaient présents Leurs Eminences les Cardinaux: Avoisi-
MaseLLa, CIcoGNaNI, ForWI, SLipy], VILLOT, ZERBA, (GARRONE,
SAMORE, Grano, STArRra, BrowNEg, Furicl, Oppi, PAUPINI, NASALLI-
Rocca pr CORNELIANOG.

De nombreux Académiciens Pontificaux sont infervenus, et spé-
cialement Leurs Excellences: le Rév.me P. Danmin J. K. O’ConneLL
Président, Cxarnes BrsT, KritH BULLEN, CarLos CHAGAS, EDUARDO
Cruz-Cork, ErNEsro GHerzi, SviN HorsTapius, Bernarno Hous-
sAY, ALpErT0 HURrTapo, Jeaw Lecomte, Lurs IELOIR, PIERRE
Leeiveg, Manvil Lora-Tamavo, GiovaNnlr BATTIisTA MARINI-BET-
TOLO, San-IcHire MIzusHiMa, WILLIAM  MORGAN, SALIMUZZANAM
Sioprgut, Arnk  Tisenius; les Académiciens snrnuméraires: le
Rev.me Mgr. Marrtmo Grustr et le Pére Joser Juwkes, le Chan-
celier de l'Académie, prof. PrEtTrRo Sarviucer et le Coadjuteur
Dr. FRARCESCO SALVIUCCI.

Parmi le groupe des Académiciens assistaient les savants

spécialistes « Participants » 4 la Semaine d’Etude sur « Les noyaux
des galaxies ».
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Avec le Corps Diplomalique au complet était présent S.E,
Rév,me Monseigneur GIovanni Bewerry, Substitut de la Sceréiai-
rerie d’'IEtat, Nos Seigneurs Acostinog CasaroLl Secrétaire du Con-
seil pour les Affaires Publiques de I'Eglise, et Sotere Sanz VILLALBA
Assesseur de la Secrétairerie d’Etat; les Membres du Corps Diplo-
matique furent regus par le Gr. Uff, Mario Brrarpo.

Une déférente manifestation d’hommage a accueilli Parrivée du
Saint-Pere.

Aprés avoir gagné le ifréne, le Saint-Pére donna son assentiment
au Président (’CoNNELL qui s’adressa alors au Souverain Pontife en
ces termes:

« Tres Saint-Pore, j'ai Phonneur de présenter 4 Volre Sainteté
mes hommages et ceux des membres de Votre Académie des Sciences
réunis pour leur Session Pléniére,

« Ce matin nous avons fini une Semaine d'Einde sur un théme
astronomique “Les Noyaux des Galaxies”. En 1937, nous avons
traité un autre probléme astronomique, les Populations Stellaires,
avee la participation trés active de l'anteur de cette découverte si
féconde, le regretté Walter Baade. Nos travaux d'il y a treize ans
ont produit des résultats de grande valeur pour le progrés de 'astro-
nomie, et notamment pour nos connaissances de la structure de
notre Galaxie,

« Cette fois nos travaux concernent un champ encore plus
vaste, les galaxies en général. Pendant ces iours nous avons parlé
des processus éiranges qui se produisent dans les noyaux de ga-
laxies, ct noug avons assayé de pénétrer les secrets de origine et
de Vévolution des galaxies et de univers méme. Je regrette
beaucoup que ncus n’ayons pas eu parmi nous mon illustre pré-
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decesseur, Georges Lemaifre, celui qui a tant fravaillé dans la
domaine de la cosmologie et qui était en effet un des créatears
principaux de la théorie de V'expansion de 'univers. Nos discussions
auraient été pour lui d’un interét extreme.

« Au nom des Académiciens, qui ont travaillé dans les séances
de la Sessione Pléniére, et des astronomes illustres de divers pays qui
ont participé & la Semainte d'Etude, je veux exprimer notre re-
comnaissance pour la munificence de Votre Sainfeté qui nous a
permis de réaliser cette importante manifestation scientifique ».

Le Saint-TPére daigna répondre par le discours que nous repro-
duisons plus loin.

Le Saint-Pére s’entretini ensuite, aprés avoir regu 'hommage
des Cardinaux, avec le Président O’ConnveLL, les Académiciens Pon-
tificaux, le Chancelier SALvIUcaT et les savants « Participants » 4 la
« Semaine d'Etude », troavant pour chacun d’aimables paroles de
félicitations et de souhails, pour ecux, leurs familles et leur activité
scientifique.

[’assistance exprima enfin ses remerciements au Saint-Pére, sa
reconnaissance émue et sa prefonde gratitude, et le plus chaleurcux
hommage se manifesta de nouveau au moment o, 1"Audience ter-
minée, le Souverain Pontife quitta la Salle du Consistoire,



Excellences et chers Messieurs,

Nowus vous remercions de lout coeur des senttments st délicals
que le Révérend Pére O'Connell vienl de Nous exprimer au nom
de ses illustres collégues. C'est loujours une joie pour Nowus, vous
le savez, 4 accucillir les membres de notre Académie Pontificale
des Sciences, en présence du Corps Diplomatique el de personna-
lités distingudes, et aussi une cerlaine émolion de volr véunis des
reprdsentants aussi qualifids de loul 'univers, vdrilable Sénat de
sauants, 4 la poinie de la recherche scienlifigne el de la réflexion
gu’elle suscite dans Uesprit huwmmin, Le théme de vos travanx,
consacids aux « noyaux des galaxies », n'en esi-il pas le signe
éclatant?

1. Volre Session pléniére marque un temps fort dans la vie de
I'Académie, et Nous Nous en #éjowissons. Car cette instilution de-
meure haulement significative: elle peut apporier & notve monde
un concours appréciable par la compétence el Dumiversalitéd de son
témoignage, el fowrnir aussi & la réflexion des croyanis une base
solide pour un dislogue fructueux avec la pensée scientifique. Que
de chemin parcourn depuis la fondation de I’ Académie des « Lincei »
en 1603, sa restawration par Pie IX, son élavgissemeni sous Ldon
XIII, ei surfowt sa recomstitulion par les soims dclaivés de notre
grand prédécesseur Pie XI, avec le Mot proprio du 28 eciobre
1936 In multis solaciis, sous la forme de I’ Académie pontificale des
sciences, consittude de soixante-dix Académiciens poniificaux, « veluts
doctorum hominm Senatus seu “scientificus Senalus”,... ad scien-
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tiarum progressionem fovendam v, sous la présidence du regretld
Pére Agosting Gemelli,

Iillustres savants n'oni cessd d'honover I'Acaddmie de lewy
présence et de lewrs travaux, et Nous avions Nous méme, Ines,
la joie d'edjoindre & ce Cénacle choisi dowze nouveanx membres,
qui permettent de mieux veprésenier Uensemble des maiives qui
cultivent les disciplines scientifiques avec succés @ travers le monde.

Vos éiudes de sciences mathdmatiques el expdrimientales, e
nées avec la libertd qui convient & la culiure, onl cerlatnement
apporté lewr contribution au frogris de la science pure el préparé
le progrés des sciences appliqudes. Mals wun tel développement
w'appelle-t-il pas aujowrd hui d’auires prolongements? Tout en con-
tinuant les vecherches qui sont les vilres dans une spécialité dond
Yimportance ne cesse de crofive — les expériences des vovages spa-
tionx, doni nous avons swivi la plus rdcenle ces jours derniers
avec angoisse et, & la fin, avec joic et admirvation émues, le dé-
miontrent suffissament —, ne serait-il pas désirable et opporiun de
promionvotr, en d aulres Académues, d autres disciplines, essentielles
elles aussi @ Uespril hwmain, lelles que les letlves et les aris, la
philosophie, le drott, I'kistorre, I'dconomie, la sociologie et les sciences
humaines qui marquent st profondément les howmmes de notre
temps? Nous aimnons ce matin vous confier cetle pensée que Nowus
méditons deputs longtemps déja, el qui, dans nolre esprif, est
Plus qu'un véve. un vérilable désiv qu’il Nous plaivail de véaliser,

2. La nature méme de votre travail Nows améine & souligner
deux principes dont vous éles déja bien convaincus, gue volre propre
expdrience, Nous powrrions dive: volre personnalité, alleste lous les
jOurs.

Clest que le savoir humain, st développé gu'il soil, n'est pas,
el ne sawrail five en opposition avec celui de la foi: « Scientia,
quae vera verwm cognitio sit, wwmguam christianae fidei veriia-
libus repugnant ».

Bien plus, U'un el Vautre peuvent éire intdgrés dans U'unitd
de Uesprit humain, tout en gardant lewr autonomic propre, comme
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Penseigne le premier Concile du Vatican: « IFides ef ratio... opem
guoque sibi rulwam  ferunt ».

Quwon Nous entende Dien en effet. Selon la Conslitution pas-
torale Gaudium ct spes, gui « veprend & son comple Uenseignement
du premier Concille du Vatican », ¥Eglise « affirme I autonomie
Igitime de la culture et particulicrementi celle des sciences », avec
« lewrs principes et lewr propre méthode en lewrs domaines respec-
ifs n. Mais ces disciplines, qui pewvent si bien « condribuer & ouviiy
la famille hwmaine aux plus nobles valewrs du vrai, du bien et du
beau, el 4 wne vue des choses ayant valewr universelle », pewvent
aussi préparer Uhonvme & reconnatlre et geouelliv la vérilé en sa
plénitude, pourvu gu’elles ne considérent pas « & tort les méthodes
de recherche qui leur somt propres convme végle supréme powr la
découverte de toute vérité n, Cest le méme Diew gui a créé le monde

avec ses lois que vous scruler — « toutes choses dans les cleux ef
sur la lerre, les visibles et les invisibles » — e gui se révéle aux

homames el lewr apporte le salut en Jésus-Christ. Cest le méme
esprit hanain qui est apte & scruter les secrels de la création el &
« dominer la terre v, el en méme temps & reconnative ¢t & accuearlliv,
« sous Pimpulsion de la grdce », le don que Diey lui fait de Lui-
méme: «ie Verbe de Dien qui, avani de se faire chaiv powr foul
sauver of vécapituler en hi, dait déjd dans le monde » comme la
«vraie lumidre gui dclaire Yout  homme ». Comunent ULglise
n’encourageraii-elle pas Uinvestigation, la découwverie el la conquéls
de cel univers qui, dans sa merveilleuse el admirable vichesse, nous
condutt, de Vinfiniment pelit & Ulnfiniment grand, vers Uinvisible

qui est la sowrce du visible?

3. Mais le théme que vous venex daborder — « Les noyaux
des galaxies » — miérite une atieation particuliére. Notre tmagi-

nation se trouve confondue et nous laisse vemplis de stupeur, comme
débordds, dorasés presque par Uinmensilé des perspectives enire-
vies, « ce silence des espaces infinis » cher & Pascal. Nous sutvons
avec un profond vespect el wn grande intérél volre patient lravail

d’ observation, de cocrdination d’expériences, de formulation d"hy-
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pothéses scientifiques sur la gemése ou Udvolulion des mondes
astraux.

Est-ce @ dire que la pensée humaine éhpuise toutes ses possi-
bilitds an niveawn de ces investigations?

Derriéve elles, i1 y a le probléme de I'élre méme de ce cosmos,
de cet wmvers, la gquesiion de som exislence. Vous demeurez, en
effet, dans I'sbservation expérimentale scientifique, d’ovdre mathé-
matique el cosmologique. Mais qu’esi-ce qui empéche de veconnaiive
& Pesprit, sur le lerrain philosophique, la possibilité de remonter
au principe lranscendant, au Créateur, « causa subsistendi et ratio
intellipendi ot ordo vivendi n? Tvop souwvent gujouwrd hud, on doute
de ce pouvorr. « Plus la science, perfectionnant ses méthodes, as-
sujettit le monde & homme, plus, en revanche, I'étre, qui ne se
latsse pas assujetler, se dérobe... vient alors la tentation de I'agnos-
ticisine n. Mais on ne saurait $'en teniv & pareille wttitude. « Lintel-
ligence ne peut absolument pas abdiquer; elle ne peut renoncer a
sa lot formelle, qui est de juger, c’est-d-dire towjours d affirmer ».
Clest pour Pesprit huomain comme un « besoin ivvépressible de pos-
séder en chaque moment de son aventure temporelle ci en chague
état de ses connaissances une idée explicalive de I'ensemble des
choses n.

On parle souvent de la « morl de Diew v, mais ne serail-ce pas
Plutdl Ia mort de I'howmine el de sa pansée en sa forme supéricure?
Sans cc vecours a4 Iiew, sowrce de U'Fire, en cffel, elle semble
S'engloulir dans Uopacité el Vincompréhensibilits des choses, igno-
rance d'une wnild qui v préside, et d'une finalité dun ordre mysié-
rieux qui en sont inséparables, Uawmenant & trowver wune absurdité
qui #'est que dans sa propre démarche. Fent-élve &les-vous micux
préservds que d’autres conlre ce qu'il faui bien appeler une véritable
maladie de Uespril, vous qui scrutez objectivement les sciences de
la nature, de Uastrophysique, de la physigue? Car Uintelligence,
par son mouvement mime, si elle n’en reste & U'édcorce de la véalite,
§'éléve an mivean de sa cause transcendanie, ' Absolu véritable, qui
donse consistance @ lowie la création et dabord a Uesprit humain,
sans se confondre jamais ovec ewx. Comme on Ua dil si heureuse-
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ment, Uintelligence est « nécessarement, en méme temps quun
pouvoir & assinilation, un pouvoir de vemontde... Elle saisit en
towles réalités ce par quoi elles sont, ¢'est-d-dire sont ouvertes vers
Villuminalion de Uacle. Ei ainsi, 4 juste litre, on peut dire qu’elle
est le sens du divin, la faculté avide el habile & veconnailve les
traces de Diew ».

Iy a la, i faut le rvedive, un développement naturel de lo
pensde, dans sa logique fondamentale, el son pas un saut indd
comme le prétend wune mentalilé antimétaphysique abusivement
qualifiée de scientifigue. Le vraic science, bien lomm & arréier I'élan
de la pensée, constitue un tremplin qui lul permel de § élever, dans
cet dlan méme, vers Celut qui It fournit géndrensement son aliment,
Car w« Pesprit lui-méme esi un chemin qui wmarche... On ne peut
faive Vdconomic de Dieu ».

Nous demeunrons cowmme stupéfaits, distons-Nous, devant vos
dtudes sur les moyaux des galaxies. Le systéme solaire paraissait
déja si vaste et st mysiérienx a nos devanciers! Mais nous ne sovmes
pas déconcertés pour autant, sachani que « Diew préfére plutdl créer
les éirves dans lewrs germes pour les conduwive ulldrieurement & lewr
dclosion ». Le temps et Uespace, la matiére et la forme pewvent se
développer de facon démesurde, quasi indéfinic.

Tout en dcoutani volve enseignement, nous trowvons ceriifude
dans notre fol, Et & notre espril, & nous qui sommes & Vécole de
la foi, veviennent les paroles de la satnie Ecvilwre: « Diew crén le
ciel el la terve... Et Diew vit gue cela élait bom... Diew vit fout ce
qu'il avait fait, et {oul cela dlait trés bon ». Celle jole que Diew a
dprouvde devant ses créatures, conpment wne Vawrions-nows pas,
nous, pouwr notre Créaleur?

A notre towr nous conlemplons celle beanté el celle bontd mysté-
rieuses de la création: fous ces éires nous criend, cowme & sainl Au-
gustiin: nous ne sonvmes pas IMew, mais cesl lui qui nous a faids,
« FEece caclum et terva clamant quod facta sint ». Et L, nous I'ado-
rons! La vencontre avec Diew s opére devant la grandenr quast ili-
mitde de ses cewvres — w'est-ce pas une grice @'y élve inthid? —,
dans la jote, dans Uadmiration, dans la prigve, dans I'adoration de
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Celui qui « en vépandant mulle prdces... est passé & la hite par ces
foréts, el en les regardant... les « laissdes revélues de sa beautd ».

Aw terme de celle condemplalion des suprémes véalilds du
cosmos dans lenwr rvenconire avec les suprémes vérilés de Uespril
hanain, Nous ne pouwvons pas latve notre dmotion, notre admiralion,
notre salisfaction, qui sont celles mémes du monde enlier, powr
heureuse conclusion — oui, hewrcuse, {rés heureuse, mime si le
but principal nw'a pas été atleint — du vol aventureux de I'Apollo
13, Tous cerlainewment vous avez swive, avec appréhension puis avec
joie, le déroulement de cetle enireprise extraordinaive. Lt vous aurez
sans nwl doule 4 coewr de saluer chalewreusement avec Nous les
valenreux astronautes qui ont dchappd aux périds de ce grand vol,
et de rendre hommage & tous ceux qui, par leurs éludes, lewr aclion,
lewr autorité, ont une fois de plus manifesté aux veux du monde
ln puissance illimitée des sciences ef de la lechnique moderne. Avec
Nous aussi, vous ferez monier un hywme ardeni de reconnaissance
& Diew, Créateny de Uunivers et Pére des hommes, qui par ces voles
aussi veul Sive cherché el trouvd par I'homme, adové et aimé par hur.

Telles sont les pensées que Nous suggére, Excellences el chers
Messieurs, celte rencontre qui Nous est lrés agréable. De toul coeur,
Nous vous encourageons @ powrsuivve vos savanls ravaux, 4 les
mettre en convmun, de fagon désintéressée, par-deld les frontiéres,
el & aider lous vos fréres & répondre aux gquestions que la science
ou pluidl ses applications ne cesseroni de poser. Vous le pouvez, el
le devez, a la lumiére de la foi que vous porlez en vous. C'est noive
voeit le plus cher. Nous Pacconmpagnons & votre inlention d'une large
Bénddiction Apostolique.




LES « SEMAINES IDETUDE »
ORGANISEES JUSQU'AU 1968



La premitre « Semaine d'Etude » a en lien du 6 au 13 juin 1940;
elle a ét¢ dédide au « PROBLEME BIOLOGIQUE DU CANCER »,
et a ét¢ présidée par I"Académicien Pontifical $.E. PiErro Ronponi,
Professeur de Pathologie Générale et expérimentale & ¥ Universits de
Milan; y ont participé personmellement 13 savants tandis que 3 autres
ont envoyé des mémoires, Les comples rendus de la « Semaine
d’Etude » ont été publiés dans le 7éme volume des « Scripta, Varia »
de I'Académie; ils représentent un volume de 364 pages.

La denxitme « Semaine d'Etude » a eu lien du 19 au 26 novem-
bre 1901; elle a ét¢ dédide an « PROBLEME DES MICROSEIS-
MES », et a é¢ présidée par I’Académicien Pontifical S.E. Fran-
cesco VErcrLrl, Directeur de I'Institut Thalassographique et de
V'Observatoire Géophysique de Trieste; y ont participé personnelle-
ment 15 savants tandis que 4 autres ont envoyé des mémeires. Les
comptes rendus de la « Semaine d'Etude » ont été publiés dans le
rz¢me volume des « Seripta Varia » de P Académie; ils forment un
volume de 466 pages.

La troisitme « Semaine d’Etude » a eu lien du 24 avril au 2 mai
1655, elle a été dédiées au « PROBLEME DES QLIGOELEMENTS
DANS LA VIE VEGETALE ET ANIMALE », ct a é1¢ présidée par
I"Académicien Pontifical S.E. Josk Maria Arsarepa HErrera, Di-
recleur de I'Institut de Pédologic et de Physiologie végétale de
I"Université de Madrid, Secrétaire Général du Conseil Supérieur des
Recherches Scientifiques d'Espagne; y ont participé personnellement
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19 savants fandis qu'un antre a cnvoyé un mémoire. Les comptes
rendus de la « Semaine d’lEtude » ont été publiés dans le 14éme
volume des « Scripta Varia » de "Académie; ils forment un velume

de 630 pages,

La quatritme « Semaine &’Etude » a en len, du 20 au 28 mai
1957; elle a 61é dédide an « PROBLEME DES POPULATIONS
STELLAIRES » et a é¢ présidée par 1'Académiclen Pontifical Sur-
numéraite le Rev.me Pere Danier J. K. O'Connins, Directeur de
la « Specola Vaticana » de Castelgandolfo; y ont participé person-
nellement 21 savante. Les comptes rendus de la « Semaine d’Ftude »
ont été publiés dans le 16éme voluome des « Scripta Varia » de
Y Académie; ils forment un volume de 615 pages.

La cinquidgme « Semaine d’Efade » a en lieuw du 23 an 31 octo-
bre 1061; elle a ¢ié dédiée au « PROBLEME DES MACROMOLE-
CULLES D'INTERET BIOLOGIQUE AVEC REFERENCE SPE-
CIALE AUX NUCLEOPROTIEIDIES », et a été présidée par 1'Aca-
démicien Pontifical S.E, Arne TisELius, Professenr de Biochimie a
I'Université de Uppsala; y ont participé personncllement 18 savants.
Les comptes rendus de la « Semaine d'Itude » on été publiés dans le
22éme volume des « Seripta Varia » de Académic; ils forment un
volume de 544 pages.

La sixitme « Semaine d’Etede » a eu lieu diz 1 an 6 octobre 1g52;
elle a été dédide au « PROBLEME DU RAYONNEMENT COSMI-
QUE DANS L/ESPACE INTERPLANETAIRE », et devait étre
présidée par I Académicien Pontifical S.E. Vicror Irancis Hesg, qui
n'a pas pu, en raison de son élat de santé, &re présent et Ja « Semaing
d'Etude » a 6t¢ présidée par 1'Académicien Pontifical S.E. GrorGes
LemalTre, Professeur de Mécanigue et de Méthodologie mathématique
4 U'Université de Louvain et Président de I'Académie. Y ont parli-
cipé personncllement 24 savants. Les comptes rendus de la « Semaine
&' Etude » ont été publiés dans le 258me volume des « Seripta Varia »
de 1" Académie; ils forment un volume de 6206 pages.
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La septitme « Semaine d’Etude » a eu lieu du % au 13 octobre
1963; clle a ¢ dédide au « ROLE DE I'ANALYSE ECONO-
METRIQUE DANS LA FORMULATION DE PLANS DE DEVE-
LOPPEMENT », et a été présicdée par I'Académicien Pontifical .1,
MarcErnLe Boropring, Professenr de Statistique a PUniversité de
Rome; y ont participé personnellement 18 savants, Les comptes
rendus de la « Semaine d'Eiude » ont ét¢ publiés dans le 28éme
volume des « Seripta Varia » de U Académie; ils forment une oeuvre
de 1260 pages en deux volumes.

La huititme « Semaine d’Etude » a cu liev du 28 seplembre au 3
octabre 1g64; clle a été dédiée au « CERVEAU ET EXPERIENCE
CONBCIENTE », et a été présidée par 1'Académicien Pontifical
S.IE. 5ir Jouw Carew Eccres, Professeur de Physiologic 2 1'Uni-
versité de Canberra; vy ont participé personneliement 18 savants.
Les comptes rendus de la « Semaine d’Etude » ont été publies dans
le 30tme volume des « Scripia Varia » de V' Académie; ils forment
un volume de 885 pages.

La neuvitme « Semaine d’Etude » o cu lieu du 18 aw 23 aviil
1900; elle a ét¢ dédiée aux « FORCES MOLECULAIRES », et
devait &tre présidée par I"Académicien Pontifical S.E. Pritir DuByE,
Président du Department of Chemistry de la Cornell University de
Tthaca, N.Y.; malheurensement I'Académicien Pierer Dipve n'a
pas pu, en raison de son état de santé, &lre présent et la « Semaine
d’Etude » a été présidée par I Académicien Pontifical 8.5, SAN-1CHIRO
Mizusaima, Professeur émérite de Chimie i Université de Tokyo
et Directenr de I'Institut des Recherches scienfifiques « Yawata ».
Y ont participé personnetlement 17 savants, Les comptes rendus de
la « Semaine d'Etude » ont été publids dans le 318me volume des
« Seripta Varia » de I"Académie; ils forment un volume de 824 pages.

La dixiéme « Semaine d'Etude » a eu lieu du 22 au 27 avril
1968; elle a été dédice A la « MATIERE ORGANIQUE ET FER-
TILITE DU SOL » et devait étre présidée par 1'Académicien Pon-
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tifical S.I5. Don Jost Maria ALBAREDA HEgrira, Directeur de I'Ins-
titnt d’Edaphologie et de Physiologie végétale de 1'Université de
Madrid et Secrétaire Général du Conseil Supérieur des Recherches
Scientifiques d’Espagne; malheureusement 1'Académicien Pontifical
Josié Maria Anparepa HERRERA mourut et la Semaine d'Etude a
¢t¢ présidée par " Académicien Pontifical 5.EE. ManUEL Lora Tamavo,
Professeur de Chimie organique 4 1'Université de Madrid. Y ont
participé personnellement 21 savants, tandis que 3 autres ont envoyé
des mémoires. Les comptes rendus de ta « Semaine d'Etude » ont
ét¢ publiés dans le 3ztme volume des « Scripta Varia » de I"Aca-
démie; ils forment un volume de Togz pages.

L’organisation générale de chaque « Semaine d’Etude » a été
confide an Chancelier de 1"Académie Pontificale des Sciences, le
Prof. Dr. Pierro Sanviucct. Toutes les réunions se sont tenues au
Siege de V'Académie 4 la « Casina di Pio IV » dans les Jarding
du Vatican.



LES « SEMAINES D’ETUDE »
ET

LEUR REGLEMENT



Lorsque I"Académic Ponlificale des Sciences fut fondée par le
Souverain  Pontifie Pie XI, de vénérée mémoire, par - son
« Mota Proprio » du 28 octobre 1936 « In multis solaciis », “cette
initiative suscita dans les milieux scientifiques un mouvement général
de sympathic et d’admiration. Ceite institution unique an monde, qui
groupait en une méme assemblée des représentants de toutes les
Nations civilisées, était appelée, en effet, 4 de haules destinées dans
le développement de la pensée scientifique,

D’aulre part, cette oeuvre de coopération fut accueillie avee un
véritable soulagement par tous ceux que plongeait dans le désarroi
le plus profond la période qui suivit la guerre 1914-18. On voyait,
en cffet, s’altérer profondément les caractéres d’objeclivité ct de

A general movement of sympathy and admiration was aroused in
scientific circles when, in 1930, the Ponfifical Academy of Sciences was
founded by His Holiness Pope Pius XI, of venerable memory, by means
of his « Motu Proprio » of October 28, « In multis solaciis ». This
institution, the only one of its kind in the world, which brought the
vepresentatives of all civilized nations into touch with each other, was,
in fact, called upon to play a leading role in the development of scien-
tific thonght.

This work of cooperation was, moreover, welcomed with a sense
of real relief by all those who were plunged in a deep slale of con-
fusion in the period following the 1¢14-18 war.

Signs of drastic changes were, in fact, discernible in the chjective
and disinterested nature of scientific work and even a tendency to
make science subject to pragmatic aims.

In his immertal « Motu Propric » of October 28, 1936, Pope Pius XI.
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désintéressement propres au ftravail sclentifique, et ¢'affirmer méme
une tendance & asservir la science & des fins pragmatiques.

Tout au confraire, dans Pimmortel « Motu Proprio » du 28 octo-
bre 1936, le Pape Pie XI proclamait solennellement la dignité de
la recherche de la vérité pour eclle-méme, et, élevant sa pensée
au-dessus de toute préoccupation utilitaire, affirmait qu'il ne deman-
dait rien d’autre aux nouveaux « Académiciens Pontificaux » que de
se consacrer, avec une ferveur toujeurs plus grande, an progrés de
la science ef, par la, an culie de Ja vézité: « C'est Notre souhait
ardent ef Notre ferme espérance: que par cet Institat, a la fois
Noétre et leur, les “Académiciens Pontificaux” contribuent toujours
plus et mieux au progrés des sciences. Nous ne leur demandons pas
autre chosc; car en ce dessein généreux et ce noble labeur consisie

le service, quen faveur de la vérité, nous attendans de lenr partn (¥,

(*) « Nobis autem in votis expectationegue est, fore ut “Pontificii Aca-
demici® vel per hoc Nostrum suumque studiorum Institutum, ad scientiarum
progressionem fovendam ampling excelsiusque procedant; ac nihil practerea
alind petimus, quandogquidem hoc eximio praeclaroque labore fmmulatus ille
nititur servientinm veritati, quem ab iisdem postulamus ».

on the contrary, solemnly proclaimed the dignity of the search for truth
for its own sake and, raising his thoughts above all preoccupations of
an utilitarian nature, asserted that all to be asked of the new « Pontifical
Academy » and its members was that they should dedicate themselves,
with increasing fervour, to the furthering of the progress of science and,
consequently, to the cult of truth: « It is Our ardent wish and firm
hope that, by means of this Institute, which is both OQurs and theirs,
the “Pontifical Academicians” will contribute to an increasingly great
extent o the progress of science. We ask nothing more than that from
them Dbecause the service in favour of {ruth that We expect from them
consists in this generous intention and noble work » (),

{(*} « Nobis autem in votis expectationeque est, fore ut “Pontificii Aca-
demici” vel per hoc Nostrum suumque stadiorum Institutum, ad scientiarum
progressionem fovendam amplius excelsinsque procedant; ac nihil praeterea
aliud petimus, quandequidem hoc eximio pracclaroque labore famulatus aile
nititur servientium veritati, quem ab iisdem postulamus ».
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La consécration pratique de cette idée, par la nomination d'un
certain nombre de nen-catholiques parmi les nouveaux Académiciens
Portificaux, a fait une profonde impression sur beaucoup d’esprits,
comme l'ont montré les réactions de la presse internaticnale de
I'époque et de nombreux témoignages individuels d'hommes de
science et des plis grands savants du monde.

Beaucoup de préjugés a 'égard de I'Iglise ont &té fortement
ébranlés par ce geste du Souverain Pontife qui a obligé 4 reconnaiire
la place éminente réscrvée aux valeurs purement intellectuelles dans
I'Eglise Cathelique,

Pouar toutes ces raisons, la fondation de I’Académie Pontificale
des Seiences a été hautement appréciée dans le monde scientifique et y
a fait naitre de grands espoirs quant aux possihilités d’action d’une
institution si opportune.

Elle est placée sous la dépendance directe du Scuverain Pontife
et composée de soixante-dix « Académiciens Pontificaux » nommés

par le Pape sur proposition du Corps Académique et choisis sans

By including a certain number of non-Catholics amongst the new
Pontifical Academicians, the praciical application of this idea made
a deep impression on many persons, as is proved by the reaction of
the international press of the time and by the innumerable individual
tributes paid by scientists and by the greatest scholars of the world.

Many prejudices against the Church were very deeply shaken by
this gesture on the part of the Sovereign Pontiff, since it called atten-
tion to the lofty place reserved for purely intellectual values in the
Cathelic Church.

For all these reasons, the foundation of the Pontifical Academy of
Sciences was greatly appreciated by the scientific world and aroused
high hopes as to the prospects open to such a timely institution.

The Academy is directly subject to the Sovercign Pontiff, and it is
composed of sevenly « Pontifical Academicians », nominated by the
Holy Father himself, proposed by the Academical Body and chosen
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aucune discrimination parmi le plus insignes spécialistes des sclences
mathématiques el expérimentales de tout pays.

L’ Académic Pontificale des Sciences est actuellement unique en
son genre, étant la scale Académie scientifique & caractére suprana-
tional et A classe unique existant dans le monde,

Elle a pour but d’honorer la science pure, oft qu'elie se tiouve,
d'en assurer la liberté, d'en favoriser les recherches qui constituent
la base indispensable du progrés des sciences appliquées.

Le Saint-Peére Pie XTI, qui avait collaboré avec son Prédécessenr
au projet et 4 la fondation de I’Académie et qui l'avait représenté
comme Légat personnel lors de linauguration solennclle, ne se
borna pas 4 maintenir & son égard ses sentiments de haute estime
par sa présence 4 de solennelles séances académiques, ou il daigna
prononcer ses discours d’unc haute portée scientifique; il a tenu en
outre & lui donner uz nouvean témoignage de son auguste satisfaction
en accordant & ses membres le titre d’Excellence par le Bref Aposto-

lique du 25 novembre 1940,

without any discrimination from amongst the most famous experls in
mathematical and experimental sciences in all countries.

At the present time the Pontifical Academy of Sciences is unique,
in the sense that it is the only Academy of Sciences in the world which
is supra-national and which has only one class amongst its Members.

It has for s purpose fo pay honour to pure science wherever it
exists, to ensure its liberty and to further its researches, which are the
necessary basis for the progress of applied sciences.

His Holiness Pope Pius X1T, who had helped his predecessor to draw
up the plan and to found the Academy, and who had represented
him as his personal Legate at the time of its solemn inauvguration,
did not confine himself to the expression of lofty sentiments when
attending solemn academic gatherings, where he deigned to make
speeches of greal scientific importance, but he alse aflorded proof of
his august satisfaction by granting the title of Exceliency to the mem-
bers of the Academy, by an Apostolic Brief of November 25, 1940.
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* & &

Les sclences posent chague jour des problémes nouveaux qui
donnent lieu d'ordinaire & divers essais de solution, scuvent contra-
dictoires, 11 arrive ainst constamment que, parmi les représentants Jes
plus autorisés d’une science, et en particulier parmi ceux qui se sont
consacrés & 'étude d’'une méme guestion, on rencontre des opinions
opposées. Pareilles divergences se maintiennent parfois durant de
fongues périodes et constituent & la fois une grave difficulté ponur
Venselgnement des sclences ot fréquemment aussi un obstacle consi-
dérable a leur développement.

Par ailleurs, I'expérience montre que les méthodes actuellement
pratiquées dans la discussion des problémes scientifiques n’ont qu’une
efficacité limitée au point de vue de I'établissement d'une unité de
doctrine.

Il serait dés lors hautement sonhaitable de promouveir tout ce
qui pourrait favoriser un accord sur les poinis en discussion,

Un procédé semble devoir étre particulitrement utile sous ce
rapport: 4 savoir, I'établissement de contacts personnels prolongés

L

LEvery day science raises new problems, which usually give rise (o
various, and often contradiclory, selutions. Consequently it often
happens that amongst the most authorilative representatives of a given
hranch of science, and particularly amongst those who are engaged in
studying the same question, one meets with contrasting opinions.
Divergences of this kind often exist over long periods of time and
are a serious obstacle not enly to the teaching of science but also to
its development.

Experience shows, morecver, that the methods at present in use
in the discussion of scientific problems have only a limited efficacy
in so far as concerns doctrinal uanity.

Tt would, therefore, be highly desirable if everything that could
favour agreement on controversial points were to be promoted.

One process that would scem to be particularly useful from this
point of view would be the establishment of prolonged personal contacts
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entre quelques représentants d'opinions différentes au sujet d'nne
question déterminée,

tn effet, le contact personnel entre hommes de science constitue,
sans aucun doute, le moyen le plus efficace de résoudre les contro-
verses scientifiques.

Dans ce but, ’Académie Pontificale des Sciences a décidé de
convoquer de parcilles rencontres. Pour la partie scientifique, ces
renconttres seront présidées par un Académicien Pontifical versé
dans la méme discipline tandis que Porganisation générale en sera
réalisée par le Chancelier de 1’ Académie.

Ces rencontres, qu'on a appelées « Semaines d'Etude » ont été

réglées de la maniére suivante:

REGLEMENT DES SEMAINES D'ETUDE

1, - L’Académic invite quelques illustres savants, parmi ceux
gui, ayant étudié spécialement une question déterminée, sont arrivés
a des conclusions différentes, 4 se renconirer 2 Rome, 4 son sigge, la

between some of the representatives of different trends of thought on
a given subject.

Personal contacts amongst scientists ave, in fact, the most efficacious
means of selving scientific controversies.

With this aim in mind, the Pontifical Academy of Sciences decided
to organize meetings of this description. These meetings, for the
scientific part, will be presided by an Academician versed in the same
discipline while the general crganization of these will be realized by
the Chancellor of the Academy.

These meetings, known as « Study Weeks », were planned on the
following lines;

STANDING RULES FOR « STUDY WIELRKS »

1. - The Academy invites a number of illustrious schelars — com-
prising those who have especially studied a given question and have
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« Casina di Pio IV », 4 Fintéricur de I'Etat de la Cité du Vatican,
afin d'y procéder en commun, en dehors de toute autre préoceupa-

tion, & un examen général de toutes les données du probleme.

2. - Le but essentiel de ces discussion est de chercher & formuler
de fagon précise les raisons qui sont & la base de la divergence des
apinions. Les savanis conviés anx réunions s'engageraient a 1'avance

a concentrer leurs cfforts dans cefte direction.

3. - Un examen critique de ces raisons aboutira soit a un accord
sur une solution déterminée, soit 4 la constatation qu’d 1'état actuel
des connaissances, il est impossible d’établir une unité de doctrine
au sujet du probléme envisagé.

Dans ce dernier cas, les savanis invités auront pour tiche:

a) de préciser les motifs pour lesquels un accord s’avére pré-

senntement irréalisable;

arrived at different conclusions — to meet in Rome at its headquarters,
the « Casina di Pio IV », situated in the Vatican City, so as to make
a joint examination, free from all other preoccupations, of all data

concerning the problem.

2. - The chief aim of these discussions is to endeavour to formulate
precisely the reasons which are at the root of the differences of opinion.
The scholars invited to these meetings undertake in advance to con-
centrate their efforts on this.

3. - A critical examination of these reasons should lead, either to
agreement on a given solution or else to the conclusion that, on the
hasis of the information actually available, it is impessible to establish
doctrinal unity on the problem: envisaged.

In the latter event the scholars concerned will be called upon:

«) to define the reascns why agreement appears to be impossible
for the present;
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b) de définir le genre de recherches qu’il serait souhailable

d’entreprendre en vue de résoudre la question.

4. - L’invitation ne sera adressée par IAcadémie qu’a un trés
petit nombre de représentants de chaque science: ceux-¢i seront
choisis exclusivement parmi les spéciaiistes de la question consi-

dérée, qu'ils soient membres ou non de I’ Académie.

5. - Les discussions awront un caractére strictement privé; elles
prendront la ferme de conversations particuliéres.
Des interprétes polygloites, des sténographes, des rapporteurs,

efe., seront mis & la disposition des savants réunis,

6. - Les « Conclusions » des discussions seront publiées sous la
forme d’une « Note Collective Finale » {4 laguelle pourront éventuel-

lement étre jointes des annofations individuelles), mentionnant:

@) les points sur lesquels un accord aurait 18 réalisé;

b) 1o specify the kind of research work it would be desirable to
undertake with a view to solving the problem.

4. - The invitation will be addressed by the Academy fto only a
small number of representatives of each Dbranch of science: these will
be exclustvely selected from amongst the specialists of the question
being considered, either members of the Academy or not,

5. - The debates will be strictly private and will take the form of
personal talks,

Polyglot interpreters, stenographers, veporfers, ete. will be placed
at the disposal of the participants.

6. - The « Conclusions » arrived at will be published in the form of
a « Collective Note » {to which may cventually be added individual
notes) mentioning:

a) the points on which agreement was reached;
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) les points sur lesquels un accord n’aurait pas paru réalisable;
¢) les raisons pour lesqueles I'accord n'aurait pu élre réalisé;

d) des suggestions relatives aux recherches paraissant les plas

aptes & résoudre les difficuliés.

7. - Les « Conclusions » seront ausitdt imprimées et communi-
quées, par les soins de I'Académie Pontificale des Sciences, A tous

les centres scientifiques au’elies seraient de nature A intéresser.

8. - L’Académie préparera, done, la publication d'un volume of-
ficiel des Actes de la Semaine d’Etude contenant la chronique des
journées, les rapports des participants avec les discussions corres-
pondantes et la Note Colicctive Finale.

Le volume fera partie des publications officielles de 1’ Académie:
il sera cnvoyé aux Institutions Scientifiques avec lesquelles 1'Aca-
démie entretient des relations d’échange et toute personne pourra

se le procurer.

&) the points on which it was impessible 1o reach agreement;

¢) the reasons why it was not possible to reach agreement;

d) suggestions regarding the research work which appears most
snitable for arriving at a solution of the difficulties.

7. - The « Conclusions » reached will be immediately printed and
transmitted, Dy the Pontifical Academy of Sciences, to all the sclentific
centres which might be interested therein,

8. - The Academy will publish an official volame of the Proceedings
of the Study Week, containing an account of the sessions, the papers
presented by the participants, together with the relevant discussions,
and the final « Collective Note ».

This volume will form part of the official publications of the Acad-
emy and will be sent to the scientific institutions with which the
Academy maintains exchanges. It can be acquired by anyone.
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in vue d’étendre sa diffusion, le volume pourra aussi &re con-
fié a une organisation éditoriale pour étrec mis en vente, le Copyriglt;

demeurant toujours réservé a 1I’Académie,

g. - Toutefois, chaque participant reste libre de faire imprimer
son propre rapport partout oft il le juge convenable et & n'importe

que! moment.

T0. - L’Académie offrira en hommage a chaque participant une
copie du wvolume officiel des Actes de la Semaine d’Etnde, et des
Extraits de son propre rapport suivant le nombre de copies qu'il

souhaiterait avoir.

11, - Tous les frais de voyage et de séjour & Rome des person-
nalités invitées seront & la charge de 1'Académic Pontificale des
Sciences. L'hospitalité sera assurée dans 1'un des principaux hétels

de Rome.

The volume may also be entrusted to a publisher, with a view to
ensuring a wider distribuiion, but the Copyright will always be reserved
to the Academy.

9. - Each participant remains free to print his own contribution
wherever and whenever he thinks £t

10. -~ The Academy will present to each participant a copy of the
official volume of the Proceedings of the Study Week, as well as such
number of reprints of his own communication as he may desire,

11. - All travelling expenses, and accommodation in cne of the
pest hotels in Rome, of the persons invited to the meetings will be
borne by the Pontifical Academy of Sciences.
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L'Académie se fera un plaisic d’offrir la mé&me hospitalité aux
épouses des savants invités, a4 Dexclusion toufefois des frais de

voyage.

1z. - La participation 4 la Semaine ¢’Etude comporte de la part

de chacun I'acceptation de toutes les clauses du présent Réglement.,

The Academy will be pleased to offer similar accommodation to the
wives of the schulars who are invited, but not their travelling expenses.

12. Participation in the Study Weelk implies on the part of each
member the acceptance of all the clauses in these regulations.
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PRETFACE

The aim of the Study Weeks conducted by the Pontifical
Academy of Sciences is to take some topic of fundamental im-
portance in a particular branch of science, a topic about which
the experts have divergent, or even contradictory, views, and
to invite a small group of scientists to discuss it as thoroughly
as possible. The discussions may result in some agreed
conclusions, or opinions may remain divided. In any case
the formal papers, the discussions and the conclusions are
published in full.

The subject of Nuclei of Galaxies is indeed a matter of
lively discussion at the present day and seemed to be a very
suitable topic for a Study Week in astronomy. The preparation
of this Study Week was started during the Prague meeting of
the TAU in August 1967 by discussions between MORGAN, RYLE,
SANDAGE and the writer. A preliminary programme and list
of participants were drawn up. Subsequently RyrLe was unfor-
tunately obliged to withdraw and the Organising Committee
consisted eventually of G.R. Buremce, W.W. Morcan, J.H.
Oort, A.R. Sanpage, M. Scumint, L. Seitzer Jr. and D.J.K.
O’ConNgLL (Chairman}. The programme went through several
revisions, mainly as the result of extensive correspondence.
Although the whole committee met together for the first time
in Rotne just before the start of the meeting, various members
of the committee had been able to meet each other from time to
time to discuss details of the programme.
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The choice of the participants was dictated by the desire
to cover adequately the various aspects of the subject and 1o
represent different points of view.

The meetings were held in the Academy building, the
16th century Casina of Pius IV in the Vatican gardens, on
April 13, 14, 15, 16, 17, 18. There were in all ten sessions
of about three hours cach. At each session one of the members
was invited to preside. The name of the Chairman is given
at the beginning of each discussion. Professor E.M. BURBIDGE
and Professor WOLTJER were asked to prepare summaries of
the work of the Semaine, the former from the observational,
and the latter from the theoretical point of view. These care-
fully prepared summaries formed the basis for the lively discus-
sions about the conclusions. The preliminary draft of the
conclusions is given at the beginning of each summary. The
conclusions finally agreed on are given at the end of the
volume, together with some suggestions for future researches.

The papers and discussions were recorded on magnetic
tape and the tapes were brought every 15 minutes or so to the
typists who transcribed them immediately. The transcripts
were at once checked by Drs. G.V. Covyng, M.F. McCARTHY
and P.J. TrEaNOR of the Vatican Observatory, who attended
the sessions, and the corrected scripts were then reduplicated.
Thus the text of the discussions could be distributed to the
speakers the same day or the following morning, so that they
could correct them while the matter was still fresh in their
minds.  The corrected versions were then collated by the
secrefarial staff and a second revised draft was reduplicated
and given to the speakers. Revised copies of the second draft
were collated and the resulting third draft was sent to the
speakers after the meeting. The corrections received from the
speakers were incorporated in the final draft, proofs of which
were sent to the participants together with the proofs of their
papers.

Thanks are due to the above mentioned members of the
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staff of the Vatican Observatory, who contributed greatly to
the correct recording of the discussions, and to Signora Jose-
phine Lucas and her statf of typists, who worked long hours
in order to have the typescripts prepared rapidly. All the heavy
work involved in the practical organisation, both before, during
and after the Semaine, was conducted most efficiently by the
Chancellor of the Academy, Professor PIETRO SATVIUCCI, and
his coadjutor, Dr. FRANCESCO SALVIUCCI.

Finally 1 must thank all the participants who devoted so
much time and trouble to the Semaine, and in particular the
members of the Organising Committee, who were responsible
for the scientific preparation of the meeting.

D.J.K. O'ConnNeLL, S.7.
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INTRODUCTION

V.A. AMBARTSUMIAN

Bavahan Observatory
Tirevan - Armenia

1. The great majority of galaxies have a density-maximum
somewhere near to their centre of inertia. This region of max-
imum densily it is convenient to call the central part of the
given galaxy.

Sometimes in the astronomical literature this central part
is referred to as the nuclews of the galaxy. It is strongly
desirable to avoid such ambiguity since it is not this maximum
density region with very indefinite borders which we are going
to discuss at this study week.

In some nearer galaxies, for example in M 31, M 32, M 33,
we see that there is a starlike, or almost starlike, image super-
posed on this region of maximal density. In many distant
palaxies the limits of angular resolution do not allow us to
see similar starlike formation. They appear lost in the bright
background of the central part. However, in some distant
galaxies this superimposed starlike formation has sufficient lu-
minosity to be observed even in the cases when the angular
resolution of photographs are moderate {1”-3”). This is for
example the case in Scyfert galaxies. Similar, but less prom-
inent, starlike formation we observe in the photographic
images of many other (mostly spiral) galaxies. It is much
more convenient to apply the term: “nucleus” just fo these
formations, since they have shown us a. number of exceptionally

(1} 1 - Ambarisumian - p. 1
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interesting phenomena, the discovery of which affected the
whole cutlook of modern extragalactic astronomy.

2. The spectroscopic study of the more preminent nuclei
shows that there are processes within the nuclei which differ
from phenomena taking place in the other parts of galaxies.
We are going to speak about these processes a little later. Let
us mention here only some of them; the viclent motions of
gaseous clouds, considerable excess of radiation in the ultra-
violet, relatively rapid changes of brightness, expulsion of jets
and of condensations.

The presence of one or of several of these processes is
described by the word aciivity of the nuclei. Now there
are cases when no starlike discrete image is seen at the center
of a galaxy, but there are clear signs of the nuclear activity.
It is natural to suppose that in such cases a nucleus exists in
the galaxy, but its tofal luminosity in the visible light is so
low that its image is not visible owing to the presence of the
bright background of the ordinary stellar population. The
higher rcsolution can show us in such cases the presence of
the small nucleus,

Nevertheless no sign of a nucleus has been found in some
of the mearest pgalaxies. Ixamples: SM C and the Sculptor
System. We can only speculate on the possible presence of
the nuclei in the past history of these systems or on the pos-
sibility to find now the remnants of what at some time was the
nucleus of a galaxy of such type.

At the same time all existing data make it almost certain
that all spiral galaxies as well as all ellipticals of high and
intermediate luminosity have nuclei of different prominence.
Putting it in another way, we can say that almost all galaxies
of high and intermediate luminosity have nuclei, but it is pos-
sible that a large proportion of dwarf galaxies are deprived of
nuclei.

Of course we do not know exactly where lies the boundary
between the galaxies with and without a nuclens. Perhaps there

[2] ) - Ambarisunvau - p. 2
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is no clearcut border and the difference is only in the Iumi-
nosity and significance of nuclei of different galaxies. In any
case here is a problemn for study which is very difficult.

3. It is widely Lnown that there is a great measure of
similarity between quasars or QSRSs and active galactic nuclei.
It is known also that parallel to SRSs, which are compara-
tively rare objects, we observe optical QSOs.  According to Dr
Sannace and his collaborators the number of QSOs of a given
apparent magnitude is more than a hundred times larger than
the number of quasars of the same apparent magnitude.

The ratio is much higher when we take the corresponding
spatial concentrations (densities) of the same objects, We know
that quasars have optical {photographic) luminosities between
—24 and —26 absolute. The (QSOs have apparently a some-
what larger dispersion of luminoesities and their mean luminos-
ity must be of the order of —23. This makes it very probable
that the spatial density of QSOs is more than one thousand
times higher than that of quasars. This means that the optical
(JS0s arc in some respects much more important than quasars.
We can formulate the situation in the following way:

The (QSOs have considerable dispersion of luminositics.
The most lumanous of them are emilting also inlense radio-fre-
quency radiation and ave known as Quasars.

Such a large population of QSOs in the universe is an
evidence against their short life time. It seemns to me that the
assumption that QSOs live in the average a time shorter than
10° years is connected with many difficulties. However, if we
consider the state of quasars as a special active phase in the
evolution of OS0s then it is possible to suppose that the total
duration of such phase is much shorter (of the order of 107
years - 10% years, but hardly less).

For a QSO or a quasar of high luminosity (My = ~ 25)
such a long lifetime mieans that the total amount of energy
emitted in the form of electromagnetic radiation including the

f11 1 - Ambarisumian - p. 3
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strong infrared radiation must be of the order of 10% ergs,
which quantity is equivalent to about 5.10% M. It is true that
we can suppose that the lifetime of very high luminosity QSOs
is shorter than 10’ years, but even in the case of objects with
My = - 22.5 the problem of the energy sources seems very
difficult.

4. One of the most important things to be done in the
studies of active nuclel and of ©50s is to find the connection
between the different formns of activity.

It is true that the sfudy of radio-galaxies has opened the
way to discovery of the phenomena we are now discussing,
but it is now clear that the radio-sources form only a small part
both of galaxies with active nuclei and of (SOs. In any case
this is the case when we speak about strong radio-sources. It
is quite possible that all active nuclei emit something in radio-
frequencies, but apparenfly we are not able to detect such
weak sources.

Much more widespread among nuclei of galaxies is the
activity in the form of presence of ultraviolef excess radiation
of non-thermal and non-stellar origin and the presence of emis-
sion lines. Since in almost all cases the strong emission lines
originate by mean of fluorescence processes similar to that in
gaseous nebulae of our own galaxy it is possible to concentrate
our attention on the continuous emission in the ultraviolet. In
the case of SOs, owing to very large redshifts the presence
of ultraviolet excess is quite clear. However, for the majority
of galaxies the total radiation of the nucleus {both absolutely
and apparently} is weak and only a smiall part of galaxics
shows an ulfraviolet excess coming from the nucleus. A careful
search of galaxies with bright ultraviolet continnum covering
several thousands of square degrees has been made at Burakan
Observatory. As a result it has been found that about 2% of
galaxies in the interval of apparent magnitudes 13.5 and 17.5
have comparatively bright ulfraviolet confinuum. About 400
of such “nltraviolet” galaxies have been already found by

{11 T - Awmbariswmian - p. 4
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Marxarjan and three lists comprising 300 galaxies with u.v.
excess are already published. About one hundred galaxies of
these lists were already observed by different observers (KnaT-
CHIKJAN, WEEDMAN, SARGENT, ARAKELJAN, DinaJ, Esipov) and
it is now clear that not less than &0%, of MARKARTAN’s galaxies
have strong emission lines. Thus the observations support the
idea that the strong emission lines are strongly correlated wiih
u.v, excess,

Now there is every reason to believe that the excess ob-
served in the near-ultraviolet of these galaxics expands fo the
far-uitraviolet, as in the case of QSOs and that there exists a
maximum of spectral distribution when we consider the inten-
sities in wavelength scale [I (A)]. Let us connect this fact
with the observations of galaxies made by orbiting astronomical
observations launched by American astronomers. They have
indicated that some normal galaxies (for example M 31) show
an increase of intensity to the far ultraviolet, which suggests
a maximum of intensity beyond zo00A. Apparently we may
guess that the nuclear region of every galaxy is a source of
non-thermal and non-stellar radiation, which has its maximum
in the far ultraviolet., What we observe from the earth’s surface
is only a relatively faint wing of this radiation. In the cases
when the excess is /arge (as in the case of Seyfert ar of some
N galaxies) we can distinguish this wing. However, in the
majority of cases the u.v. excess is faint and its near-ultraviolet
wing is still fainter and we cannot detect it.

If this extrapolation is wvalid, we may suppose that all
nuclei emit this kind of w.v. radiation, but in galaxies with
active nuclei such emission is much more intense. It seems
therefore that the observation of radiation of nuclei in the far
ultraviclet is becoming very important for understanding the
activity of nuclei.

All these guestions are connected with the problem of low-
level activity of the nuclei of normal galaxies, But cven in
normal galaxies we have apparently from time fo time violent
events. The Dutch astronomers have shown recently from

[ 1 - Ambarisumian - p. 5
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21 cm observations that there are outward motions of some
isolated clouds diverted from the nucleus of our Galaxy at a
considerable angle to the plane of galaxies.

As regards the source of uliraviolet radiation there is no
doubt that this continuum usually comes from a source of
small diameter (less than 10'7 cm) and very characteristic irreg-
ular variations are evidence in favour of this. Wow can we
explain these variations? If the mechanism of radiation is of
synchrotron nature, then probably the variations of radiation
intensity are caused by variation in the flow of particles which
are ejected from a central body which has a still smaller volume.

The infrared emission represents another form of activity
of some nuclei, however a very important form. There are
evidences that dust is present in the nuclei some of the galaxies
of Markarjan, but it is not the real cause of infrared emission.

5. Another form of the nuclear activity is the ejection of
gaseons clouds. In the case of less active nuclei we have ap-
parently steady outflow of matter from the nuclens. We have
some possibilities to estimate the loss of mass by active nuclei.

In the case of NGC 4151 ANDERSON and KRAFT (dp. ].
158, 850, 1969) have calculated that the loss of mass is some-
where between 10 and Tooo M, per year. If we suoppose the
duration of the Seyfert phase to be 5.107 years and take the
lower value for the loss per year, we obtain the total loss of
the order of 5.10° My, Thus the activity must be connected
with great changes in the state of the nucleus.

Another example is NGC 1275.  Apparently the giant
filamentary gascous structure which we observe in this galaxy
has a mass of the order of several times 108 M.

Thus the outflow of gas from nuclei, either in the form of
clouds or of shells, indicates essential evolutionary changes in
the masses of nuclei. At the same time we must suppose that
in the initial stage of evolution the mass of the active nucleus
forms a considerable part of the mass of the whole galaxy.

We can only guess about the further history of the gases.

(111 - Ambarisuwmion - p. 6
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Where the motions are extremely violent (more than 1000
km/sec) the galaxy loses these gases. In the case of low velocity
of outflow from the nucleus the gases can form some systern
of clouds around the nucleus.

Perhaps the constant escape of mass from such galaxies
as NGC 4151 and Markarjan ¢ is the cause of the extreme
faintness of the envelope surrounding the nuclel of these
galaxies.

As you know, the Seyfert galaxies were defined as a class
of objects in which the permitted lines have much larger width
than the forbidden lines (especially N, and N,). However, it
is necessary to say that, if the emission line spectra of Seyfert
galaxies are fo be explained as the radiation of many gaseous
clouds expelled from the nucleus, then the spectral property
just mentioned means only that a considerable part of the
emission line radiation comes from clouds of small masses.
The expanding cloud of small mass can give an appreciable
amount of radiation only when if is dense, since the laminosity
is proportional to M?/V.

But at high density and small volume it cannot radiate
the forbidden lines. When however, owing to the expansion,
the density diminishes, the fotal radiation is too faint to be
observable. Thus in such clouds we do not see any forbidden
lines, The opposite is true for the clouds of high masses. When
we have only clouds of large mass then we shall observe for a
considerable length of time both the permitted and forbidden
lines. Now cverything depends on the velocity of expansion
of these large clouds. If they have low velocity of escape, they
produce narrow forbidden lines. If their expansion velocity is
high we must observe wide forbidden lines. Now it is important
that there is a group of galaxies which show both the pernutied
and forbidden lines equally widened. Examples are Markarjan
3, 6 and 3g. But this is exactly opposile to what we have in
the case of Seyfert type spectra. At the same time the physical
causes are the same. Only the values of the masses of the

(1] T - Awmbariswunian - p. 7
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clouds are different. Thus many other galaxies have active
nuclei of the same kind as the nuclei of Seyfert galaxics.

Sometimes oue speaks of the spiral structure of Seyfert
galaxies. It seems to me that this property is not essential to
them. More important from the point of view of morphology
is the prominence of the nucleus. We can notice that many
galaxies with Seyfert spectra are similar in their structere to N
galaxies introduced by Professor Morcan. Therefore it seems
that it is more appropriate to discuss their morphology in con-
nection with morphological properties exhibited by N galaxies.
Professor MorGan has some important new ideas on this matter
and I hope that he will tell us more on this matter later. But
in this connection I would like to dwell only on one point which
has been emphasised by MARKARTAN and ARAKELJAN recently.

In his survey of uv galaxies MARKARTAN has divided all uv
objects in two classes. First, s-galaxies which are strongly
concentrated objects of spheroidal form, which have a spectral
distribution like QSOs, and the second the d-objects which have
diffuse borders, where the emission lines are radiated from a
large volume of corresponding galaxies.

The redshifts of 42 CS objects {concentrated, spheroidal)
are known at this stage, but only for 25 objects have the photo-
electric measurements been made. Therefore only for them we
can determine more or less reliable absolute magnitudes.

For the mean absolute magnitude and colour of CSOs
MARKARAN and ARAKELJAN give My= - 1g.2, B~ V= +0.57,
U~ B= -0.28 compared with mean values which have been
obtained from published data on N galaxies Mp= - 21,
B-V=+0.9, U~DB= —0.27.

The s-galaxies of MaARKARJAN, though generally much
nearer to us than N galaxies, as a rule were not observed as
radio sources.

Therefore we can say that the CSOs of MARKRARJAN form
together with N galaxies one major class of objects. The op-
tically most luminous of these objects often are radio galaxies.

{111 - Ambartswmian - p. 8
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The number of CSOs in a given volume is several hundred
times larger than the number of N galaxies.

We have the same situation in the case of QSOs and QSRs,
and D - E galaxies and corresponding radio sources.

6. Radio-frequency emission. Here we have one of the
most important problems. We understand that a sfrong radio-
frequency emission is always connected with the activity of
nuclei. But the type of connection between the activity of nuclei
and of radio-frequency emission must be different in different
cases.

Apparently in the case of Quasars and of N galaxies the
connection is a direct one since the optical radiation in these
cases is the radiation coming from the nuclens. However, in
the case of D or I radio galaxies, in which in many cases
the radio emission comes from the clouds of relativistic gas
situated outside the galaxy and the optical luminosity is caused
by the light of the steflar population, the connection is indirect
and the explanation is to be found in the deep connection-be-
tween the nueleus and the stellar population of the whole galaxy.
Every theory which explains the activity of the nuclel and the
origin of radio galaxies must explain also these simple facts.

Another important question is connected with the process
of formation of clouds of relativistic electrons. The models
supposing that the clouds were ejected directly from the nucleus
meet some difficulties. It is much easier to suppose that the
clouds have been formed by coherent bodies ejected from the
nucleus. In this case we must assumne that cach of these ejected
bodies behaves as an active centre, radiating the relativistic
electrons. Here is a challenge for theoreticians.

7. Dense bodies ejected from nuclei. On several occasions
I had the opportunity to speak on jets originating in the nuclei
of some giant galaxies. The galaxy NGC 4486 is only one
example, The jets in- NGC 3561 and IC 1182 are similar in
form but consist mainly of classical gas. The condensations

{21 1 - Ambartsumian - p. g
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10. As usuvally happens in astronomy when great new dis-
coveries are made, the theoreticians try to give the explanation
of new facts almost immediately. However this time we deal
with very complex phenomena. It is even difficult to under-
stand what is going on in the external parts of a nucleus which
are transparent and open to our obscrvations. Therefore, some
patience is necessary,

At this stage we shall try to undestand better the external
manifestation of the activity of nuclei and to obtfain a correct
general picture of the processes under consideration.  Only
then will come the second stage when the theoreticians will
give the explanation of the deep processes and of the physics
of energy generatiosn.

To make the first stage shorter we must put the emphasis
on the observations and on the systematization of the results
of observations.

The systematization and classification of objects is as im-
portant as the classification of relations we discover between
different facts and forms of activity.

Nature is endlessly more complicated and diverse than it
seems to us, who until recently had no information on these
wonderful processes. Let us study them with patience and
base our conclusions mainly on the observational data.

fr] 1 - Ambarisunian - p. a2z



DISCUSSION

Chairman: D. J. K. O'ConngLL

Morcan

I should like to second the remark of Prof. AMBARTSUMIAN
concerning the need to select a single point of view — a criterion of
classification with the greatest prospect of significance. Then the
preliminary classification should be carried through without being
diveried by other spectacular phenomena,

Low

I would like to make a comment about the sirength of the
ultraviolet coentinunm, In trying to make models of the infrared
phenomenon the problem is to suppress the ultraviolet. There is
no difficulty in building a model of the infrared phenomencn
phenomenon the problem is to suppress the ultraviolet. There is
difficuit to make the IR without producing more high energy ra-
diation than is observed.

OSTERBROCK

In connection with the ultraviolet continuum observations of
galaxies, I shonld like to say that I discussed them specifically
before this meeting with my colleagues at the University of Wis-
consin, who made the Orbiting Asironomical Observatory measu-
rements,  Their first material on M 31 seemed to show a very

(11 T - Ambarisuwmian - p. 13
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strong ultraviolet excess, However, the data af that time were
not completely reduced. It now seems that the UV excess is not
quite as large as it first appeared. On the other hand, the data
continue to show a UV excess for the center of M 31, in the sense
that between 3000A and 20004 there is considerably more radia-
tion than from main-sequence type stars with the same spectral
type or B-V colour index. The complete reduction in  absolute
energy unils is not yet complete.

OoRrt

Prof. AuBarTsUMIAN spoke about the possibility of making a
whole galaxy from a nucleus by eruption. There is one great
difficulty, which is to get angular momentum. Angular momentum
is such a characteristic thing everywhere in the universe, especially
for spiral galaxies, that to me this forms a very great difficully.

AMBARTSUMIAN

On the angular momentum which Prof. Oort mentioned: of
course, I also keep this problem always in my mind. However, 1
think that there are many possibilities to explain the angular mo-
mentum now cbserved. Let us consider, for simplicity, how we
can have an apparent violation of the law of conservation of mo-
mentum. If we have a nucleus from which two jets of equal mass
and velocity are being ejected in oppesite directions, in this case
the nuclens will not change its velocity. DBut if one of the jets
consists of material which, for some reason, will remain long in
the condensed form, and the materiai of the second jet will easily
disperse after some time, we shall have only one remaining jet and
we shall have an apparent violalion of the momentum law.

For example, in the case where a nucleus is drawn out into
a jet which gives a dense visible condensation, we would expect
that the nucleus itself would receive an impulse in the opposite
direction. But there may be a diffnse undetected ejection in the
opposite direction which carries away this impulse. So it is pos-
sible to imagine cases where there is an appareat violation of

[r] 1 - Ambartsumian - p. 14
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anguiar momentum but where there is some unknown compensa-
tion, The observations of Arr suggest something of this kind.

OoRT

But not angular momentum?

AMBARTSUMIAN

It is easy fo build an example of the same type, leading to
the apparent violation of angular momentum. I agree that what
I have said is not a real explanation. The situation is dark but
there are many possibilitics,

OorT

I agree that often quite unexpectedly things which we cannot
imagine have turned up.

E. M. BURBIDGE

I worried a lot about this angular momentum problem also,
because in some ordinary spiral galaxies when one measures the
rotation in the outer parls one finds that a lot of the angalar mo-
mentum resides in the outer part. I wondered if outflow from the
nucleus might not be combined with the acquisition of material
from ontside the galaxies; perhaps the infall of the material coming
in an asymmeirical way, or with a small effective rofation far out,
could provide angular momentumn.

OoRrT

It would need a lot of matter, the velocities of shick would
have to be beautifully oriented,

HovLe

I think here one has to distingnish between the spiral galaxies
and the efliptical galaxies, Take the spirals first, where we can
be fairly sure that angular momentum is involved. To make a

(2] T - Ambarisumian - p. 15



24 PONT. ACAD. SCIENT. SCRIDPTA VARIA 35 - NUICLEI OF GALAXIES

system with angular momentum by a process of ejection, a material
with essentially zero total angular momentum, it is necessary for
separation to occur, with a part of the material retained to form
the galaxy and a part being expelled to infinity. Then there is
conservation of angular momentum, with a plus for what stays and
a minus for what goes away, making a zero total,

[1] 1 - Ambartswmian - p. 16
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ABSTRACT

The optical forms of five Seyfert galaxies [NGC 4051, 1068, 41571,
3516, and 1275] are related to the forms of a standard sequence
of giant spirals and ellipticals [NGC 4303 (IS), 4501 (g5), 2841 (kS),
and 4472 (E}] on the Yerkes form-classification system.

The form-relationship is described in terms of an operator F,
which, when acting on a normal spiral, produces a Seyfert galaxy.
Successive applications of the operator F on g5 and kS normal spirals
generate a surface which can be used for an integrated classification
of Seyfert Galaxies, radic N-type galaxies, and some of the Marka-
rian and Zwicky blue compact galaxies.

1. Introduction. Definition of “Seyfert Galaxy”.

The classical paper by Cary. K. SeyrerT (4p. J., 97, 28,
1643) on nuclear emission in spiral galaxies lists twelve systems
considered to have cerfain spectroscopic characteristics. Sey-
FERT's own spectroscopic investigation, however, refers to only
six [NGC 1068, 1275, 3516, 4051, 4151, 44697 of the twelve;
and the very great majority of recent investigations are con-
cerned with one or more of the six. TFor the purposes of
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the present paper, we shall consider the term “Seyfert Galaxy”
to be defined by these six.

The spectroscopic discriminant given by SEYFERT ls:
emission features similar to thoge found in planetary nebulae,
superposed on a solar-type absorption spectrum. He describes
their forms as “... intermediate-type spirals with ill-defined
amorphous arms, their most consistent characteristic being an
exceedingly luminous stellar or semi-stellar nucleus which con-
tains a relatively large percentage of the total light of the
system”,

It is the aim of the present investigation to relate the optical
forms of the Seyfert galaxies to those of normal spirals and
ellipticals, in a more precise manner. For this purpose, the
Yerkes classification of the forms of galaxies will be used.

2. The Yerkes Form-Classification,

The Yerkes form-classification system (P.4.5.P. 70, 364,
1658; P.A.S.P. 71, 394, 1959) is hased on one of the two
principal criteria of the Hubble system: the degree of central
concentration of luminosity. This criterion has been found to
be rather closely correlated with the kinds of stars contributing
most to the luminosity in the photographic region (see W, W.
MorGan and N. U. Mavary, P.A.5.P. 69, 291, 1957; W. W.
Morcan and D. E. Ostererock, 4. . 74, 515, 196g].

The relationship of the Yerkes system for the giant spirals
to that of Hubble is not single-valued. The relation between
MK spectral type of the nuclear region, Yerkes form type, and
Hubble types as listed by Humasow, MavAry and SANDAGE
(Ad. J. 61, 97, 1056) is shown in Figure I. The classes Sa
and Sb overlap over their entire range in MK spectral type;
and in the Yerkes form classes {gS and gS the relation with the
Hubble class is triple-valued.

However, there is not a completely smooth relationship

{2} 11, 1 - Morgan - p. 2
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MK [A] F G K K
Yerkes  [al] —afS —fS—fgS—gS—gkS—kS—E

S¢
Hubble - Sb
Sa
FiG. 1 - The relationship between MK speeiral type, Verkes form-class.

and Hubble form-class.

between MK spectral types and Yerkes form types; and there
is, in addition, a considerable variation in the appearance of
the inner region of spirals of the same Yerkes type. For
example, among the S spirals the nucleus itself can be single
[NGC 4303] or multiple [5248, 1808]. There are other major
differences in the forms of the inner regions of galaxies of
similar nuclear concentration of luminosity; some of these have
been described by Sanpack, DE VAUCOULEURS, and others.

From these considerations, we state an important charac-
teristic of the Yerkes form-classification system: The single
criterion for the Yerkes form-classification system is the one
most closely corvelated with the stellar populaiion of the inner
region of the main body, this critevion is infrinsically coarse,
and does not recognize the wide variety of phenomena observed
in the inner vegions of the giant spirals. The coarse Verkes
form-classification is a classification according to a physical
characteristic:  the stellar population.

3. The Frame of Reference for the 1S, g8, kS, and I Systems.

In what follows, we shall consider these four galaxies to
be representative of their Yerkes form-types: fS, NGC 4303;
g5, NGC 4501; kS, NGC 2841; E, NGC 4472. Three of the
four are members of the Virgo Cluster, and the fourth (NGC
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2841) is of a size and distance similar to the other spirals.
The three spirals are of the “giant” category, which have the
characteristic of having remarkably similar sizes, as far as
their easily-photographed “main bodies” are concerned. The
general characteristics of the four standard galaxies can be sum-
marized as follows:

1S (NGC 4303). Small, bright nucleus. The MI spec-
tral type of the nuclear region from McDoNALD spectrograms
is I¥7, in the range ) 3720-4120.

gS (NGC 4501). Inner part of main body considerably
brighter, relative to the outer part, than NGC 4303. Single
nuclear condensation. The MK spectral type in the violet
region is Gs.

kS (NGC 2841). The large, bright, amorphous nuclear
bulge characteristic of the kS class is present. The violet MK
spectral type of gKo is characteristic of spirals of this class.

E (NGC 4472). This galaxy is similar in form to other
giant ellipticals in the Virgo Cluster, and in many other clusters
of galaxies. We describe such ellipticals as of the “giant”
category, because they are far larger and more Iumiuous than
the dwarf ellipticals of the M 32 class. The giant ellipticals
as defined here are much smaller and less luminous than the
cD galaxies described by MarTHEWS, MORGAN and SCHMIDT,
1964, (4p. [., 140, 35), and have a different radial distribution
of luminosity. The blue-violet MK spectral types of all of the
brightest ellipticals of the Virgo Cluster are near gKo; this
is also true for the elliptical-like galaxy NGC 4374.

We may summarize the form-categories represented by the
standard galaxies as follows: (1) The three giant spirals NGC
4303, 4501 and 2841 define a sequence of increasing relative
brightness of the inner region, with a corresponding progression
in violet MK spectral type from I to G to gK; and (2) Therc is a
major change between form classes g5 and kS in the main body;

fz] I, 1 - Morgan - p. 4
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the bright detailed structure visible in the nuclear region at
g5 progresses to a large, amorphous, nuclear bulge in class kS.
The distinction between form classes g5 and kS is therefore
very great, when pholographs of shovt exposure and normal
contrast are used.

4. The Problem of the Degree of Form Resolution.

There is one additional subject that must be considered
before proceeding to the application of the standard form-
sequence: the optimum degrec of resolution for the number
of picture elements) in galaxy photographs. The obvious desire
to record as many details as possible leads to a progressive
diminution in image size on passing to progressively more
distant galaxies - and, therefore, to a progressively smaller
number of picture elements, Such a procedure is likely to
introduce systematic differences in form classification as a. func-
tion of distance; and a serious complication can resalt for
investigations which depend on the intrinsic identity of near
and far objects; in addition, the possibility of recognizing
progressive changes in galaxy form-type with distance is less-
ened.  For these rcasons, there are advantages in defining
nermal types in terms of a Himited number of picture elements
from photographs with small telescopes; such photographs can
then be compared with plates of distant galaxies obtained with
large telescopes, with better probability of classifying the latter
on a comparable system.

For this reason, the photographs of the present investiga-
tion were obtained with the new Yerkes 41-inch reflector at
its f8 Cassegrain focus, This procedure - together with the
equally important one of use of short {17 - 871 exposures
for the clear delincation of the crucial inner regions - results
in photographs of optimum classifiability for galaxies at the

{2] 11, v - Morgan - p. 5
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distance of the Virgo Cluster. Such photographs have several
hundred picture elements in the main bodies of normal spirals,
with faint-star diameters of the order of 2” to 37 of arc.

5. The Form Type of the Seyfert Galaxy NGC 4051.

Short exposures of the 1S standard NGC 4303 and the
Seyfert Galaxy NGC 4051 are shown in Figure 2. The former
is one of the giant spirals of the Virgo Cluster; the latter is
a member of the Ursa Major Cloud. The two are located at
comparable distances, with NGC 4051 probably somewhat
nearer,

On photographs of higher resolution (for example, sce:
P.A.S.P. 70, 364, 1058), the nucleus of NGC 4051 is seen to
have a sharper, harder edge than the nuclei of normal S
spirals; however, in Figure 2 it can be seen that this diseri-
minant has effectively disappeared for resolutions ~3”. The
2 exposures illustrated show that with this low angular
resolution the appearance of the nuclei, and the relative surface
brightness of the inner arms, arc similar. We are therefore
unable to discriminate, from these criteria, the Seyfert Galaxy
from the normal fS spiral. In this case, with the resolution
illustrated, we are thrown back on spectroscopic evidence; and
this last is quite convincing: the spectrum of the nucleus of
NGC 4051 differs markedly from that of NGC 4303, and con-
firms that it is a proper member of the Seyfert Galaxy group
(McDonald spectrograms, unpublished).

6. The Seyfert Galaxies NGC 1068, 4151, 3516, and I1275.

Series of short exposures of these four galaxies are shown
in Figure 3 - together with the gS, kS and E standards. All
but one of these are from Yerkes 41-inch plates; the longest

[27 11, v -~ Morgan - p. ©
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exposure of NGC 3516 is from the Yerkes glass copy of the
blue plate from the National Geographic Society-Palomar
Observatory Sky Survey. We are indebted to Dr. H. W.
Bascocr for permission to reproduce this exposure. The
angular scale of all prints is the same, except for the two of
NGC 1275, which have been enlarged more. The four Seyfert
Galaxies are arranged vertically in order of relative luminosity
of the inner region to the outer. The innrer regions of NGC
1068 and 4151 are compared below with those of the g8
standard NGC 4501, NGC 3516 with the kS standard NGC
2841, and NGC 1275 with the giant Virgo elliptical NGC 4472

NGC 1068, The surface brightness of the inner part
is much higher than that of the g8 standard NGC 45071;
the 2" exposure of NGC 1008 is brighter than the
37 exposure of NGC 4501, The linear diameter of
the visible main body of NGC 1068 is considerably
smaller than that of NGC 4501. A faint, ouler, arm
structure for NGC 10068 has been shown by SANDAGE
in the Hubble Atlas; this increases the size lo a
dimension comparable to that of the main body of
NGC gs501.

NGC 4f5f. Here the differences in form structure
compared to the g8 standard are marked. The 1™
exposure of NGC 4151 is hazy-stellar in appearance;
the contiguous region has grown bright in the 4"
exposure - completely different in appearance from
the 3™ exposure of the g8 standard. The 12" expo-
sure of NGC 4151 shows strengly the much fainter
main body.” This main body is considerably smaller
in absolute dimensions’ than that of NGC 4501. But
again, there are faint outer spiral arms visible on the
Yerkes glass copy of the National Geographic Society-
Palomar Observatory Sky Survey; and these outer

f2]-1I, © - Morgan - p. 8
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arms expand the size of NGC 4151 to dimensions
comparable to these of the g5 standard.

NGC 3516, This Seyfert Galaxy is considerably more
distant than those aiready discussed; and the apparent
dimensions in Figure 3 should be approximately dou-
bled for comparison. The appearance of the three
shortest exposures (17, 37 12 g strikingly dif-
ferent from that of the two exposures (2%, 87#) of the
kS standard; and the outer part of the main body of
NGC 3516 is only visible on the leng exposure image
reproduced from the second negative of the National
Geographic Society-Palomar Observatory Sky Survey,
The shortest exposures resemble a hazy star - very
similar in appearance to the 1" exposure of NGC
AT5T.

NGC rz275. This strong radic source is much more
distant; the two exposures in Figure 3 differ in scale
from the others. The 2" exposure from the nufiltered
103a(r plate is strikingly similar to the shortest expo-
sures of NGC 4151 and 3516, and differs from the 277
exposure on the elliptical NGC 4472. The spectacular
eruptions in NGC 1275 (W. Baapg and R. MiNKOWSKI,
Ap. [, 119, 215, 1054; E. M. Burrmes, G. R. Bur-
BIDGE and A. SANDAGE, Rev. Mod. Phys., 35, 047,
1963; E. M. BursmcE and . R. BUrBIDGE, Ap. .,
142, 1351, 1905; R. Lynns, Ap. [., 159, L151, 1970)
are not visible on this scale and exposure {ime (the
image near the galaxy on the 2" exposure is due o
a star). The 8™ exposure shows the elliptical-like

- structure -~ which is even more striking on the National
Geographic Society-Palomar Observatory Sky Survey
glass copy. '

{21 11, v - Movgan - p. 9
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7. The Structural Morphology of the Seyfert Spivals:  (a)
The Diagonal Relation.

A comparison of the 4" exposures of NGC 1068 and
4151, illustrates why the two spirals were arranged in the
vertical order shown: the spiral arms are strong in the first
and weak in the second. Similarly, a comparison of the 12"
exposures of NGC 4151 and 3516 shows the arms strong in
the former and absent in the latter. the sequence order of the
three Seyfert spivals is similay to that for the standavd spivals;
and they can be used to define a standard sequence for the form-
classification of separable Seyfert Galaxies. At one extreme is
NGC 1068; at the other is NGC 3516.

8.  The Structural Morphology of the Sevfert Spirals: (b) The
“Nucleus-Shoulders-Arms” Structures.

The development in appearance with exposure time of the
three Seyfert spirals in Tigure 3 can be described in terms
of three substructures. The hazy star-like nucleus is outstand-
ing in the shortest (1) exposures. The exposures in the
second column (1068, 2"%; 4151, 4™"; 3516, 127") illustrate
the development of a second, brilliant substructure, which we
label the “shoulders” (at the suggestion of V. AMBARTSUMIAN);
here the brilliant nucleus is lost in the overexposed image. In
the third column (1068, 4™"; 4151, 12™"; 3516, PSS) the
outer arm structure has become visible [discrete arm structure
is often not visible with the low resclution used; but it seems
very likely that with higher resolution all similar galaxies
would show spiral structure].

A classification of Seyfert Galaxies in terms of these
substructures is shown in Figure 4, the Ieft-hand parts of which
are similar in arrangement to the photographs iltustrated in
Figure 3. The three columns under “Seyfert Galaxies” are

{2] I, 7 - Morgan - p. 70
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4151 (K. S. Ampersoxy and R. P. Krarr, dp. ., 158, 859,
1669; R. CromwrLL and R. WEyMann, Ap. [., rsg, Lrigy,
1970) as well as other eruptive processes apparently going on
in more distant {and more lnminous) radio galaxies.

A Two--Dimensional Diegram for Galoxies

Standard Active Nudlei
Sequence Seyfert “N Radio
Goloxies Goloxies"
( 1068 N Radio Galaxies
g5[450]] Nt as defined by
Matthgws Morgan
ks [2841] 3516 and Schnidt,
(1964)
E[4472] 1275
{a) (b) (¢]
Fla)=(b} F{b)={c)
Frg. 5 — Diagram illustrating result of successive applications of operator

IF to standard sequence of spirals.

10. The Limitgitons of the Optical-Form Morphological Ap-
proach.

We have noted certain family regularities in the appearance
of the optical forms of standard spirals and Seyfert Galaxies.
With short exposures, like those illustrated in Figure 3, a nseful
classification can be carried out; but it is necessary to combine
such a classification with one based on the spectroscopic phe-
nomena peculiar to the Seyfert phenomenon. There are certain
combinations of emission lines which permit the formation of
“natural spectroscopic groups” similar to those described for
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stellar spectra (see: Pubs. Obs. Univ. Michigan, 10, 33, 1950).
When such a spectroscopic appreach is combined with a form
morphology such as that outlined here, it should be possible
to strengthen the morphological structure for these objects.

11.  Allocation of Actwities. Conclusion.

All of the photographs discussed here (with a single excep-
tion) were obtained by WarporN with the Yerkes 41-inch
reflector. The photographic work, including laboratory exper-
imentation on comparable photograpbic reproduclion of the
forms illustrated in Figure 3, was carricd out by Tarscorr.
The paper was written by MORGAN,

One of us (W. W. M.} is indebted to Professor Dimrrrr
MriarLas for a series of discussions. He also is indebted to
Dr. W. F. van ALTENA for providing the camera used in the
direct photography. We are indebted to Director H. W. Bap-
cock of the Mount WiLson and Palomar Observatories for
permission to reproduce the long exposure of NGC 3516 from
the Yerkes glass copy of the National Geographic Society-
Palomar Observatory Sky Survey.

This investigation was supported by a grant to Morcan
from the National Science Feundation.

Note added in proof

An important paper by E. A, Diay (“Luminosities of
Seyfert Galaxies and their Nuclei”, Astronomical Circulay
No. 481, p. 4, 1968) introduces a classification based on a
non-dimensional ratio of nuclear to galaxy luminosity. He
points out that this ratio increases continuously along the
sequence:

Ordinary galaxies — most Seyfert galaxies
- 3C 120 — Ton 256 — SS.

(2] T0, z - Morgan - p. 14
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Chairman: D. J. K. O'CONNELL

SANDAGE

May 1 ask if there is an apparent difference between Seyfert
galaxies and N galaxies only as the function of distance? Wonld
you say that these galaxies which you, ScumMipr and MaTTHEWS
identified as N’s would look lLke Seyferts if they were closer?

MoRrGAN

The strong radio sources classified as N in that paper might
resembie some of the bright Seyferts in a general way, but the
distant N's wonld represent a much more extreme departure from
“normal” spirals in the luminesity of the nuclear region,

SANDAGE

NGC 4151, perhaps, has the brightest nucleus of the classical
Seyferts compared fo the total magnitude, Does it seem likely
that if NGC 4151 were removed to a distance corresponding to,
say z = 10,000 km/sec, you see very little fuzz around it, and
would it then be classed as an N?

MoRGAN

Yes, probably.

KELLERMANN
I weuld just like to make a brief comment which T intend to
discuss more fully tomorrow: M 87 does, in fact, have a small
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flat-spectrum radio source in the cenfer with similar properties to
the other objects that Dr. Morcan disrussed. This, in fact, appears
to be a fairly common property of elliptical galaxies and other
galaxies. These small sources are not confined to the quasi-stellar
objects or to Seyfert galaxies.

MORGAN

This is very interesting. 1 believe still thai there is a marked
difference in the gradient of the images on the slides we have
seen here.

SANDAGE

In M 87 it is interesting that optically although the centre is
exceedingly bright, it is not abnormal in the U-B, The B-V is
about 1.1 and U-B is moderately normal, and that has always been
very strange. So here’s a case where you have a bright Seyfert-
like optical appearance, but where the non-thermal radiation does
nol dominate as in Seyferts and N's.

Morcan

[ actually was using M 87 as a standard, because Dr, HerscreN
remarked in a private conversation that it has a “normal” radio
spectrum.

KELLERMANN

I should clarify the radio sitwation, It is certainly truae that
99% of the radio emission from M 87 has a normal spectrem. It
happens that the small high frequency flatspectrum object is
buried in this more extended source. DBy itself it is ne different
from the other objects which yon have discussed, where the small
abject exists alone,

McCria

I'd like to ask Dr. MorgaN about the spiral he showed in
which there were mulliple condensations in what seemed to be the
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nuclear region and I’d like to ask him what the condensalions are
and whether there are other examples as well.

MORGAN
I can answer the second part. There are other instances, for
example, NGC 1808.

E. M. Bursmce

Yes, we have spectra of NGC 1808. We studied that galaxy
for rotation and came to the conclusion that those hot-spots really
seem to be I II regions, and there are some other galaxies whose
nuclei are like that, with hot spots, that appear fo be I IT regions
containing OB stars.

MORGAN
Are all the hot-spots H II regions?

. M. BussmGe

Well, the emission line intensitics, relative intensities, seem
to fit with that. Recently Berrora told me he had some other
specira along the minor axis and found some rather strange veloc-
ity gradients in that direction. I think it is an active nucleus.

AMBARTSUMIAN

Apparently this is true for hot spots only, but not for the
nuclear condensation. Probably the spectrum of the nucleus is
different from the other condensations.

E. M. Buzsioce
The wvery cenfral knot: on our spectra it was very hard to
disentangle that from the surrounding knots.

Morcan

May T ask Dr. Sampacr if he has information with high reso-
lution on the nuclear region of NGC 18087

{21 I, 1 - Morgan - p. 17
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SANDAGE

Only that the hot spots are there. T believe that spectra by
Awrr and Berrora indicate to them that matter has been ejected
along the minor axis,

L¥NDEN-BELL

I've read somewhere in SErsic’s work that active nuclel come
more commonly in systems with some sort of bar structure, that ig
in pE VAUCOULEURS' types SB or SAB rather than type SA. Ts
there, in your opinien, real truth in this or is it largely a matter
of observational selection still?

E. M. BUrBIDGE

1 think may bhe SErsic was referring to these two southern
galaxies NGC 1365 and rtogy. He drew altention to the strange
blobby siructure in a ring in the nucleus of NGC 1097 and it tuns
out to have emission lines which again lock like H II regions.
But here there is a central nuclens which can be clearly distin-
guished and which has a stellar population, I believe. NGC 1365
does not have such a central stellar nucleus; its whole nuclear
region is bright and has strong emission lines with velocity
gradients that indicate non-circular wvelocities.

Morcan

There is at least one bright barred spiral having a nucleus
with hotspots.

{23 I1, v - Morgan - p. 18



THE STELLAR CONTENT AND EVOLUTION
OF GALAXY NUCLEI

HYRON SPINRAD

Berheley Asironomy Department - University of Califoraia
Berkeley, Calif. - U.5.A.

1. NucLear M/1 VALUES

Before beginning the discussion of the present stellar
content of galaxies, and especially their nuclei, T wish to discuss
briefly the current status of the dynamic M/L ratios applicable
to the galaxies discussed here. In particular I would like to
emphasize the few available nuclear M/L values which we can
compare to the purely stellar population models at the end of
my talk.

A classic approach used for E galaxies and the centers of
big spirals, the virial theorem, coupled with an assumption on
the random directions of star motions near the centers, lead
Povepa (1961), MivxowsKkl (1962), BUrpinGe, BUrBIbGE and
Fisu (1961) and BrannT and RoosEN (1969) to total mass de-
terminations, and when photometry was available, M/L. ratios,
which apply to the whole body of an E galaxy or to the
amorphous central bulge of an Sb. The analysis ignores pos-
sible circular motions due to rotation.

On the other hand, if we have a system with small central
velocity dispersion and a well-determined rotation cnrve (true
in some Sc galaxies) we can assume circular motions to be dom-
inant; total M/L values for a large number of spirals have
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been determined opticaliy by the Bursmces and their collabo-
rators (c.f. Bursicr and Bureince 1970 and RUBIN and Forp
1970) while radio astronomcrs, nolably RopeErrs (196g), have
empioyed the z1-cm I line ag a rotation measure which can
lead to total galaxy masses. Howewver, if in the central parts of
an Sb galaxy like M 31 say, ¢ 2> 2, then use of circular mo-
tions and an ordinary rotation curve will greatly underestimate
the internal mass. The “pressure term” {BURBIDGE, BURBID-
GE, and PRENDERGAST (1g59)] cannot be ignored. This omis-
sion is typified by Larrrmaxp, Ducnessk, and WALKER'S
(1g6o) work on the very center of the Andromeda spiral. Their
M/L ratio is probably at least a factor of 5 too low!

Another way to obtain total masses is through the statis-
tical attack on radial velocities of galaxy pairs; when Pace’s
{1962) total M/L values are corrected to H, =75 kn sec~!
Mpc~! and expressed in terms of ¥ light, we find for the pure

IE galaxies, (M/T)\ -

4 35. The pure spirals in PPasr’s

sample have fotal (M/L), & 2 under these assumptions.

The most relevant new computations — and the ones which
really should apply to the discussions in this conference — are
new work done in Berkeley by King and Minxowsxs (1g7o).
The basic formula is:

(1) (M/L), = -

it yields a nuclear M/I., after corrections for seeing and a
flattening factor are made. Then a rather uncertain correction
for galactic absorption must also be attempted.

They use this self-contained analysis of a small central
region without recourse to the implied assumptions of uniform

(*) Where, ¢ = wvel, disp. (km/s): d = distance in Mpc; f, is centrai
surface brightness, and r, = core radius,
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mass and light distribution, which is inherent to the virial
theorem technique. The observational data are MINKOWSKI'S
velocity dispersions and new central photometry for 18 ellip~
tical galaxies, 2 SO’s and 2z Sb’s. King and MINKOWSKI ar-
rive at three general results:

a) There is no clear difference in M/I. between the cen-
ters of & and So and Sb galaxies.

b) Systems with M, fainter than - 1g have lower M/L.

¢) For luminous galaxies there is no (M/L), correlation
with M.,

M/, values from 15 - 40 for their giant galaxies probably
represent a real range.

In summary, the nuclei of luminous $b and ¥ galaxies
always seem to have (M/L), > (M/L) near the sun (x3 2) and
never seem to be as high as go or 100. The inner portion of
M 31 is the same as the big T galaxies.

II. GALAXY SYNTHESIS — STARTING POINTS

Together with Dr. B, J. Tavror, I have been attempting
to synthesize the spectra of galaxy nuclel with groups of rela-
tively nearby stars.

Photoelectric scanner observations with 16 and 32 A res-
olution on about go feld and cluster stars, three kinds of
globular clusters, and the nuclei of the galaxies M 31, M 32,
M 81, NGC 4504 and NGC 3376 have been made at Lick
Observatory with the objective of synthesizing model galaxies
from stars observed locally.

The models presented here employ up to 30 groups of
stars, each with = 1 star representing different segments of

[} 11, 2 - Spinvad - p. 3



18 PONT. ACAD. SCIENT. SCRIPTA VARIA 35 - NUCLEI OF GALAXINS

the H-R diagram, to represent the galaxy scanner specira at
36 independent wavelengths from 23300 in the ultraviolet to
210700 in the near-infrared. Both lines and continua are in-
cluded. The spectral features measured, in both stars and
galaxies, include three TiO bands, three CN bands, one weak
CaH band, the D-lines of Nal, the Mgl b’ triplet, Cal 24227,
Call 28662, Nal 281go doublet, the G-band of CH plus the
hydrogen lines Ha, Hy, and H2.

The galaxies selected were chosen to be as nearly normal
as possible; in the context of this Semaine they are a “silent
majority”, We tried to exclude nuclei with obxious non-stellar
continua, strong emission lines and those with obvious large
tracts of dust. The original screening was only partly suc-
cessful; our lack of complete success in synthesizing the center
of M 81 (with Wapr’s small radio source, and considerable
optical emission) may be blamed on this fact. The discussion
here centers mainly on M 31, M 32, M 81 and to some degrce
on NGC 3115, 3379 and 4504 and 51094. Scans are complete
for only the first three nuclei.

An important problem is the selection of the nearby stars
for use in the synthesis. The range of spectral types repre-
sented is broad; main sequence Qg to M8, subgiants Go - Kz,
giants G8 - M8. A dense grid in the H-R diagram was ob-
served for stars cooler than the sun. As mentioned before
(Seivrap 1966) Super-Metal-Rich (SMR) stars — individual
strong line giants and dwaifs — have been scanned [see Spin-
wap and Tavior {1g6g)]. They are used in distinct metal-
rich star groups — alternatives for normal giants. Not enough
SMR dwarfs are known, so the procedure for Go - M8V stars
was to use the strongest line stars found, thus just enriching
the mean metallicity of the m.s. stars. Opening up a third
parameter is an important result but leads to different opera-
tional strategy — where does one stop observing SMR stars?
We return to this topic later.

Metal-poor stars are also available for inclusion in the
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synthesis, when necessary. These were represented by three
metal-abundanee levels of halo galactic nuclear globular clus-
ters: a) M 15+M gz; &) M 3+ M 5; and ¢) NGC 6356.

ITI. Trr AsTROPHYSICAL CONSTRAINTS ON THE GALAXY MODELS

A few model-building constraints are imposed from current
astrophysical opinion; they are in order of importance in prac-
tice. We demand that there be:

1) Continuity of the main sequence,

2) Evolved giants follow tracks consistent with those
suggested for galactic clusters,

3) Any He emission ought to be consistent with the
number of O-B stars, and

4) That only one generation of star formation be con-
sidered.

The continunity condition is probably the only important
constraint; we do not permit large gaps in the main sequence.

IV. Ruris ror GoopNEss oF Fit avp MopeL BuiLpivg (Op-
ERATIONALLY) '

We have used the following “rules of matching” for de-
ciding about the goodness-of-fit for our galaxy population mod-
els; these guide lines are rather like those suggested by D. B.
Woon (1966).

a) First we match with the galaxy continuum colors —
hopefully from 23300 - 210700 or to K (2.218) and L (3.4}).

[31 II, 2 - Spinvad - p, 5
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b) Match the line pseudo-equivalent widths (w’s). The
lines from F-G and perbaps carly K stars are given highest
weight at A << 4500A in cases where arbitrary decisions must
be made; conversely the very late stellar type spectral features
(TiO bands) arc most important in the infrared.

The CN bands (23880, 24200, %gzo0) are sentive to abun-
dance and are a positive luminosity discriminant. The Mgl +
+ MgH blend (r5175) is somewhat abundance-sensitive and is
{he strongest negative luminosity discriminant in the visible spec-
trum. The D-lines are likewise strongest in late K dwarfs, and
have considerable abundance-sensitivity (SriNgap and TAYLOR
1969) (hereafter abbreviated ST).

V., ResuLrs ror THE BEst MopeLs or M 31

We have scanned the M 31 nucleus with a 10” diaphragm
at the 120-inch reflector at Lick: this entrance hole corresponds
to a Hnear radius of 15 pc at M 31’s distance, so the spherical
volume clement is about 1.4 x 10* pc®, a tiny volume compared
to the entire amorphous M 31 nuclear bulge.

The M 31 scan is rather precise [errors about 1% at the
ST {196g) wavclengths]; it has been corrected for a galactic
reddening of £ (B-V)=o0.m11. We note that the M 31 line
spectrum is clearly composite; H® is present with a strength
comparable to about a G6V star, CN and Cal absorptions
resernble K stars and the red TiO bands are as strong as those
in early M stars. The infrared TiO band suggests a contribu-
tion by stars later than M3. The curvature of the continuum
is also indicative of a quite composite source. The complexity
of the integrated galaxy spectrum is one reason to attempt
model-building comparisons for soiution of the stellar content
of M 31's center, ! ‘

[3} 11, 2 - Spinrad - p. 6



SPINRARD STELLAR CONTENT AND EVOLUTION OF GALAXY NUCLEL 51

A major thrust of this paper is to compare the goodness-
of-fit of different population models for M 31. We pass over
the solar vicinity van Rhijn luminosity function quickly — it
has far too much hot young star light, giving a model with far
too much ultraviolet and blue light and too strong Balmer lines
compared to the M 31 nucleus. This result is, of course, con-
sistent with MorGan’s {1960} equivalent blue region spectral
type of about Fo for the solar neighborhood.

Other M 31 models we consider in more detail have been
based upon old stellar groups usually modeled after the mod-
erately old galactic cluster M 6% (c.f. MorGaN and MAYALL
1957, BauM 1959, Woop 1966). The previous workers in this
field have all found a reasonably good color match with their
old star group models and M 31 and giant E galaxies; here
we ask an important question — need a good color match
over a long A baseline insure a model galaxy which has ap-
propriate absorption Hne strengths?

Unfortunately the answer is negative. The non-unique-
ness of galaxy models based upon broad-band celors alone has
been recognized before (SPinrap 1962); for example, SPINRAD
(1966) has computed line indices for a color-match model sug-
gested by Jomnson (1966). This was an extreme case, with
broad-band colors moderately well satisfied from 0.36 to 3.4,
but with very different stellar line indices in the model and
the real galaxy (M 31 nucleus again).

The degree of uniqueness achieved in model-fitting depends
upon the sharpness of the empirical criteria; that is, the stel.
lar-mix discrimination possible with the available line and
continuwm intensities and, naturaily, the precision of the gal-
axy intensity data. Looking ahead somewhat we consider the
galaxy models chosen here to be close to unique as far as the
general representation of nearby stars to simulate the M 31
nuclear mix is concerned. And our limits against certain types
of very red or blue objects are quite strong. But with the ap-
proximate 1%, observational uncertainty at most A's we can say
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little about contributions by any star groups giving << 1%, of
the total M 31 nuclear light at most wavelengths. Our hold
on the proportion of stars with colors roughly like the M 31
center itself is weakest.

One of the purposes of this paper is to discuss the inade-
quacies of previous M 3T population models based upon less
complete spectroscopic evidence. The usual clarity of hindsight
which we express here suffices to show the limitations of models
based upon spectra taken over a very limited 2 range; we do
not wish to denigrate some of these pioneering cfforts wbich
provided carly stimulus to this field, but they now can be
considered improved upon.

" Wae discuss first the Morcan and MavaLrn (1g957) giant
model. MorGan and MavaLL suggested that normal-abundance
CN giants (G8 - K311} coniributed most of the blue light to
the M 31 center and dominated other k-nuclei. Their sche-
matic H-R diagram indicated that M giant stars were major
red and near-IR contributors. Contribution from an old main
sequence (G - M) was minimal.

- 'We have computed several MorGan and MavaLL type
models, using our own proportions of stars in the subgiant
and giant branches of an M 67 type amray to satisfy the
continuum colors of the M 3T nucleus. The main sequence
is present with a GoV turnoff position and an approximate
van Rhijn luminosity function - it provides only a tiny
fraction of the visible or even infrared light in this model.

These glant-dominated models are slightly weaker-lined
than the M 31 center in the blue (including blue CN also),
and fail badly to match the large Mgl and Nal line strengths
in the yellow-green. Their worst and telling fault is found
at X 7> 7000A. Here we cannot match continua intensities and
line indices simultaneously, If the confinua to A = 3.4 were
matched fairly well by adding red stars, we find the model
has a Av1oo TiO index too weak and Nal index strong in
apparent “emission” ~- caused by TiO and VO blanketing
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at the surrounding wavelengths. This large residual is caused
by having 23%, of the 28190 flux contributed by M giants in
the giant-dominated models. If we attempt to fit the red and
IR TiO we arrive at a model with even more sodium “emis-
sion” and a continuum which is far too red. If we attempt
to fit the subordinate 28zg0 Nal lines, with no regard to TiO
band matching, our model confinua intensities at A >> goooA
are far too weak — down by 14% at 28800, 24.5% at Aroyoo
and by about 0" 56 at L band (3.44). This disastrous situation
is typical of M giant IR contributory models. The M/L for
these models are about 3.0 to 3.5 — depending upon whether
some number of white dwarfs (wdA} are added.

The inclusion of SMR giants {ST 1969) in place of normal
ones helps the blue and green region indices somewhat —
although the metallic lines are stil stronger in the real galaxy
nucleus than the enriched M+ M models. However, the IR
discrepancy will remain — to get the model continua suf-
ficiently red one requires M4 - M6III stars which have strong
apparent “emission” at the A81go Na lines (see Figure 4 in
SPINRAD 1g66). We would cxpect this situation to continue
even if the SMR giant metal abundances were increased by a
factor of ten, if all the metals were raised in phase.

More specific but similar models based upon stellar contri-
butions computed by ErLtorT Moore (1968) seem to have the
same general drawbacks as the M+ M models (see Figures 1
and z). Moorg used measured equivalent widths in the blue
region to constrain his galaxy population mixes and developed
models based upon the shapes of the “tracks” of the old
galactic clusters M 67 and NGC 188. We find Moorz’s models
red star deficient — i.e., they are deficient in red and infrared
light. The IR intensity residuals are very great at X = goooA.
Such a problem is not to be unexpected as studies of details
in the blue (% <I 45004) are not likely to yield accurate dala
on M stars. Addition of M giants as implied by MoorE creates

[31 I, 2 - Spinvad - p. 9
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the Nal emission residual, as discussed previously. We find
M/I. = 3.1 for MoorE’s models, including wdA stars.

The galaxy models of Davip Woop (1966} are rather better
approximations to M 31 on our system, for A < 7000A. With
normal-abundance stars they have too weak lines of Mgl and
Nal and red TiQ, but the continua match from Ai3300 - 7000
rather well. This is to be expected as Woon’s observed con-
tinua were obfained with photoelectric precision. However, for
A > #7000 (not observed by Woop) the residuals grow (see
Figure 3); they reach 20% at iro700 and o™ 50 at L (3.41).
Woon’s models are too blue — the real galaxy has more very
late-type stars. Now this red-light deficiency in Woon's M 31
model prescription is indicative and causal to a more deep-
seated discrepancy. Woop’s model M/L ratics were consistently
a factor of 3 lower than availahle dynamic M/L ratio estimates
for his galaxics. We claim that this is a natural consequence
of his lack of M4 and M8 dwarf stars, which we will later show
are necessary to match the IR continua and lines and bring
the M/L up dramatically. This point was also noted by TINSLEY
(1968). However, her Ez model with very many M dwarfs
and M/L = 100 is too red (sec Figure 4).

Our best models, determined through trial and error expe-
rience, are relatively satisfactory. One is illustrated graphically
in Figure 5, where again we plot intensity residuals, R(}) vs. A.
A similar plot can be made for any alternate solution, say one
including hot stars (Figure 6).

The reader will note the following main characieristics
of the acceptable model for M 31°s nuclear stellar content:

a) A very dwarf-heavy luminosity function, with meas-
urable light contributions all the way down to M8V (all the
mass in late M dwarfs);

b) SMR stars employed when possible, all over the
H-R diagram (SMR giants, “spiked” mixture of strong line
and normal m.s. stars); :

[3) 11, 2 « Spiwrvad - p. 11
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¢} A main-sequence turnolf near GoV;

d) A gilant branch dying out at K5III {presumably a
result of rapid time-scale for low-mass, high-luminosity evolu-
tionary phases (c.f. IBEN 196%); and

e) A stellar M/L = 43.5, in approximate agreement
with the dynamical M/L ratios of KinmMan (1965) and King and
MingowsKkr (1g70) for the very nucleus of M 31.

We shall now discuss the model characteristics in a detailed
way, for they are probably typical of most large spiral galaxy
nuclei, and also are very similar to the central region of giant
I galaxies.

The large amount of dwarf-enrichment (compared to van
Rhijn luminoesity function) is striking. The necessity of match-
ing both the red and IR colors and keeping w of Nal A81go =
> 0.00 demands large numbers of K7 - M8V, It is here that
a clear distinction between M dwarf and M giants may be
made — c.f. SpINrAD {1966) Figure 4. The K dwarfs aid in
reaching a closer match for Nal “I)” and Mgl ‘b’ lines in the
yvellow and green, respectively.

The main scquence (now excluding slightly evolved G
subgiants) contribufes 269, to 5360 V light, 28%, to A4040 in
the blue, and 46% at Zxo7co and 54% to the 2.22 (K-band}
flux of M 31. The steepness of the model’s luminosity function
produces the very high stellar M/L, and leads to cother con-
sequences which we discuss later. However, our red scanner
colors and the V-K, V-L colors exclude the possibility of
galaxy model M/L > 8o, if the stellar mass is in M dwarfs
(see Tigure 4 again). The M/L = 8o trials with the present
M 31 model as a base-building block turn out to be far too red
at 2 > 1. There is no obvious distinction for 2 < 80004, the
usual region studied optically.

The need for super-metallicity (sce ST 1g69) in the stellar
mix for M 31 can be seen most easily in the line w’s of Table
2, which follows.

{31 IL, 2 - Spinrad - p. 14
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TaBLE 1 — Abbreviated Population Model for the Nucleus

of M 31I.

Star Group Name

o V Light

87, Total Mass

Tate ¥ dwarfs .

Larly GV .
Late GV
Kr - KaV
K3V - K4V
K5V - K7V
MoV - M2V
M3V - MgV
MzV - M6V
MrV

M8V

Early G Subgiants .

Late (G Subgiants
SMR Ko - K IV
SMR KaIll - IV
SMR K3III

SMR K4 - sIIT
wdA

Later M Gianfs

Sum

0.99
6.44
4.26
4.26
3.17
1.49
1.19
1.1g
1.1g
¢.99
0.50
11.78
g.60
13.86
18,12
16.04
4.95
0.0

0.0

J00.00

0.15
0.22

0.25

0.47
1.09
3.00
12.70
13.05
69.92
0.12
0.10
0.09
0.03

0.02

0.0

0.0

I00.00

f31 11, 2 -
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TABLE 2 — M 31 Galaxy and Best Fitting Model Line Strengths.

Turther
] SMs W NGy Approsimare
Feature E {B--V) “Spiked” “]S;pfk(.:dj’ :\J)un(lf]n@
T Diwaris warfs Facter to
Reach M 31
UV CN 33880 4 0.37 +0.30 +0.37 7.0
Bx CN jg4215 0.20 0.17 0.18 1.5% 7 in N
Cal )g4227 a.1g Q.17 0.1 — 1.0 -
CH 4300 0.29 .37 0.31 —
Mgl Mgl 25175 0.28 0.23 .25 11X
D-Nal 35803 0.13*% {0.12) 0.08 810 Togx
TiO )6180 0.05 0.03 0.03 3x
TiO 7100 0.11 0.00 0.00 3x
Nal 28190 0.01 0.00 0.00 —_—
Call 80662 0.10 0.08 0.09 1.5 in Ca
TiC 38go0 0.03 +0.03 4 0.02
IR CN jgz00 +0.05 —0.,01 +o.co 3x 7 in N
(*} Corrected for W, = o0.3A galactic interstellar D.

In other words, we may obtain the same red colors for the
model galaxy, and nearly the same blue colors, with stars of
different line strength. Yet we do not quite achieve M 31 line
and band intensities, especially in red CN and TiO. As is
often the case, we can learn much from the deficiency of a
computed model. Trom observations of individual galactic
stars we can assure ourselves of the reality of galactic examples
of old stars with extraordinary strong lines. With particular
relevance to the TiO deficiency of our models we list in Table
3 below some examples of TiO-strong, K giant stars in old
galactic clusters. Normal K giants show detectable TiO in our

[31 1T, 2 - Spinrad - p. 16
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scanner bands if their types are cooler than about K4IIT
(T > s540). The notation is that of ST (196y). One bright
field example is v Peg, KaIIl.

Tapre 3 — Strong Ti0 in Old Galactic Cluster K Giants.

Normal
LEquiv, ¥ow T ow
Star vooT# Sp. Type (T {Tity
for color
M 67, Mi405 %* 8.¢ 0616 K5.5111 0,24 a.16
M 67, Mygy *# o] 547 K4HI 0.08 0.06
NGC 188, IIT-x8 5} 566 K4111 0.74 6.09
NGC G791, No. 1 13.7 540 L4111 0.25 0.05
NGC 6761 No. 3 14 515 I{3.50i0 0.11 0.03
(*) With the {folowing cluster color excesses: M 67, E = 0.™00; NGC

188, E = oMro; NGC 6791, E = o022,
(*%*) Murray, C.A. {1g67, unpublished) and Murray, C.A., and Cram-
ENTs, 102 {1668, Roval Obs. Bull. 13g).

If we could obtain scans at all wavelengths for these faint
stars they could be included in the appropriate synthesis SMR
groups. Unfortunately, only the M 67 giants are within range
for the difficult wavelengths at 2 < 40004 and, more impox-
tantly, %~ > goooAd with the S-1 photomultiplier.

So actually achieving the great M 3r TiO bands strength
with relatively hot stars (KK3II1) of high abundance is possible
in principle — but extremely impractical with the amount of
120-inch observing time available. The increase in metallicity
of the SMR M 31 nucleus over the average star near the sun
is probably of the order of a factor of six!

The improvement (increase) of 0.05 in w({IR CN X\gzc0)
may be more difficult. We already have used rather strong

{31 II, 2 - Spinrad - p. 17
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line giants from the field in the late SMR giant groups of this
synthesis. However, at Ag200, 319 of the model’s light origi-
nates in M dwarfs and here our selection of stars with strong
lines and relatively strong CN bands is probably inadequate.
The total number of M dwarfs observed completely to date is
not very large and the abundance-selection criteria for M dwarfs
arc only beginning to be understood. We may have about solar
or slightly above solar abundances for the Mo - M8V stars so
far observed -— a few metal-poor stars having been already
removed from the groups. If the Jower main sequences of M 67
and NGC 188 could be observed to M8V (a quite impossible
task} and included in this synthesis they would likely strengthen
the IR CN index. A more realistic hope might be the dwarf
M companion of ¢’Cnc A [a SMR dwarf studied by TavLor
{xg70) and GREENSTEIN and Omas (1968)]. An important
desideratum for the future will be a search for and an exami-
nation of individval M dwarfs with atypically strong lines,
Probably such a major cffort would improve the Agzoo CN
residval in these models.

We note that the CN stfrengths in the blue which suggested
giant branch domination to Morcan and MavaLL (1gs7) are
best explained both by CN-rich giants and strong line dwarfs;
otherwise we get the correct CN strength with luminous stars
whose damping lines of Mgl and Nal, efc. are much too weak,
This conclusions was also reached by McCLURE and vAN DEN
BurcH (1968). To summarize, the degree of super-metallicity
in the M 31 nucleus is known with low precision, but perhaps
would be at about twice the level of our SMR models, or at
about [M/Hls = + 0.8, McCrure (1g69) and SrPINRAD,
GuwnN, Tavror, McCLure and Youwe {1970) have found that
the M 31 mefal-abundance decreases rapidly outwards from the
semi-steltar nucieus, * This is especially noticeable in the blue
24200 band, which decreases by some 5-7 times over the first
inner kpc of M 31. In fact, our 10” entrance aperture at Lick

[31 11, 2 - Spinvad - p. 18
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might even have a small dilution effect on the abunidances of
the stars in the innermost region (say of radius 5 pc). A con-
tribution by Baape’s Population 1I starg may become noticeable
at » =2 37 from the center {some 600 pc on the major axis);
implicit in our battle to attain M 31 superline strengths with
our nuclear models is the statement that classic metal-poor Popu-
lation I stars contribute very little to the integrated spectrum
at » <C 3°. At the nucleus they must be near zero in their ¥
light contribution,

V. THE SPECTRAL TYPE AND AGE
OF THE MaIN SEQUENCE TURNOFF STARS 1IN M 31

Our models fit best at X < 4500 with no stars at all hotter
than a few late I dwaxfs, and very few earlier than Go - G2V,
It might be thought that horizontal branch OgV’s would be
hard to distinguish from GoV in the near UV; however, the
extension to 23300 provides enough baseline to give us a con-
tinuum shape difference between these alternatives. OAO con-
tinua observations to 22000 would be even better, if they could
be secured with a very small entrance diaphragm to isolafe the
M 31 nucleus. A hypothetical 1% V light contribution by O
stars gives a peculiar tilt to near-UV continua (see Figure 6);
moreover, the lack of noticeable Ha emission at the very center
of M 31 would tend to rule ouf the presence of many hot
O-type horizontal branch stars or a few OgV muain-sequence
stars, The argument is valid and strong unless there is now
low density gas there — however, the presence of [OI17 A3v27
emission lines almost to the very center (MUnNcE 1950) of M 31
would argue for at least a little gas, presumably in the form
of H TI.

[3]1 II, 2 - Spinvad - p. 19



64 PONT. ACAD. SCIENT. SCRIPTA VARIA 35 - NUCLRET OF GALAXIES
J

Trial M 31 models attempted with turnoff at middle or
late GV were clearly too red, as these require the deletion of
carly G IV’s also, from our astrophysical constraints. Evolved
stars are assumed to be at the same or lower Te in their im-
mediate post-main-sequence phases. Our conclusion for this
statement is contingent upon the assumed M 31 galactic red-
dening (E = 0.11) to be approximately correct. In summary,
a Go - G2V turnoff seems appropriate for M 31 center.

The age or a single generation coeval-birth group of stars
of normal abundance and GoV turnoff is about 10 % 10° years.
However, if extreme “SMR-ness” prevails, as we suggest,
then the chronological age of the stars is decreased to about
the revised NGC 188 age — some 4 x 10° years (c.f. Aizin-
MANN, DEMARQUE and-MILLER 1669, S. PEIMBERT 166g). Thus
there is little doubt that the muclens of M 31 is really quite
young! That is, star formation has continued until about 4
billion years ago. The M 31 disk may be much older — it
has approximately the same turnoff and solar abundances (at
approximately 200 pc S of the M 31 center) (SPINrAD ef. al.
1g970).

A possible explanation for the apparently relatively young
SMR stars at the nucleus of M 31 may be the tendency for
gas liberated by evolving stars or stellar collisions in the M 31
disk to collapse toward the center and form higbly concentrated
younger generations of high angular momentum at the very
nucleus. Whether conventional stellar evolution and mass loss
from normal-abundance disk stars would produce any super-
metallicity is in some doubt (ST 196g). We are indebted to
discussion with Drs. King and SasLaw on the subject (and
see paper by Srrrzer in this volume).

(3] II, 2 - Spinrad - p. 20
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VII. MoDELS For THE NUCLEUS
OF THE DWARF E2 Sys1iM M 32

M 32 observations are first-class data like the M 31 scans.
We have used again gy = o711 to remove galaclic red-
dening in front of M 32. Also, ¢.o1 of w{I)) may be considered
as intersiellar in our own galaxy.

The scanner spectrum of M 32 is distinetly different from
the M 31 scans. M 32 doesn’t have very strong metallic absorp-
tion lines. It is alse rather bluer than M 31. M 32 also has
notficeably stronger Hy and H& lines than does the M 31 core,
so the question might be raised — does M 32 have an earlier
equivalent spectral type because of an 5V main sequence
turnoff point, or could it be metal-poor and partially simulate
the integrated characteristics of weak-line globular cluster (c.f.
Morcan 1956)? The latter alternative has been suggested by
McCLURE and van DEN BERGH {1968). We try to answer the
question by model making and adjustment and comparison.
The choice here becomes rather difficult. Passing to longer A
in the scans we note that M 3z is composite; the TiO at 27054
is visible ~-insuring some red contribution by M stars. The
IR Nal 28rgo w is negative, so there is no obvious a prio
demand for many middle and late M dwarfs, as necessary for
M 31. However, many red stars are needed as the 210700
intensity is not very much lower than found for the M 3r
nucleus, V-K and V-L would be extremely useful additional
future data!!

We have tried a number of models to fit the M 32 popu-
lation; these are basically of two types — a younger stellar
system with a F5V turnoff position, normal abundance giants
(and dwarfs) and, as an alternative, a moderately metal-poor
globular cluster base (usually NGC 6356, sometimes M3 + M3)
plus an old galactic cluster track resembling M 67 or NGC 188

[3] I, 2 - Spinvad - p. 2x.
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in character.

The M dwarf and M giant ratio continues to

be set by the intensities of infrared continuum colors, w{TiO)
Table 4 below summarizes the results of

and w(Nal 28190}
hese trials.

TABLE 4 — M 32 Model Descriptions.

Maodel Description

Name (M/L}y Good Points Possible Wenknesses
a} NGC 6356 base, Ve G DBest continumn  Large range in stellar
= 34% fit, lines also are  abundances in  center
Normal Giant Stars, reasonably mat- M3 - normal [Fe/H"
Turnoff GoV; Some ched. No Heg emission from
M3 + Ms contribu- M3 hot stars-possibiv
tion, ¥ = 129 some expected.
Rather  few  late Low M/L  hAts
dwarfs King and Mix-
HOWSK] dyna-
mics,
b) Turnoff at Es5V 7 Continuum feirly  SMR stars and metal-
SMR  giants, 6356 good, lines fair, poor big range. Vary
= 389, IR indices excel-  voung gp - FsV, SMIR

lent match.

T 1 x 10% years, SMR

makes Na, Mg too
Strong.
€} 6356 = 269 =20 M/L = 20 if Only useful in setting
Normal Giants, some M8Y = 0.49% V. crude upper limit tc
M8V’s. stellar M/i.. Inifrared
continuum too red.
d) 6356 = 20% V¥V 7 Good IR indices, Only [air continuum
sV, early turnoff Only small abun-  match, Still rather
= 0% V. Normal dance range. young stars, 1 w» 3 x

abundance giants,

x 10% years,

The first model, which employs weak-line stars from NGC

6356, M3 + My, and normal giaut stars, without great dwarf
enrichment, fits best, but it is only slightly better than the
athers. There is no need for SMR stars in these models: model
b is warse for including them! The only decision one might

{31 11, 2 - Spinvad - p. 22
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wish to make astrophysically — on better theoretical grounds
than we can now offer - would be a choice based upon stellar
“age” at the nucleus, Really what is meant here is the epoch
of last burst of star formation. If that might have been as
recent as 3 billion years ago — and we see no way to ouflaw
this — then model (d) is only a slightly worse fit to M 32
observations than is (a), our first choice. Clearly the models
are not as unique as we would like in the case of M 32.

VIII. SoMme CRUDE INFORMATION
ON THE STELLAR CONTENT oF S¢ NUCLEI

Sc galaxies often have early type spectra (Humason 1936,
Humason, MavaLL and SANDAGE 1056, MORGAN and MAYALL
1g57); our partially complete scans of NGC 3194 and NGC
2go3 show a blue continuum in each case with HS and Hy
(corrected for weak emission in NGC 5194) strong in absorp-
tion. Tirrr’s {1963) photometry is quite consistent with ours.
A rough model for NGC 3194 suggests an extended main
scquence gap up into the late I3 stars in 5194 and perhaps to
BoV in NGC 2g903. Late-type stars are also neceded in NGC
5194 — the spectrum is quite composite. However, the requisite
data on the infrared spectra of these galaxies has not yet been
obtained, so that no strong decisions on the lower main sequence
are possible at this time,

IX. EvoLUTiONARY CHANGES IN THE DBRIGHTNESS OF A MODEL
E or S Garaxy

SANDAGE (1g62, 1068), TINSLEY (1968, 1g70), and others
have computed the evolution of the integrated brightness of a
model giant galaxy over some 4 billion years time. This is
annrnximately the look-back time to the distant cluster contain-

{31 11, 2 - Spinrad - p. 23
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ing 3C 295 at £ = 0.40. We could use cur nuclear M 31
model as typical of the centers of a big Sb and Sa and probably
glant I£ Systems. However, when we observe a galaxy at a
great distance, the actual photometry involves almost the whole
galaxy -— not just the central region. This leads to a problem
of integration; the nuclear models are toc metal-rich for the
integral galaxy, and little 1s known about the stellar content
of the halo of giant I systemns (c.f. DB VAUCOULEURS 1960).

A compromise solution, vsing a model for the M 31 disk
(Seinrap, GUNN, Taveor, McCrure and Younc rgyo) gives
a very small evolutionary correction: dL/jdl = o%oo 4+ o™ 03
per 10° years (up to 4 x 10° years in the past), This is true
because of a fortunate counterplay of two factors as we look
back in time to the models, when they werc younger, We
note that:

a) The steep m.s. luminosity function of the models
yields fewer giants resuiting from their earlier main sequence
progenitors;

b) The turnoff point stars, subgiants, and giants are
brighter at a given color, this earlier stage; and

¢) The lower unevolving main sequence, accounting
for some 30% of the V light, is unchanged.

The lack of a large luminosity correction was computed
for the present V' wavelength; at cmitted B band there may
be a modest correction, but it is really negligible for the present
epoch of faint galaxy photometry. However, it is likely that
observations in R band (referring to emitted 7 light in a distant
source) would be the easiest ones to interpret. If we eventually
measure distant galaxies at z = 0.6, the simple extrapolations
discussed here will require improvement,

(31 11, 2 - Spinrad - p. 24
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X. Oruaer PROPERTIES OF THE MODELS:
Gas GENERATED BY “Star Dratus”

Following a computation by Mr. WirLiam Brown, I have
computed the mass of steilar matter lost to the interstellar
medium as red giants of present representative turnoff point
masses (>~ 1.2 My in our current day models) evolve to white
dwarfs of mass 0.6 Me. No physical discussion or Justification
is in crder here; the computation obviously relles on the
“standard” theory of mass loss in evolving stars. The frac-
tlonal mass generated by star deaths in this way will depend
upon the ratio of evolving stars to unevolved stars —— and
will be much lower in our best M 31 model than i the solar
vicinity. The equation used is:

Mg({s = M (M‘,} qro (]W'L’) .

M

M=y

"

Note that the lower limit to the luminosity integral now
goes all the way down to smatiest mass stars — including many
stars which do not appreciably evolve in 10* years,

Conceptually, the ratio M, /M computed in this way is
very dependent on the initial stellar luminosity function; if the
W, (M) is very dwarf-heavy, the gas elected will be only a
tiny fraction of the total mass. Broww has computed this ratio
as a function of the shape of ¥y; he finds the SALPETER initial
luminosity (SALPETER 1955) yields a large gas fraction —
Moo /M 2 1/3, while using Spinrap’s (1966} now dated but
very dwarf-rich function for ¥, he obtained a ratio of 3 x 107%
We have computed the ratio for the best M 31 model;
M,../M 22 10~% with an uncertainty of at least a factor of thrce

(37 11, 2 - Spiwrad - p. 25
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due to the necessary extrapolation to masses above 1.3 Me.
White dwarfs would only amount to 10* M, ., in this excreise.
These computations are schematic, but indicate a way in which
a little gas may be found in “dead” galaxy centers — we
note that the giant E galaxy NGC 4472 may have ncutral H
in the ratio My,/M,,; = 2 x 107% (RoBinsoN and KoEn-
LER 1965).

XI. CoRrELATION OF (GALAXY NUCLEAR SPECTRAL FEATURES
AND ABSOLUTE MAGNITUDE

Finally we mention that the strength of some absorption
lines and bands in the spectra of galaxy nuclei scems to cor-
relate fairly well with the integrated magnitude of fhe whole
system.

M, of E and So galaxies correlates with the DDO system
CN band measure C (41-42), as observed by Mc CLURE and vaN
pEN BErRGH (1968). The CN is considerably stronger in the giant
I's (M, < — 20) than in dwarf galaxies like M 32 and NGC
205. SPINRAD and TAYLOR’S scans confirm this. ), also nearly
correlates fairly well with  (McCrurk and vaN DEN BERGH
1968) and rather well with the sodium D lines (unpublished
scans by SPINRAD, and SPINRAD 1662, DEUTSCH 1964).

These correlations imply to me a chemical composition
difference between the centers of big E, SO and Sa-Sb system
compared to the smaller galaxies of these morphological classes.
Why the little ones have been inefficient in metal production is
not clear — perhaps the small absolute amount of gas processed
and falling to the center in dwarf systems is the key.

In conclusion, although the normal galaxy nuclei are
relatively inactive by definition, it may be necessary to under-
stand their stellar content if the active phases are side products
of normal galaxy evolution — as stressed by some of the
gpeakers in this Semaine,
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DISCUSSION

Chatrman: W. W. MorGan

SANDAGE

May I ask what the sensitivity of your medel continuum energy
distribution is fo slight changes in the ingredients? That is, what
can you allow the turnoff luminesity difference to be to produce,
say, a 5% difference in I (3)? The point is to see within what
range the giant ellipticals are the same age, in which cbservation
shows the T (A) fo be the same within error limits of about 5%.

SPINRAD

The sensitivity of the models, of course, depends npen which
ingredients are changed; if you wiggle the extremely hot and cold
ones they are terribly sensitive. However, 1 assume that’s not your
question.  The turneff point is moderalely sensitive; let me discuss
it first of all from the empirical peint of view, before gelting to
the physical side, which is harder. You certainly can immediately
detect inclusion of stars as hot as Fy instead of Go, because the
ultraviolet end of the model gets blue. The inverse thing happens
if you go down and then break off the main sequence at G35 instead
of Go. What would be more realistic is, say, take the turnoff down
to Gs so it would be something terribly old, then the ultraviolet
colors in the model turs too red, but let us try to preserve them by
putting in some slightly metal-pcor globutar cluster, This is ac-
fually a suggestion of Sionry Van pin Bircn. I tred fo play that

(37 I, 2 - Spinvad - p. 29
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game - il looks as though one can constrain it moderately well, so
1 think the turmnocf{ point is determined to rather high precision, I
would hope to about two or three tenths of a class. On the other
hand, to equate this in terms of absolute age is awkward, because
if you believe the turnoff point stars are super-metal-rick then they
come out to be quits young.

SANDAGE

It is not the absolute age that is important. It is the differential
age for galaxies which observations show to have the same T (3) to
within 5%, What can you say of the equality of age from the
variation you can allow from the main sequence fumoff point?

SPINRAD

Now I understand your question; [ wish I could answer it bet-
ted, T really don't have exactly the best kind of observation one
would like: for example, it would be great for me to do the fen top
galaxies in the Coma cluster. I don’t have nearty that extensive
material. I have scanned a few ellipticals (excluding the dwarfs,
which I don’t count in this), They are more or less the same, but
unfortanately the one for which T have the best scans, NGC 3379,
lras a rather bluish center (by ahout 10%, in the base line from 3300
to g4o004). 1 don’t know exactly what to make of it — it is purely
stellar ~ a very quiet galaxy. HE& is also glightly strong. Other
than that, I think ali that has been said by using UBV photometry
on the large galaxies, especially those in clusters, indicates them to
be homogenous and 1 don't really quite understand what the NGC
3379 difference is, Perhaps it is just a fluke, but perhaps it means
that one can’t be so categorical about saying that the turnoffs are
all the same, although it is my personal prejudice that they are not
very different.

SANDAGE
By how much though in AT/T?

[3] II, 2z - Spinvad - p. 30
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SPINRAD

It's just an impossible thing for me te answer in my head now.
But I'll do it before the day is over and give it to you privately.
{The answer is approximaiely a 40%, age variation limit},

Hovre

I’d like to follow up the 59 that Sanpace has just mentioned.
Isn’t that of the order of the difference between your best fit fo
M 31 and the Morean disiribution with K Giants?

SPINRAD

I think that that is right, but what I think he is talking about
are systematic effects which presumably will be functions of wave-
lengths. For example, if you change the turnoff point luminosity
yvou also change the color in a systematic way, so you have F§
instead of Gg4’s or Ga's, and that is a cinch to find whether you
like Morcan’s HR diagram or mine. It wouldn’t matter in this
particular case.

Hovrr
The point is that a change of 5% in the 1 (.} curve would permit
a change from your best distribution.

SANDAGE

Yes, but God hasn’t said that half the galaxies are built by
Morgan and half by SpiNrap, They are all built presumably on the
same model and then you are locking for differences as a function
of age, i.e. main sequence turnoff points, 1t has always been stated
that the equality of colours or I {3) says something about the spread
that vou can allow in the giant ellipticals, and I'm asking from
Speinkap’s ingredients how much can he allow and let T (3} be the
same to within 5%7?

Hovre
1t may well be so.

[z} 11, 2 - Spinvad - p. 31
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SANDAGE

The type of galaxies I am talking about {giant E) is the same
in many rich clusters of galaxies. That is, the first rank cluster
member is so homogeneous a class in all its properties, that we
want to know what are we allowed in the age spread for this group
alone,

HovLe
I am saying that so far as the observational situation is con-
cerned there is uncertamty.

SANDAGE

I do not agree, if we are talking about giant I galaxies.

SPINRAD

What little I can add to this is that homogeneity is certainly
pretty good in the upper end of the galactic uminosity function.
This applies to the big Es and the big Sbs. When you get a little
fainter, they start to jump around and appear more individualistic,
Of course, the Ses which T talked about not at all, are a completely
different kettle of fish. They've got young stars in them — as hot
as you like. That isn't relevant to SANDAGE’S question.

Morcan

The violet spectrum of the inner part of M 31 seems to have a
continuous veiling of the strong K-type features.  This veiling is
not observed in the case of the clliptical-like NGC 4374. Have you
considered the possibility of the presence of a stratum of white
dwarfs as the cause of the veiling in M 31?

SPINRAD

I've played the white dwarf game to the following degree. After
the Prague [AU I went out and observed one.  It's one of the A
type ones with a continuum lLike an O star but hydrogen lines

[31 11, 2 - Spinrad - p. 32
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stronger than an A4 main-sequence: the classic thing, Those can
be constrained in my models fairly well because they show up in the
deep ultraviolet very rapidly at 3300 A. They also show up in the
higher members of the Balmer serics, so they are pretly easily
constrained and T don’t think they are a terrible hazard. T didn't
pul them in this particular model because I didn’t need them at a
level where it mattered. For example, if you put them in at the
level where you can start to see them {and say you don’t like them
because they distort the spectrum), they increase the mass-light ratio
for the best M 31 model from about 44 to 47, so they are quite
inconsequential that way.

However, what is probably more important and what I haven't
done, is to look into the problem of the cold white dwarfs, things
like Van Maanen 2, and even cooler stars. I just simply haven't
observed them and really cannot deny that they are there. What
they would do to the ultraviolet continuum in the K type spectrum
I'm not really sure - they certainly do not have a spectrum as full
of details as a K giant,

Morgan

I would question the statement that the higher numbers of the
Balmer series show in white dwarfs of the o* Eri B class.

SPINRAD
Yes, you are correct, H§ is the last line which, in fact, I have
measured. My mistake,

McCrea

I aslced Dr. Spinrap after his talk this morning about the age
as seen from a different point of view: if he had evidence that ail
the stars in the nuclear region are about the same age, and whether
that age can be taken to be the age of the galaxy concerned. T wish
to ask if Dr. Sanpacr’s question implies that the age is, in fact,
the age of the relevant galaxy?

(3] 11, 2 - Spewwrad - p. 33
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SPINRAD

Let SANDAGE answer first,
SANDAGE

We don’t know, but the thing that is so impressive, 1 think,
about members of the local group, which you can study in great
detail, is the resolution of what Baave always calls the background
sheet of population I1. This resolves in all members of the local
group at the same absolute luminosity, about # p 2.8 to—2.q.
The globular clusters resolve at the same level, This applies not
only in the nucleus of M 31 but in the disk of the Large and Small
Magellanic clouds, in M 33, in IC 1613 and NGC 205. So at least
in those galaxies where we can see something that we can age date
from the top end of the globular clusters, the age seems to be the
same to within about 20%. Then the energy distribution of the
central regions of M 31 (not just the nucleus but, say, the central
400 parsecs) is the same (to within the measuring accuracy) with
the energy distribution of the giant ellipticals in all clusters of
galaxies. This has always been very impressive, at least o me,
and was Baape’s main argument that all galaxies where we can
see something are the same age.

SPINRAD

Well, 1 think my models are not sensitive enough {o discriminate
10 or 20%, age differences, if we take the maximum age to be 1z
billion years or something that, I don’t think I can tell the differ-
ence between g and 12, for example, The sensitivily occurs when
the turnoff point begins to change rapidiy and it is jast a function of
mass dependence of the stellar evolution, so 1 really would not like
to say anything about the maximum age. T can say something of
course, abouf the last date of star formation where the models do
have some sensitivity.

Morcan

I have one more short question: In the nuclear region of our
own galaxy, at a distance of about 4 degrees from the actual galactic

{31 11, 2 - Spinrad - p. 34



SEINRAD D STELLAR CONTENT AND EVOLUTION GF GALAXY NUCLET 70

centre, the brightest objects in the near infrared are late M giants.
Does this agree with Sanpacre’s remark in regard to the brightest
resolved stars?

SANDAGE

I don’t know whether we've really identified the same type of
populations in our galaxy at the place you mention as, say, in M 31,
but the knowledge that there are RR Lyrae stars in the centre of
our galaxy shows, in any case, that there js an old population there.
If we allow the RR Lyrae stars o vary in absolute luminosity by,
say, 0.4 of a magnitude according to metal abundance, then we
can’t tell whalt AT/T is exactly, but we know that there are old
stars in the center of our galaxy,

TFowiLER

This morning, did I understand yon to give a figure for the
abundances of the central regicns relative {o the solar system?

SPINRAD

In a moment of foolish boldness, T said 6 or % times solar, 1T
think that's probably O.K., in a bold sense of the word. Also, it is
not at all clear that I’ve resolved the maximum,

FowrLer

Buat you say that the ceniral region of M 31 has 0 to 7 times
as much nitrogen as in the sun. How do you know the value in the
solar system in the first place?

SPINRAD

It's clearly relative. The elements studied are sodiam, calcium,
magnesinm, and indirectly oxygen, nitrogen, and carben. T don't
know them in an absolufe sense in the solar system. This is a wild
extrapolation which is probably not so very bad in the context of

[27 ¥1, 2 - Spinrad - p. 35
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this meeting. It comes from the factor of three enrichment which
Tavror and I have suggested for the old galactic clusters, and ano-
ther factor of two above. That’s where the factor 6 comes in.

FowLER

But which elements are the key ones now?

SPINRAD

Sodium, magnesium, probably nitrogen through the CN bands
also through the emission lines that Mrs, BUrebiceE and OSTEREROCK
will talk abeut (N II 36384). I don’t have any iren information
directly, for example, which would be difficuit to get. 1 have no
information of helium in the nucleus of M 31 and that would clearly
De a crucial observation. Observations have been made by PEIMBERT
and others for other nuclei, and the helium does not seem to vary
much.

Morcan

When you speak of super metal-rich, just what do you include
under the category of metals?

SPINRAD
The Categories include thie things that I measure: Na,

Mg, Ca, N,

MoORGAN

Is carbon a metal?

SPINRAD

In this context, yes,

{31 1Y, 2 - Spiwrad - p. 36



THE OPTICAL LINE AND CONTINUOUS
SPECTRA OF RADIO GALAXIES,
COMPACT GALAXIES, AND SEYFERT GALAXIES

WALLACE LW, SARGENT

Hale Observatories,
Carnegle Instilution of Washingfon,
California Instilute of Technology,

and
Institute of Theoretical Astrononiy,
Cambridge University

I. INTRODUCTION.

This survey of the spectroscopic properties of Seyfert gal-
axies, N-type galaxies, compact galaxies, and radio galax-
ies (1) is not intended to be a balanced review. Instead we
shall pay particular attention to two topics which are new.
First, in the discussion of ZwIcKY's compact galaxies, we shall
dwell particularly on the properties of two dwarf emission line
galaxies which may be examples of young galactic nuclei.
Secondly, in the section on Seyfert galaxies, we shall summarize
recent evidence for the existence of very small components in
their nuclei - objects of order 0.001 parsecs in diameter,

These two topics relate to two of the most fundamental
problems discussed at the Symposium. A few authors, particel-
arly AMBARTSUMIAN, seem fo regard galactic nuclei as primary
components of the Universe, relicts of a very early phase in its

(1) Due to lack of time, the section on radio galaxies was not presented
at the Semaine d'Etude. It is incinded here for completeness. Other parts

have also been expanded, in some cases (indicated in the fext) because new
information became available shortly after the meeting,

{43 1T, 3 - Savgent - po o
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plot for the objects in Zwicky’s lists by FAIRALL (1g70) indi-
cates that they are substantially complete down to magnitude 15.

Spectra of a few compact galaxies have been described by
ZWICKY (1904, 10906, 1967}, Arr {1968), FAIRALL (1968, 70}
Barsow (1969} and by Dr VENY and Lynps (1g6g). The writer
{SARGENT Ig70a) recently completed a more extensive survey in
which low dispersion spectra were obtained of 141 Zwicky
objects, of which 126 turned out to be galaxies. (The rest
were Galactic stars, presumably superimposed by chance on
the image of a distant galaxy, and one planetary nebula). The
main results of SARGENT’s survey are shown in Table 1 which
summartizes the statistics relating to redshift and absolute mag-
nitude for the objects divided up according to the character
of their spectrum. Before discussing some of the more interest-
ing individual objects, we note that 60 of the galaxies show
only absorption lines, 20 have both emission and absorption
lines and 43 have only emission lines, The remaining two
objects are lineless; they probably have non-thermal continous
spectra similar to the rapidly varying radio source BL Lac.

a) Objects with emission-line spectra.

In this paper we shali concenirate on the Zwicky galaxics
with emission line spectra. These falt into two categories -
objects with broad emission lines similar to those observed in
the spectra of Seyfert nuelel, and objects with sharp emission
lines, The galaxies with broad emission lines will be described
in section III. SarcenT found that while the 33 galaxies with
sharp emission lines encompassed a wide range in both absolute
magnitude and redshift, their emission line spectra did not
depart from the range in excitation exhibited by H 1T regions
in galaxies. That is, none of these 33 objects had emission
lines of He II and {Ne V] which are found in the spectra of
Seyfert galaxies, some planetary nebulae, and some radio gal-

[4] H, 3 - Sargeat - p. 4



85

OPTICAL LINY AND CONTINTOUS SPECTRA...

SARGENT

z'te— O¥1— zoz— oftrde Lr€ ¥606 €I 94 €9 - spelgo 1y
1z {gr—) €oz— Ebgrz odzr  ELFID 1 Tz 1€ T eEge [T D
- — zog— « — e Logh — I — sqe pAY
giz— 6r—-  goz-— ECELr geot Oghir z 3 1 ©osqe II B0 < OpAY
Lroz—  foe—  Soz— o0gbzI ggbg  EL66E ¢ e sqe pAY fws LzLE
g1z 28t~ Vo zgbor 6gL gzl =z ¥ € sqe pAYg “we dieyg
1z g~  1°0z— etz FLEF gLl — z € sqe pAY + I vD cum cdreyg
€1z— (§61—) (broz—) €Eoffr ggt€ oLEh — I T : sgqe 1] 'Y Cwe LzlE
goz— 61—  H61— o0gbt CgbF @69 I b z 'sqe 11 en Cwe dieyg
(61— (56r—) (&-6r—) 61902z 99sd gQgotfr —  — ¥ ‘we LTLE
{ez—) O'¥yr— 61— Igeer [1€ gg8tg £ 6 €x -0 we dreyg
{zz—) {1z—} {S'12—) o0fI4z 0OESE ogfrez — I 1 - - prum proIg
zEe— (61~—) z'rz— FE6oz 1beg ZPOET — 1 L St W prOIY
‘o g <y Uy ¥a 0 Fa mwmo aeg jondwo)
KB UK Xep U 10eduIo]) winyoadsg

sielqp o on

“opnpuSpus aposqy puv Hnyspas [0 SoisuwIS — I AIAV]



86 PONT., ACAD, SCLENT, SCRIPTA VARIA 35 ~ NUCLEY OF GALAXIES

axies (see section IV). A similar result has been found in the
casc of the galaxies discovered on very low dispersion objective
prism plates by MARKARIAN (1967, 69a, Ggb). These objects
were selected according to the abnormal strength of their ultra-
violet continuum,. Many cof them are compact in the sense used
by Zwicky and indeed some of the objects isolated by Marga-
RIAN on the basis of an abnormal spectrum are included in
ZwICKY's lists on the basis of an abnormal appearance. (A
particularly interesting example is I Zw 0g30 + 55 which is
described later on in this section. It is object No. 116 in MaR-
KARIAN'S (196ga) second list). Most of MaArRkARIAN's galaxies
have sharp emission line spectra. Extensive surveys by WEED-
MAN and Kwachmgian (1¢68, 69), SaRGENT (1g7ob) and by
ARAKELIAN, Disar and Esipov (1970} have shown that the
spectra of these objects also invariably exhibit the same range
in excitation as galactic H Il regions. As a result the writer
has proposed that in both the Zwicky and Markarian galaxies
the emission lines are excited by hot stars,

The fact that the emission lines in most of the compact
galaxies are probably not excited by non-thermal radiation
dees not make them less interesting. Figure 1, taken from
SARGENT’s (1970) paper, shows 200-inch direct photographs of
six sharp emission line galaxies and illustrates their great range
in absolute size and morphological appearance. The scale at
the top of Figure 1a shows 2o second of arc, it is common to
all six sections of the Figure, The other scale, at the bottom of
each scction, shows the quoted distance in kiloparsecs. The
six galaxies are identified in Table 2; the table also lists the
redshift, apparent magnitude and absolute magnitude for cach
object. Brief descriptions of these galaxies are given in the
writer’s paper. Here we merely point out a few conspicuous
features. For cxample II Zw 0447 + o3 (b) is intrinsically
very bright and has four faint straight jets extending out to 25
kpc from the mam compact body of the object. II Zw
0459 + ©3 (c) is an example of a “ring” galaxy. Two similar
objects of this kind are ilustrated in Arp’s (1966) Atlas of

lg] 1L 3 - Sargent - p. 6



Fis. 1 — Direct photographs of some typical emission-line compact galaxies {rom the paper by SARGENT
(1g70a). The objects are identified in Table 2. Detailed descriptions are given in the paper cited above.
The scale in the upper left corner of Figure la shows 20 ssconds of arc; the same scale applies to all six
photographs. The scale at the bottom of each section shows the gquoted d'stance in kpe.
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Peculiar Galaxies. The centres of these rings are apparently
emply and the ring structures consist of condensations which
appear to be H II regions. Object d in Figure 1 is I1 Zw
0553 -+ 03; it will be discussed extensively later on. IV Zw
2325 + 23 (e) is NGC 7973, an intrinsically luminous galaxy
with M, = - 21.0. Tt consists of a number of bright spots in
a fainter luminous matrix, the whole being about 6 kpe. in
diameter. These “hot spots” are evidently H II regions. The
last object £, in TFigure 1 is IV Zw 2327 + 25, a pair of emis-
ston line galaxies only 3 kpe apart and very close to a brighter
foreground star.

TABLE 2 — Properties of the galaxies tn Figure 1.

Galaxy Name Vo, (kmusec™) e, M,
a IT Zw 0338 — oz 73478 160.1 — Ig.2
b IT Zw o447 + 03 8320 14.8 — 21.0
c IT Zw 0459 + 03 8548 I5% — 204
d IT Zw 0353 + 03 750 15.0 — 14.9
¢ 1V Zw 2325 + 23 3255 12.7 — 21.0
f IV Zw 2327 + 25 5530 15.0 - 19.8

b) Possible young galactic nuclei.

The photegraphs in Figure 1 show the great variety of
emission line objects in ZwiIicky’s lists. However, as we men-
tioned, there is reason to believe that in all cases the emission
lines are excited by hot stars. Some of the forms exhibited in
Figure 2, particularly the highly luminous jet object (b) and
the ring object (¢) appear to be unstable. On the other hand,
the object with “hot spots™ (e) while giving the appearance

[47 11, 3 - Sargent - p. 7
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of stability is intrinsically bright for its size. It is possible and
perhaps lilely that all these objects are early phases in the
evolution of more normal galaxies; they certainly deserve more
detailed study with this idea in mind.

Perhaps the best candidates for young galaxies, however,
are certain dwarf cmission line compacts from which 21 cm
neuiral hydrogen emission has recently been detected; II Zw
0553 + 03 (d in Figure 1) is such an object. Normal galaxies
with emission line spectra are common; Sc galaxics and irreg-
ulars of Type 1 frequently show emission lines which arise in
their numerous H II regions. However, a new development in
the last few years has been the dissovery of wvery compact
emission line systems with very small diameters (of order 100
pc) and very low absolute luminosities (around M, ~ - 14).
Individual exampies have been found by Arp (rg65) and by
Kinman (1965). The recent systematic work on the Zwicky
and Markarian galaxies has shown that these dwarf systems are
very common. Table 3 gives a list of six dwarf Zwicky galaxies
with emission line spectra. All have absolute magnitudes fainter
than M, = - 17 and all have redshifts below 1500 km.sec!
so that 2T cm emission is in principle detectable with multichan-
nel receivers of the type at Nancay, for example.

TarrE 3 — Dwarf emission-line galaxies in Zwicky's lists.
‘]R
Object km.gec Tl M, Spectrinm

IT 7w 0553-+03 750 15.6  —14.0 Sharp em.
I Zw 0930+55 704 156  —14 Sharp em.
IT Zw 14484-55 1217 14.5 —16.6  Sharp em.
11 Zw 1449+ 35 1301 142 —10.9 Sharp em; Hyd. abs.
1 Zw 1531440 780 15.2 —I5.2  Sharp em; Hyd. abs.
I Zw 1545+ 54 =83 15.2 -—7I5.3 Sharp em,

{91 11, 3 - Sargent - p. 8
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Recently, CrAMARAUX, HEmMaNN and LAUQUE (1g70)
have searched for 21 cm emission from three of the objects in
Table 3. Their main results, obtained with a new receiver on
the radio telescope at Nangay are summarized in Table 4. We
see that 21 cm emission has been detected from two galaxies,
I Zw 1531 + 46 and II Zw 0553 + 03. In cach case the ob-
served signal implies a mass of neutral hydrogen of about 10%
solar masses; there is an uncertainty in this number arising
from the use of the Hubble constant to estimate the distances
of objects with fairly low redshifts. CHAMARAUX et al's original
paper shows a bump at the correct redshift on their record
obtained while observing the third galaxy, I Zw ogz3o + 55.
If real, this would also imply a neutral hydrogen mass of 10°
solar masses; however, the authors prefer to interpret their
result for this object as an upper limit (%),

TABLE 4 — Resulis of neutral hydrogen search in dwarf emis-
ston-line compacts {¥).

Neutral Hydrogen

Qbject: velooity disp, Hydrogen masg
Mass (suns) {lom.sec!) to light ratio
I Zw 0930+ 55 SI4x 108 40-]-40 12
1 Zw 1531 +40 T.0 % 108 35-35 1.0
IT Zw o353 +03 2.3 % I0% 55420 0.33

{(2) Tn a preliminary version of their paper, which was described at
the Semaine, CHAMARAUX ef al. found that the neutral hydrogen around
11 %Zw 0553 + o3 was extended, reaching out to about 5 kpc from the
optical nuclens. Later observations did not confirm this result so we shall
not discuss its implications here. It is extremely important that the an-
gular extent of the newtral hydrogen be determined.

{*) From the paper by Ciamaravx et al (1970},

F4] 11, 3 - Sargent - p. g
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Independently of CHAMARAUX et al, the wrifer and L.
SEARLE had for the past 3 years been making optical observa-
tions (photoelectric scans and spectroscopic measurements) of
several sharp emission line Zwicky galaxies, including two of
the three objects for which 21 cm data has been obtained, T Zw
og30 + 55 and II Zw o553 + 03. These objects have quite
different optical appearances.

I Zw ogzo + 55 This object is illustrated in Figure 2
which is taken from the paper by Zwicxy (1966). It consists

N
E
W
N 0"
—
Frg, 2 — A sketch of the dwarf emission line system I Zw ogzo+ 35 tiken

from the paper by Zwrexy (1966). Zwicky’s paper also has a direct 200-
inch photograph of the system,

of a double galaxy in which the components are separated by
5.6 or 211 pc with a pair of very faint luminous patches about
30" away to the N.'W. Galaxy 1, the brighter of the pair, has
m,,=15.6 which lcads to an absolute magnitude of ¥ ,= - 13.8.
This galaxy has a diameter of 246 pc with a bright core of
diameter 66 pc. Galaxy 2 is fainter with m, = 17.6 and
M, = - 11.8. It has a diameter of only 147 pc with a bright

»
core again of diameter 66 pc. A spectrum obtained by Zwicky
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(which is illustrated in his paper) with the slit along the line
joining Galaxies 1 and 2 shows that emission lines came from
both components and from the space belween them. The emis-
sion lines are tilted, with a redshift difference of 150 km.sec, ™!
between Galaxies 1 and 2. Zwicky pointed out that if this
difference is interpreted as being due to a rotation of the system,
then it has a total mass M, = 7.2 x ro® suns and a mass-to-
light ratio M/L, ~ 14. We note that M, is greater than the
upper limit to My determined by CHAMARAUX ef al. and given
in Table 4. It is hard to account for the extra mass in the
form of old red stars; perhaps this indicates that the object
is not stable.

II Zw 0553 + o03. We have already referred to this
galaxy; it is illustrated in Figure rd. It consists of a bright
core only 37 x 57 or T10 % Igo pc in size with very faint
plumes extending out to 1 kpe, particularly to the South and
South-Fast. The spectrum of II Zw 0553 + 03 is shown in
Figure 3. This and other spectrograms show that the object has
a smooth continunm with no discernable absorption lines, The
cmission lines are strong and are not resolved at the dispersion

I Zw 40
[ [T . |
(RN A
) } P TR TR - ) Y
| 1 . | LF
[OH] H& Ry [om] HA3
37e7 4363 [OIII]

Ni+Ny

g, 3 — The spectrum of 11 Zw o353 + o3 (IT Zw 40). The original
spectrogram had a dispersion of 190 A/mm. and was obtained at the
prime focus of the zoo-inch tclescope.
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used {rgo A/mm). This means that the velocily dispersion
in the emitting gas is less than about 200 km.sec™!. The spec-
trum of II Zw 0553 + 03 is very similar to ZWICKY's spectrum
of I Zw 0930 + 55. The [O II11] lines 24363 and N; and N,
are unusually strong relative to Hy and Hf, respectively, while
[O II] A3727 is relatively weak.

Unitke I Zw o0g30 + 55, IT Zw 0553 + 03 lies at a low
galactic latitude, (b" = -~ 11 deg.) Consequently it is in an
obscured region and no other galaxies are seen anywhere
near it on the Sky Swrvey prints.  Despite this, its colors
arc very blue; SARGENT (1gv0a) measured (B - V) = 0.6g,
(U ~ B) = - o.11. The amount of space-reddening may be
estimated in two ways. First, CHAMARAUX ef al. have shown
from the Lick counts (SHANE ef al. 1950) that galaxies are
about 50 times less frequent in the field arcund II Zw 0553+ 03
than at high galactic latitudes. From this they estimate a pho-
tographic absorption of about 3 magnitudes.  Alternatively,
SEARLE and the writer have made photoelectric spectrum scans
of IT Zw 0553 + 03. We found that the observed emission
line ratios Hee : HE : Hy could be corrected so as to give the
values predicted for radiative recombination (Case B) if we
assumed an absorption of 2.5 magn, at H. This corresponds
to a visnal absorption of 2.1 magn. and, using the normal
relationship, to a valve of £ (B - V) = 0.7 magn. Hence
the reddening corrected colours of II Zw 0553 + 03 are
(B - V), ~o0.00, (U ~ B), & - 0.60. This is very blue in-
deed; if this object is composed of stars they must be pre-
dominantly young, with ages less than about 107 years,

The photoelectric continuum scans of 1T Zw 0553 + 03 and
I Zw o530 + 55 made by SeEarLy and the writer show that,
after correction for Galactic abserption, their continuous energy
distributions are almost identical. Both have flat continua in
the observed wavelength range (223300 - 8000) on a plot of the
logarithm of the flux per unit frequency interval against fre-
quency. Hence the UBV colours of T Zw 0930 + 55 must be
similar to the valves given above for II Zw 0553 + o03. The
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overall energy distributions and emission line strengths strongly
resermble those of Jarge H II regions in nearby galaxies, M 371,
M 23, NGC 2403 and M 101, according to unpublished obser-
vations recently made by Searii. The observed confinua show
no sign of the Balmer jump in emission. This means that most
of the continuum radiation at all wavelengths is emitted by the
hot stars that illuminate the H II region. We have recently
used these photoelectric observations to estimate the physical
properties of the emitting gas in the dwarl galaxies. We find
from the ratio of the {O IIT] lines 24363 : 25007 that in both
cases the electron temperature 7', is about 12,000°K. The
equivalent width of Hp in IT Zw 0553 + 03 is 208& and the
flux in HP at the source is 1.65 x 10% ergs.sec.”'. We may
then use the recombination formula by PENGELLY (1964) to
estimate that ¥,V =2.5x 10 cm~® where N, is the clectron
density and ¥V is the emilting volume. The mass of ionized
gas is M, = 2 x 10" x n,~' solar masses, We can put only
crude limits on the density, n,. The fact that strong [O IT]
lines are observed implies that N, = 105 em~%. On the other

E o

hand, the velume of the nucleus of the object, from which most
of the emission comes, is about V = 4.5 x 10% cm®. ¥rom
the value of N2V above we estimate that the mean smoothed

out electron density is ¥, ~ 500 cm.™*. Hence the mass of
ionized gas is in the range 200 £ M, = 4000 solar masses,
the higher value being applicable if the gas fills most of the
volume of the nucleus. SpaRLE and the writer have estimated
similar values of the above quantities for T Zw 0930 + 55.
Moreover, we have shown that the relative abundances of the
elements H, He, O and Ne in these dwarf galaxies are the same
as in the Orien Nebula to within about a factor of two.

From the optical point of view the two dwarf galaxies
resemble giant O-associations with their associated H 1T regions.
We may use the Zanstra theory and the observed fotal emis-
sivity in Hf to estimate that the ionized gas in II Zw 0553 + 03
is excited by about 10% TLyman continuum photons per second.

fa] 11, 3 - Sargeat - p. 13
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This number of photons would be radiated, for example, by
either 50 Og stars or 500 07 stars or 5000 Og stars. Tor com-
parison, a giant O-association in the Galaxy, the Orion I asso-
ciation, for example, contains about roo OB stars, has a radius
of about 100 pc and a mass in the form of stars of 103~ 101
solar masses,

The coexistence in I Zw 0930 + 55 and IT Zw 0553 + 03
of a population of young massive stars with a much larger mass
of neutral gas makes these objects excellent candidates to be
young galaxies. In fact there are only two straightforward in-
terpretations of the combined optical and radio data, Iither
these objects have only lasted in their present form for an order
of 107 years or they have only made massive stars during most
of thetr lives. This last possibility is not implausible. If the
stars are of such a mass as to shine for only 107 years or less,
then we may estimate that there is sufficient neutral gas to last
for 10" years, the characteristic expansion age of the Universe.
This possibility could only be eliminated if, for example, it
could be shown that the systems are unstable on a shorter time-
scale. The evidence that I Zw og3o0 + 55 may not be a
bound system is interesting in this context; however at present
this evidence is not sufficiently conclusive.

In swmmmary, the hypothesis that objects like 1T Zw
0553 + 03 and I Zw 0930 + 55 are young systems rests on
four observed facts:

1) Their blue UBV colors imply that the optical emis-
sion is produced by a dominant population of young, massive
stars.

2) The photoeiectric scans show that their continua are
very similar to those obtained of the integrated light of large
(O-associations in other galaxies.

3) Both the spectra and the scans show that therc are
no absorption lines detectable (This is also the case with the
integrated spectra of distant O-associations. The hot stars
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which dominate the optical radiation have few and weak ab-
sorption lines, Morcover, many of the absorption lines which
do exist in the spectra of hot stars, the Balmer lines for example,
are swamped by emission lines from the hot gas).

-4} The objects contain a large mass of neutral hy-
drogen (%),

Since work on these dwarf objects is still in progress it is
perhaps unwise to go into further detail about their possible
interpretation. However, there is one interesting consequence
of the hypothesis that objects like II Zw 0553 + 03 and
I Zw o930 + 55 are young. Rough counts indicate that the
space density of these objects is about 0.008 Mpc~?. However,
the space density of objects which have been through this brief
flash, or which are going to do so, must be 1000 times higher
- the ratio of 107 years to 10" years. That is, there should be
8 per cubic megaparsec and, in consequence, several inside the
local group. None of the known dwarf galaxies in the local
group could possibly have evolved from such compact dwarf
systems. However, it is conceivable that clouds of neuotral
hydrogen with the required mass and size could have gone un-
detected. Perhaps here we have a connection with the infaliing
neutral hydrogen clouds described by Oorr.

(3) Since the Semaine d'Etude, observations of IT Zw 0553 + 03 have
been made in the near infrared, at 2.2p and 1.6y, by Dr. G, NivsEnauir
of the Hale Observatories. These measurements, which were generously
made at the request of L. Suarie and the writer, show that the continnum
of II Zw 0553 + o3 stays flat out to at least 2.2;1, The most natural in-
terpretation of this red radiation wounld be that it comes from faint red
{and therefore old) stars in the system, Wit a mass to light ratio M/L = 50
it furns out that there could be roughly joo times as much mass in these
old red stars as in the young, massive stars which produce the visible part
of the spectrum,

However, this obvious inferpretation is not necessarily correct, A few
red supergiants or lwmninous protostars could also produce this near infrared
radiation. At the time of writing Nrucepaurr was atiempting to make
similar observations of the integrated radiation from a giant O-association
in a ncarby spiral galaxy - NGC 5471 in Mior is one such object. If the
integrated spectrum of an O-association aiso proves to be flat out to
2.2§1, this will make the interpretation of the infrared radiation from II
Zw 0553 + 03 in terms of old red stars much less plausible.
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11, GALAXIES WITH BROAD EMISSION LINES

a) Ewmission spectra.

We mentioned in the Introduction the problem of the dis-
tinction between the terms Seylert galaxy and N-type galaxy.
Here we shall discuss the line spectra and continua of that class
of galaxies which have broad Balmer emission lines in their
spectra. This kind of spectrum i confined to galaxies which
have star-like nuclei. The class of objects includes the classical
Seyfert galaxies, NGC 1068, 1275, 3227, 4051, 4151, 5548 and
7469 as well as more distant objects which have been discovered
since radio observations drew attention to the N-type galaxies.
In Table 5 we give a list of some newly discovered galaxies

TaBLE § — Some new Seyferl galaxies.

Object‘ = ig“ in, M,

3C 120 0,033 14.% — 21.8
III Zw o008 + 10 0.000 15.4 —22.0
1 Zw o081 + 12 0.061 I4.0 — 23.2
II Zw o119 — 0I 0,054 I5.1 —21.8
I Zw 2130 + 09 0.1 14.6 — 22.8
Markarian g 0.039 14.8 —21.2
Markarian 1o 0.02g 4.7 — 20.7
Markarian 34 0.05T 15.8 e 21,0
Markarian 42 0.024 16.2 — 188
Markarian 50 0.023 15.5 — i9.6
Markarian 69 0.070 10.5 — 21.2
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with broad emission lines in the spectra of their nuclei. It will
be observed that the new more distant objects are, on average,
much more luminous intringically than the classical Seyfert gal-
axies mentioned above,

Figure 4 shows several spectra of NGC 4151. This object
and NGC 1008 are archetypes for the two main kinds of spec-
trum observed in Seyfert galaxies. In the case of NGC 4151
the forbidden lines and the permitted lines (notably those of
hydrogen) have quite different profiles. The forbidden lnes
are relatively sharp, with widths at half maximum intensity of
about 450 km.sec™!. On the other hand the hydrogen lines
have cores with the same width ag the forbidden lines but with
much wider wings. In NGC 41571 the wings of Hf have widths
at half intensity of about 6000 kim.sec. Measurements by OKE
and SARGENT (19068) show that in this obiect 82 percent of the
H{ emission is in the wings and only 18 percent in the sharp
core. In the spectrum of NGC 1068 the forbidden lines and the
Balmer lines have the same widths. All the known Seyfert
galaxies follow one of these two patterns. No case is known in
which the forbidden lines are wider than the permitted lines,

Objects like NGC 4151 are more common than ones like
NGC 1068. This is particularly true among the distant, highly
luminous objects which almost always have very broad Balmer
lines and wvery sharp forbidden lines.

High resolution studies of NGC 4151 by WALKER (1068)
show that while the profiles of the broad wings are smooth, the
cores have considerable structure which WALKER has plausibly
attributed to the presence of discrete clouds in relative motion
with speeds of a few hundred km.sec™!. WALKER's observations
(and more recent ones by M.V, Prnston and the writer with
the Mount Wilson roo-inch coudé spectograph) show that the
structure of the core of HB is the same as the structure of the
nearhy [O III] lines.

The emission spectra of Seyfert galaxies arc remarkable for
their richness and for the great range in ionization pofential
of the ions observed. Thus, in the case of NGC 4151, OKE and
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SARGENT (1968) listed H, He I, He II, [N II], [O I, [O II],
[O III], [Ne III], {Ne V], [S II], [A IV], [Fe IIIJ,
[Fe IV], [Fe X] and [Fe XIV]. OSTERBROCK and PAREER
(1965} drew attention to the fact that the Bowen fluorescence
lines of permitted O III were ahsent in NGC 1068. These lines
are strong in the spectra of high excitation planetary nebulaec.
They are produced by a coincidence in the energy of a highly
excited level in O IIT with that of the Ly @ emission line of
He II. WevyManN and WinLiaMs (1968) have since shown
that the Bowen fluorescence lines are weakly wvisible in the
spectrum of NGC 4151.

In general the emission spectra of Seyfert galaxies do not
exhibit great diversity in the lines observed. However, recently
the writer fouud two broad emission line galaxies, 1 Zw
0051 + 12 and II Zw 2130 + 0g, which have many permitted
emission lines of Fe II in their spectra. The most extreme case
is I Zw co51 + 12 (SARGENT 1968}, Its spectrum contains only
lines of H, He I (*) and Fe II. The Fe IT emission lines and the
Balmer lines have the same half-widths, about 3000 km/s,
None of the normal forbidden emission lines are seen in the
spectrum of this object. Morcover, there are no detectable lines
of Fe II. These same Fe II emission lines were identified as
broad bands in the spectrum of 3C 273 by WaMrLER and Oxz
(r967).

The second galaxy, II Zw 2130 + 09, has the normal
broad H and He permitted lines and the usual sharper forbid-
den lines in its spectrum, although these are weaker than
normal. The Fe IT lines must be broad in this galaxy, like the
Balmer lines.  Both I Zw oosr + 12 (M, = - 23.2) and
I1 Zw 2130 + 09 {M, = - 22.8) are abnormally luminous for
Seyfert galaxies; there is a distinct possibility that Ife II emis-
sion is correlated in some way with luminosity in these objects.

{4) The presence of He I in this object was not mentioned in SARGENT'S
original paper. Hewever, photoelectric scans secured by J.B. Ok clearly
show a broad feature due. to He I ) 5876.
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In understanding the origin of the emission line profiles in
Sevfert galaxies, an important question is whether all the per-
mitted emission lines behave in the same way. DPermitfed lines
have only been observed from four ions — H, He I, He II and
Fe 1. As we just mentioned, in the two “iron galaxies” the
Fe II emission lines are certainly broad like the Balmer lines.
Oxe and SARGENT's photoclectric scans also suggest strongly
that the He IT 24686 line is broad in the spectrum of NGC
4151. Unfortunafely, in most Seyfert galaxies, the He I lines
are too weak for us to be certain of detecting a broad compo-
nent in such lines as Aq4%7 or 25876, However, in one object,
111 Zw 0008 + 10, which has abnormally broad Balmer lines,
Arre (1968) reported the existence of a very broad emission
feature which is almost certainly He I A5876. Thus there is
strong evidence, in my view, that in Seyfert galaxies all the
observed permitted lines have a broad component. We shall
discuss the implications of this conclusion later on.

b} Variability in emission lines.

It is well established that the continva radiated by Seyfert
nuclei vary by as much as a magnitude. It is not so clear that
the emission lines vary, cither relative to one another or as a
whole.  ANDRILLAT (1068) claimed that a comparison of her
spectra of NGC 3516 obtained at Haunte Provence in 167 with
the spectra described by SeyrErT (1043} and by Diear and
Pronig (1967) show changes in, for example, the ratio of the
sharp [O II1] lines and the broad HP line. In our view these
claims are not convincing. The ratio of the emission lines to
the continuum can be influenced by the way in which a spec-
trum is taken {for example, on whether the nucleus of the
galaxy is stationary on the slit during the exposure or “trailed”
along it to prodace a widened spectrum) as well as on real
changes in the continuum emission. Moreover, the relative vis-
ibility of broad and sharp emission features on photographic
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spectra can also be influenced by changes in the continuum.
Warker {1968) has made a much more convincing casc that
changes in the ratio of the emission lines as a whole to the
continuum have occurred in NGC 4151, WALKER's observa-
tions have the advantage that they were made with the Lalle-
mand electronic camera, which has a linear response.  An ob-
servational proof that changes occur in the relative intensities
of emission lines must be based either on very careful photo-
graphic photometry with the same instrument being used on
cach occasion, or, to be really certain, on photoelectric pho-
tometry.

c) Absorplion lines and changes.

Most of the classical Seyfert galaxics show absorption lines
in their specira due to the background of stars in and arcund
the nucleus. An exception ameng the nearby Seyfert palaxies
is NGC 4151, whose nucleus is abnormally bright relative to
the rest of the galaxy. Fhis object is variable in light. Af times
of light maximum the absorption lines due te stars are swanmped
and only a few non-stellar absorption features remain in an
otherwise smooth continnum. The most noticeable feature is
a dip in the continuum between the He I emission line at
%388g and the [Ne IIT] line at 23870, O.C. Wirson (reported
by O and SarGeENT 1068) identified it as a blue displaced
absorption line of He T; this is plauwsible since the lower level
of the transitition responsible for 23889 is metastable. Therce
is-another, less certain, dip in the continuum at 23732 (Sar-
GENT 1962) which is unidentified.

Recently Axpersow and Krart (196¢) reported that there
are absorption lines immediately fo the hlue of the sharp coves
of the Balmer lines in NGC 4151, They interpreted these fea-
tures together with the blue-displaced He 1 3889 absorption
as being evidence for outflow of gas from the nucleus of
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NGC 4151 (°). The hydrogen absorption features discovered
by ANDERSON and Krarr may Dbe seen particulariy at HJ in
two of the spectra (b and c) illustrated in Figure 4, which is
taken from a paper by CroMwrLL and WEYMANN (1g70). In
their paper CRoMWELL and WEYMANN present fairly convincing
evidence that these blue displaced Balmer absorption features
come and go. The top spectrum, Figure 4a, was taken by SAR-
GENT in 1961 with the B-spectrograph at the Newtonian focuns
of the Mount Wilson 1oo-inch telescope. This spectrogram
shows no sign of the Balmer absorption features which are
clearly visible on the spectra iHusirated m Figure 4b and c,
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Fis. 4 — Spectra of the Bevfert galaxy NGO 451, taken from the paper

by Cromwrir and Weymaxy (rg7o}.  The fop spectrum (a) was taken
by Sarcexr in 1o6r with the Mount Wilson 1oo-inch felescope; it shows
the wide wings to Hf and that the sharp core of HE has the same width
as the O 111, N, and N, lines to the right, Spectza (1), (¢) and (d) were
obtained by CromwrLn and Weysmany in 1970 with an Image tube spec-
trograpl on the Steward Observatory go-inch telescope, These spectra show
more Iaint emission Jines than Sarcint’s older plate.  This is presumably
due to a change in the brightness of the non-thermal continuum. Spectra
{(b), {c} and {d} also show {he absorption line on the short wavelength side
of the emission core of 13 which is not present on spectrum (a).

(5) This interpretation wag also suggested by Sareunt {1662) on the
basis of the displaced e I 3388g absorption alone,
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which were obtained by CrRoMWELL and WEYMANN in Igy0
with an Image Tube spectrograph on the Steward Observatory
go-inch telescope. The spectra in Figure 4b and ¢ were obtain-
ed in different ways; both show absorption features clearly, as
do ANDERSON and KRAFT's spectrum and a spectrogram obtain-
ed by Pexston and SarRGENT with the Mount Wilson xoo-inch
coudé spectrograph in March 1g70. CROMWELL and WERYMANN
point cut that no spectrogram oblained before March 166g
showed these features, including one obtained by WiLLiams
and Wrymany in January 1968, They conclude that the
features can develop on a time scale of about ¥ year. The center
of the Balmer absorption is displaced by about goo km.scc™’
from the center of the emission line. Thus a time scale of a year
(3.107 seconds) corresponds to a distance scale of about
3 x 10¥ cms.

No doubt Dr. OstERBROCK Wwill say more about the impli-
cationg of the variability of the Balmer absorption features in
his talk. However, we may remark here that three alternative
interpretations of the Balmer line-profiles in objects such as
NGC 4151 have been proposed. First, it is generally accepted
that the forbidden emission lines and the sharp cores of the
Balmer lines arise in a region having a diameter of about 50
pc, in which the gas has an electron temperature 7', ~ 20,000°K
and an electron density N, e~ 5000 cn~? (see, for example,
Oxe and SarcENT 1668). These last authors then suggested
that the broad wings to the Balmer lines are produced by elec-
tron scatteriug, also in this extended region. Their idea was
that if the optical depth for self absorption in the Balmer lines
is sufficiently high then the path iength traversed by a Balmer
line photon in the extended region will be increased, thus
raising the probability that the photon scatters off a free elec-
tron. This idea has been criticized by WeymMany (1970) and
no longer seems tenable. Earlier, WorLTJER (1g50) suggested
that the broad components of the permifted lines in Seyfert
galaxies arise in a region where the electron density is so high
(N, 2 10% cm~%) that forbidden lines are suppressed. In Wor-
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TJER’s picture the broad wings were produced by Doppler mo-
tions (rotation or more chaofic mnotions) in the region of high
electron density. This idea was criticized by BURBIDGE, BUR-
BIDGE and PRENDERGAST (1959} who showed that the central
mass of 1o suns, required by WoLTJER’s wnodel to hold in
this rapidly moving gas, was in conilict with the general rotation
curve observed in NGC ro68. Lastly, Kanzro and OHTANT
{1g68) and WeymanN {1g70) retained the idea of a high density
region to suppress the forbidden lines, but suggested that the
Balmer lines arc broadened by clectron scattering in this region
of high electron density. WEyMaNN’s model requires the high
density region to have ¥, = 3 x 10° clectrons per cm® and a
radius of about 7.5 x 10" cms (%).

CroMwELL and WEyMaANN pointed out that their discovery
of changes on a timescale of one year in the displaced Balmer
absorption components leads fo a distance scale {3 x 10% cms)
which is compatible with that required for the Balmer emission
lines to be broadened by electron scattering in a region of high
electron density. Arguments based on the total energy radiated
by a Seyfert galaxy in its lifetime indicate that if the ultimate
source of energy in these objects is a “black hole” then its
mass must be at least of order 10® solar masses. The Schwarz-
schild radius of such an object is about 3 x 10! ems, so that
at a radius of 3.10" cms gas which is bound to the system must
experience Doppler motions of order 102 or 3000 km.sec. ™!,
comparable to the observed line widths. We are led o the idea
that more refined observations of changes in the optical spectra

(6} At the time of writing M.J. Russ and the author are exploring
the possibility that o model similar to Woraier's (1950) proposal may be
compatible with the observations after all. Worring was led o an unreason-
ably high mass because he attributed too large a radius to the dense
region. If one takes a radius of order 10" cm, and an clectron density of
order 10° em™, then a central mass of only 1o suns is required to hold in
matter moving at around 3coo lm.see™!.  We therefore suggest that the
broad wings in objects like NGC 4151 are caused by the rolation of a
small, high density gas cloud. We hope to publish the details of this
worle elsewhere,
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of Seyfert galaxies will enable us to set meaningful upper limits
on. the amount of matter in a gravitational singularity at the
center.

¢) Optical continua of Seyfert nuclei.

The best studied optical continuum is that of NGC 4151.
As we have seen, this object is variable and at times of light
maximurn the continuum is smooth with no absorption lines
due to the stars in and around the nucleus. Figure 5 is taken
from OxE and SarcinT’s (1968) paper. It shows the continuum
of NGC 4151 in the wavelength range 223300 - 11000 A. The
bump at the ultra-viclet end of the spectrum is the Balmes
jump in emission which is produced by the hot gas which ra-
diates the emission line spectrum. OKE and SARGENT’s detailed
observations enabled them to subtract out the part of the con-
tinuumm cmission contributed by the hot gas. The lower curve
in TFigure 5 shows the continuum that remains. Within the

T T i T T i ] T | 1 T
~24.0}~
-24.2|-
-244 -
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NGC 4151 T ¥

~248
~
i 1 i | ! 1 E i L { 1
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Fig, § — The continuous spectrum of NGC 41351 measured photo-electrically
in the wavelength range Ai3300 —— 11000 by OkE and SarGENt (1968).

The observed continuum is shown by the upper line on a plot of the
logarithm of the flux per unit frequency interval against the reciprocal
wavelength in p~'.  The lower curve shows the continuum (presumed to
be non-thermal) which remains when the hydrogen recombination spectrum
has been subtracted.
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errors of observation it is a straight line on a plot of the loga-
rithm of the flux per vnit frequency interval against frequency;
this would imply a law of the form f, e~ exp (-~ v/v.) for the
supposed non-thermal continuum. WEymMany and WILLIAMS
(1968) showed that a law of the form f, ~ v=12is also compat-
ible with the observations over this restricted range of wave-
length.

For comparison, we show in Figure 6 the continuum of
NGC 1275 taken from the paper by Oxxr (1968). This con-

NGC 1275

AB.

| 1 ! ! ! 1 1 1 1 l

1
10 1.2 14 16 1.8 2.0 22 2.4 2.6 2.8 30
1/ x

Fia. 6 — The continuons spectrum of NGC 1275 measured photo-clectrically
in the wavelength range 223300 — 11,00 by O (1968}, The cbserved
continnum is a straight line on a plot of apparent magnitude against the
inverse wavclength in p™'. Note that the emission lines are relatively
weak and that, unlike the case of NGC 4r51 in Figure 5, there is no
sign of the Balmer discontinuity,
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tinuum shows ne sign of the Balmer discontinuity and, accord-
ing to OxE, it is almost identical to that of NGC 1068. In this
case the emitted flux varies with frequency approximately ac
cordin to the law f, =~ v=*0  Continuum observations have
been reported for a few other Seyfert nuclei including 3C 120
(OxE, SARGENT, NEUGEBAUER and BECKLIN 1967, WAMPLER
1968) and the N-galaxy 3C 371. In each case studied so far the
continuum rises to the red on a plot of flux per unit frequency
interval against frequency. The objects NGC 4151 and NGC
1068 roughly span the range of observed continuum slopes.

IV. Rapio GALAXIES.

The optical spectra exhibited by radio galaxies are exceed-
ingly diverse. There is no particuiar spectroscopic quality
invariably associated with radio-emitting galaxies. This fact,
together with the existence of double radio sources in which the
components are some distance away from their parent galaxy,
means that the optical identification of distant radio galaxies
is not straighforward.

The main Hsts of redshifts of radio galaxies have been
published by ScHMIDT (1965), SANDAGE (1906), WILLS (1967)
and by BuUrBINGE (196%). Scumipnt’s paper gives the most
extensive systematic account of the spectra of such objects, In
it he studied 31 radic galaxies, mostly objects in the 3CR
catalogue. ScuMinT found that all but 3 of his radio galaxies
had emission lines in their spectra; at least 10 of the objects
with emission lines also exhibited absorption lines which are
more difficult to find than emission lines on low dispersion
spectrograms,

All of ScuMipt’s objects showed sharp emission lines at
the low dispersion (400 A/mm} used in his survey. Many of
the known Seyfert-type galaxies would be easily detectable
from the width of their Balmer emission lines as this dispersion.
ScHMIDT's paper contains a set of reproductions of typical
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spectra which indicate the range in the character of the emis-
sion line spectrum. From ScumMint,s work the following gen-
eral results may be stated concerning the emission gpectra of
radio galaxies:

1) There is come correlation between the strength of
their degree of excitation. Objects with many sirong emis-
sion lines tend to have the [O III], N, and N, lines strong
relative to HB and to have detectable lines of He IT and [Ne V]
(Cygnus A has this type of spectrum). On the other hand if
only one weak line is visible it is almost always [O 117, A3727.

2) It follows from the above description that the range
in excifation exhibited by radio galaxy spectra is greater than
that encountered in galactic H II regions. The spectra of
objects such as Cygnus A superficially resemble those of high-
cxcitation planetaries.

3) Strong radio galaxies are mostly supergiant D (cD)
galaxies or N-type galaxies. The N-type galaxies do not al-
ways have broad emission lines and some have no emission
liries.

4) Scumipt showed that there is a rough correlation
between the strength of the emission lines and the intrinsic
strength of the radio source.

Practically no observations have been published of the
optical continuum of radio galaxies. A few Seyfert galaxies
which are also radio sources, for example 3C 120, have been
studied. Oxz (rg68) mentions that the continuum of Cygnus
A has a very steep slope, with the flux varying as f, ~ v=32,
A detailed study of the source of ionization in this object will
be of great interest.

This paper was written during the tenure of an Alfred P, Sloan Foun-
dation IFFellowship. 1 wish to thank L. SearLe for permission to describe
some of our joint work before publication and Dr. J. MHuipmanx for a
preprint.
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DISCUSSION

‘Chatrman: W. W. Morcan

MORRISON

T suppose it is evident that there is no field galaxy near
the direction and depth of those odd Zwicky objects, which might
be blamed for having emilted them in the past?

SARGENT

No. One of the objects {II Zw 40), is close to the galactic plane
and it would be rather hard to find surrounding galaxies. The
ather one is at high galactic latitude and is in a fairly cmpty region'
and there are cerfainly no large galaxies around that could produce
this material.

Hovre

First a comment, then a guestion. The comment is that I am
not sure that cne can make the inference about the size of the
absorbing region that you made if the source of the emission is
less than 15%, If you Imagine a point source of light shining
through a cloud, then the light just pierces the cloud along the
line of sight. Only the gas intercepted by the line of sight need
change in the two years. And now my question. I seem to re-
member at one time; when we considered the possibility that the
broadening of the wings of the lines could be due to clectron
scattering, you had an argument against it arising from the work
of Warker. Do you remember it?

{43 II, 3 - Sargent - p. 31
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SARGENT

Yes, T do have an argument against electron scattering bui
WeyMany claims that my argument is incorrect. My earlier argu-
ment against electron scattering was that, if the hydrogen lines
are broadencd by this mechanism the picture was that an Hf
photon emitted from the middle of an extended region could be
scattered by other hydrogen atoms before it got out of the cloud
and thereiore would have a longer patl length for electron scat-
tering than a forbidden line photon which could go straight out.
It turns on whether or not hydrogen lines always have a little pip
on them, corresponding to the same width as the forbidden lines.
Now WEYMANN clazims that if you look hard enovgh yon always
find a small pip on the top of the permitted lines. I think that
I've seen cases in which a pip did not exist. Weymany's picture
is that the permitted lines are produced primarily in a small high
density region and then there is a much bigger low density region
around, which forms the forbidden lines, and clearly this low
density region must produce a little pip.

SANDAGE

Could the absence or presence of the HJ absorption line be
due to increase or decrease of contamination of the non-thermal
component? It’s known that NGC 4151 varies by a magnitude in
periods like a year.

SARGENT
1 was pretty well convinced that it was nof; that this feature
had appeared because the whole continuum level had fallen.

SANDAGE

But have observers cbtained the apparent magnitude at the
times the spectra were obtained?

SARGENT
No.

{41 1Y, 3 - Savgeni - p. 32
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SPITZER

In the case of NGC 4151, do you happen to know whether
Oxe’s determination of the diameter was based on the forbidden
lines or on Hﬁ?

SARGENT
It was based on the forbidden lines, because it was not pos-
sible to measure the it of the broad component of Hf.

MorGaN

Is it possible that some of the difference in the appearance of
the Hf absorption component on your plate and those of WEYMANN
can be due to the differing densities and plate characteristics?

SARGENT

I think not. In fact, WEYMANN’S were image-tube spectra and
mine were ordinary photographic spectra, so that it was not a very
good comparison, but looking carefully at them 1 was convinced
that there had indeed been a real change.

K. M. BUrpipsE

I think one can make a distinction between the helium line
4388g and the Balmer lines because 1 have the impression that the
helium lne has always been wvisible. 1t was visible on those old
plates of WILsoN as a broad shallow absorption and it might come
from a more extended region of the shell type that gives rise to lines
from a metastable level,

OSTERBROCK

The absorption line He 1 23889 was observed by Krarr and
ANDERSON to consist of three comiponents, oie of which had roughly
the same red shift as the single absorption component of HB. This
component is presumably the ane closest to the source of continuum,
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because the greater metastability of the He 2% S level means that
the He absorption can persist under conditions of less frequent ioni-
zation followed by recombination.

E. M. BUrsInGe

WiLson's line looked broad so that one could convince oneself
that there conld have been several components there that hadn’t
been resolved. That was my impression.

CUort

You were referring to the evidence for neutral gas falling into
the plane of our Galaxy. If I understood you correctly you suggested
that in the case of II Zwicky 4o, the entire galaxy might have been
formed recently by collecting intergalactic gas. This, I think, would
certainly be possible.

As far as your principal suggestion is concerned I think it is
quite possible that galaxies would stili be forming in these recent
times. This is plausible in view of all the gas there is still in the
universe apparently.

SARGENT

I think that the surprise to me is thal there are so many of
these clouds., If we assume that there are as many clouds as emis-
sion-line palaxies with low red shifts then, as I said, there are at
least ten within ten megaparsecs, and if they only last 107 years
that means there are 10* within 10 megaparsecs,

Oort
But they have low masses?
SARGENT
The mass is low but it is as high as the total neutral hydrogen

mass in our galaxy.
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OSTERBROCK

I was quite inferested in the maferial on the two compact
galaxics. You emphasized in the one case the difference between
the mass of H 1 that was observed and the gravitational mass that is
derived from the measured rotational velocity. Is there any chance
that there are stars present in the system that can account for the
derived mass?

SARGENT

Well, SearLe and 1 bhave done rough calculalions and it turng
out that in order to get enough mass in, say, cool stars, they have
to have a mass to light ratio which is larger than 300, so this seems
to us a little implausible, but it is not entirely out of the question.
It would demand that the luminosity function of the stars would
have to be very peculiar, with a few very bright hot stars and
then nothing further down and more very, very cool, low-mass stars.

G. R, Bursipge

You say that it’s hard to account for any mass in the form of
stars, 1 take it you can’t exclude the possibility of mass in the
form of molecular hydrogen or even of dust in these clouds?

SARGENT

No. May I add a remark? There is a velocity dispersion meas-
urement which I forgot to discuss — the velecity dispersion of the
gas in 11 Zw 0553+ 03 Is about 60 km/sec, If you ask what sort of
distribution of mass would give this kind of dispersion, or if you
ask, if you have 10 solar masses of gas, how extended does it have
to be to give this kind of velocily dispersion, it comes out ta be of
the order of 300 parsecs.

. BURBIDGE

But that velocity is surely comparable to the velocity of ejec-
tion of this matter, if you believe it has been ¢jected from its centre.
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SARGENT

Yes.

G. BursmGe

So these may not be stable clouds and the whole system may
be expanding,

SARGENT

That’s right.

AMBARTSUMIAN

I would like you fo clarify two things: first, is it a good coinci-
dence between the radial velocity of the H I regions in Zwicky 40
obtained from optical observations, with ihe radial velocities cb-
tained from 21 cms?

SARGENT

Yes, the coincidence is within about 30 km/sec for both of tne
galaxies studied.

AMBARTSUMIAN

The second question is, can you see any stars in this galaxy,
which is very near to us?

SARGENT

No. Both galaxies have very small angular extent and all one
sees is a blob which radiates an emission line spectrum. In neither
case is there any direct evidence for stars, and this is also the case if
you obtain an integrated spectrum of an H II region of a distant
galaxy - one does not see the individual stars. There is in principle
a way in which cne couid find evidence for stars and that is by find-
ing the Wolf-Rayet bands in emission which are radiated by hot O
stars. These are occasionally found in the integrated specttum of
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distant H II regions. Of course, the absorption lines that you would
expect {o be produced by Dot stars are all {illed in by emission lines.

McCrea
I would like to ask how these objects compare with guasi-stellar
objects in any respect,

SARGENT

The only similarity they have probably is in colour. I cannot
quite remember the colours unfortunately and the colour I have was
obtained from scans, but we estimated the cclours were roughly
B-¥ about -0.2 and U-B -0.8, so they're exceedingly biue objects
and they could be discovered from colours more easily than from
their appearance on pholographs as ZWICKY has done. I'm sure
that some of the objects in MarkariaAN's lists will tumn out to be
such things. ‘

SPINRAD

Can you say how the more or less indeterminate amount of
stars cooler than the sun in II Zw 40 compare with the Plelades
which would be a cluster in our galaxy with a slightly greater age
than you suggest? The relevant number of Gs and Ks compared
to the Os and Bs?

SARGENT

Could you rephrase the question please?

SPINRAD

Let me rephrase it and break it ap also. Is there any evidence
whatever for any special type later than Bg and, if so, can you say
anything about proporticns?

SARGENT

There is no evidence from the spectrum of any stars at all, but
it would appear from the confinuum that they are all early B or O

{41 II, 3 - Sargeni - p. 37
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stars - if there are any stars there at all. That is, that these objects
are the same as the stars that radiate the light in H II regions or O

associations.

SPINRAD
But in NGC 604 the continuum-producing stars are certainly
detectable.

SARGENT

Well, yes. These cbjects, as you saw, have strong continuum
but they have ne absorption lines and this just what you find in
distant O associations.

SPINRAD

Right, and then you have to use the curvature of the continua
to infer anything about the stellar content if indeed it is stellar. Is
that correct?

SARGENT

Yes, and all one can say is that these are like the bright O as-
sociations in distant galaxies and I don’t know what they contain,
that's one of the problems, One doesn’t know whether an O asso-
clation contains a lot of low-mass stars that are still contracting.

SPINRAD

What is the longest wavelength cbserved?

SARGENT

8,000 angstroms,

WorLTJER

When you say that to stabilize the system with stars you need
M/L ratios in excess of 300 is that assuming that the stars are con-
centrated in the optical image or that they fill the whole region
from which there is 21-cm emission? ’
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SARGENT

That is from the binary object which, if you remember, has
two components which are only ten seconds of arc apart and the
mass estimate was obtained from the refative motion. In that case,
one knows that whatever mass one has to put in has to be in a
small volume and it was for that case that I quoted the mass to
light ratio of 300. In the oiher case, you require a similar mass to
light ratio if you put all the mass in the optical object, but of course
if you put low-mass stars {hroughout this very, very large volume
then it wouald be hard {o do the calculations, particularly as the
ohject is in an obscured region: at low galactic latitude,

AMBARTSUMIAN

1 think that you must put the dynamical mass in these compact
objects, since the influence of the extended gaseous clond of H 1
on the dynamics of the pair inside it cannot be appreciable even
when the mass of the extended cloud is very large,

SARGENT

Yes, into one of these small objects we have to put a large
mass. This was the assumption. T should like to emphasize again
that we did some work on the composition of the gas in these two
galaxies and we could only get the abundance ratios of helium t»
hydrogen, oxygen to hydrogen and neon to hydrogen, and they
were all the same as the Orion nebula, within a factor of two. Now,
this was very surprising. If these objects are young galaxies, ther
how is it that they could have made exactly the same proportion of
these elements as our Galaxy and have done it all in 107 years?

Oort

Isn't that always the way? For instance, many objects m the
galactic halo have almost normal abundances, and yet they have
presinably been formed in the early stages of the collapse leading
to the formation of the Galactic System, which would have lasted
less than 1o years.

{41 11, 3 - Sargent - p. 39
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I. INTRODUCTION,

This description of the observations on the optical spectra
of the (S0s will be divided into an account of the emission
lines, followed by a more detailed discussion of the absorption-
line spectra, and finally a nccessarily brief (because of time
limitations) account of the optical continua. This is a natural
division because the three types of spectra arise in different
situations in the objects, where different physical conditions
must prevail. 1 shall include both radio-emitting and radio-
quiet QS0s, since there appears te be no distinction in their
optical spectra, and I shall include objects at all abserved
redshifts. The only point to note here is that some objects
which have been classified as (QSOs but which have very small
redshifts, are probably better grouped with the compact or
N-type galaxies. A distinction can be drawn primarily by
means of the properties of the continuum radiation, and secon-
darily by the nature of the emission-line spectra.

(53 11, ¢ - E.M, Burbidge I - p. x
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II. EMISSION-LINE SPECTRA.

1. [dentification of lines,

The emission lines found in spectra of QS0s are those
expected to be produced in a hot gas at fairly low density with
a chemical composition similar to that of the sun and the stars
and gaseous nebulae in the solar neighborhood. Since the red-
shifts of QSO0s generaliy fall in the range z = 0.2 — 2, the most
casily observable optical wavelength region encompasses lines
of rest wavelengths in the range about 1200 — 5000 A. A table
of ultraviolet lines to be expected in the spectra of planctary
nebulae of normal composition, which was prepared by OSTER-
BROCK (1963} in anticipation of satellite observations of the
spectra of planetary nebulae, proved to be most helpful in
identifying lines in the early spectroscopic observations of
(3S0s with big redshifts. OsTERBRoCK and PARKER (1966) later
compared calculated line strengths with observed lines in order
to derive an estimate of the physical conditions in the emilting
gas, and published a table of observed and predicted lines.

A uscful table which groups lines according to electron
configuration in the emitting ions was published by Lyxps
{168). All possible transitions were listed between about 1000
and 7ooo A, in the various ionization stages of all elements
having a solar-neighborhood (“neormal”) relative abundance
greater than 10~% hydrogen, and those transiticns which had
actnally been observed were noted.

Bursmee and Bursince {1g67) gave a compilation of
emission lines observed in 6o QS0s, with ecye estimates of
intensity. An updated version of this table has been prepared,
but the conclusions to be drawn from it are unchanged; no
new identifications are indicated. OsSTERBROCK (1909) published
an updated list of calculated line strengths for the clements H,
He, C, N, O, Ne, and Mg in “normal” abundances, and also a

(57 W, 4 - EM. Burbidge J - p. 2
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further list of weaker hnes from Mg, Si, S, Ar, some of which
have been observed,

Table 1 lists most of the emission lines observed in the
range about 1200 -— 5000 A, A few lines identified only
rarely have been omitted, e.g. Fe II and Na I features seen
in 3C 273 (WampLER and OKE 1967) and [Mg VII]. A line
observed in several QSOs aft 2974 A, originally identified as
[Ne V], has been suggested by Viron (1967) to be due to
[O I]. The lines marked with asterisks in Table 1 are generally
the strongest and the most useful in determining redshifts,
Because of the overall similarity of most QSOs, two strong lines
visible in the spectrum of a newly-observed QSO will usually
suffice to determine its redshift, although the observers try to
obtain confirmation from the presence of other Iess strong lines.

TaBLE 1 — Principal Ewmission Lines Seen in Spectra of ()SOs,
1200 - 5000 A.

Ident. LAY Ident. A (A)

Ly~ e I216% Mg II 27g8%
NV 12407 [Ar IV} 2854, 2869
Si IV 13097" [Mg V] 2931

O IV] 1406 He II 3203
CIv 549" [Ne V] 3346, 3420
He II 1640 (O 1I] 3727+

O 111] 1604 [Ne IIT] 3809, 3968
C I} 1509* [O III] 4363, 4959, 5007%
C IT] 2320 Balmer series 4102, 4340, 4801*

* Strongest transitions.
* Blends of doublets.

[51 1, ¢ - E.M, Burbidge I - p. 3
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2. Widths of Emission Lines.

The emission lines are characteristically broad, 50 — 100 A
or more in the redshifted frame of reference. Little quantitative
work on line profiles has been done; widths have mostly been
roughly measured or estimated during wavelength measures for
the determination of redshifts. Sometimes, particularly for
0SOs of fairly small redshift, the forbidden lines are quite
narrow while the Balmer lines are broad; this effect is charac-
teristic of the spectra of nuclel of Seyfert galaxies, and in fact
the generally large line widths in QSOs are an indication that
similar physical processes are at work in both classes of object.

In PKS 1217 + 02, with z = 0.240, an illustration by
Lyuns (1g68) shows [O 1II1 234959, 5007 no wider than the
instrumental profile; the nearby HS is about 50 A wide, and
[0 ITT] %4363, the transition which comes from an upper level
of higher excilation than the other two [O TH] lines, is of
intermediate width. In other QSQs, however, the forbidden
lines are all broad, hut the general tendency is for the permitted
lines, especially the resonance lines, to be the broadest. In
()S0s with the very smallest redshifts all lines can be quite
sharp, and this is one indication that such objects are probably
better classed as small compact galaxies rather than as QSOs.
The question of the mechanism for causing line broadening —
electron scattering or Doppler broadening — falls outside the
province of this descriptive talk,

3. Observed Range of Tonization.

A large range of ionization is represented in the spectra of
the QSOs, from 7.6 ev which is required for single ionization

(5] 11, 4 - EM. Bwlidge T - p. 4
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of Mg, to 97 ev required to produce Net* or 109 ev for Mg+
{or even 186 ev for Mg*® if [Mg VII] is indeed present in a
few spectra).

4. Spectroscopic Differences between Objects; Case of N V
irzg0; New Qbservations of Large-Redshifi (SOs.

Although the emission-line spectra of the QSOs examined
so far show great similarity one to another, there are distinet
differences between some objects and eventually, when more
quantitative work on iine intensities and profifes has been done,
it may be feasible to group them into different classes. Even
the first two objects to be studied spectroscopically, 3C 48
and 3C 273 (GREENSIEIN and SCHMIDT 1964), clearly showed
differences which led to different electron densities for the two.

The emission feature N V Arz40 is quite variable from one
object to another. Tor example, the radio-quiet QSO PHL 3424
(SanvaceE and Luyren 1967) has N V nearly as strong as
Ly @, while N V is absent in many QSOs of abouf the same
redshift as PHIL 2424, Another good example of an object
with strong N V is 5C 2.56. 1 had carlier obtained a tentative
redshift of 2.38 for this object, but was somewhat puzzled
because Ly « was very broad and appeared to be blended
with N V 2r240. I was unable to confirm this redshift as the
object dropped in brightness, becoming around zoth magnitade.
After two years, however, it hrightened again this spring and
spectrograms obtained at Lick have given z,, = 2.388;
N V 21240 is indeed present and is nearly as strong as Ly «
and almost blended with it. Figure 1 shows this portion of the
spectrum of 5C 2.56 on three spectrograms, taken in 1968,
1969 and 1070,

Rather weal Ly § emission is also visible in 5C 2.56;
the big redshift brings it into the easily observable region. No
quantifative measures have yet been made on the intensities.
Bancars (1966) has given a theoretical discussion of the way

[51 11, 4 - EM. Buwrbidge 1 - p. 5
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in which the ratio of Ly @ to Ly [ can give information
on physical conditions in the emitting region.

The recent discovery by Lywps and WriLLs {1970) of the
very big redshift of the QSO 4C 5.34 is also interesting in this

3889 Mg Hg ag22

a
b
c
Ly i
'6 obs em abs em
Lya Si¥ 13941403
Fis, 1 — Three spectrograms of the QSO s5C 2.50 (£,,=2.388), obtained

with the 1zo-inch telescope at Lick Observatory. a: April, 1068; b: March,
1069, ¢: April, 1970, Object was very faint in 3gbg, but had hrightened
by 1970, Note strength of NV 1240, presence of Ly-g and SiIV absorpt-
ions, and Ly-fi at 3476 A. Strong night-sky Hg lines, and two comparison
lines to indicate wavelength scale, are marked at top.

respect. It has less broad, very strong emission lines (see
Figure 2), and study of Ly «, Ly 8, and the Lyman limit
will be possible and should give intercsting results. T return
to a discussion of the continuum of 5C 2.56 and 4C 5.34
in Section IV,

[5] 10, 4 - EM. Burbidge I - p. 6
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JII. ABSORPTION-LINE SPECTRA.

1. 3C 191; Analogy With Hot Galactic Supergiant Stars.

The first QSO in which a set of many absorption lines
was detected was 3C 191 (Burpmes, Lynps, and BURBIDGE
1g66; STockroN and LyNps 1g66). This object has the usual
broad emission lines with a redshift z,,, = 1.953. Its absorp-
tion lines are much narrower than the emissions, and proved
to be casily identified, at a redshift z,,, = ¥.047, with transi-
tions out of the ground levels of various ions to be expected
on the basis of the features already known to occur in emission
in QS0s. Of the lines listed in Table 1, Ly «, N V, S IV, and
C IV were all found in absorption in 3C 191, together with
other ground-level lines arising from lower stages of ionization.

Since 3C 191 siill provides the best example of a normal
absorption-line spectrum, the absorption lines foand in it are
listed in Table 2. Tn Section IIT (3} the occurrence of absorp-
tion lines of longer wavelengths in QSOs with multiple redshifts
is discussed, and a table appropriate to that wavelength region
is given there; in order to make the listing of absorption lines
more complete, Table 2 also lists some lines possibly present
in 3C 191, and some lines present in PKS 0237-23 [see Section
I (3)].

Some of the Si 1T lines in Table 2 are transitions arising
from excited fine-structure levels in the ground state of Sit,
and these have provided the basis for an analysis by BAHCALL
and Worr (1g68) of the physical conditions and location of the
absorbing gas. It must be quite near the QSO, for these levels
would have a negligibly small population in clouds of gas in
intergalactic space,

It is inferesting that the discovery of the absorption lines
in 3C 1g1 came at about the same time as SHRLOVSIKY, BAHCALL
and SALPETER predicted that resonance absorptions from certain

(5115, 4 - EM. Burbidge I ~ p. 7
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atoms and ions might be produced in the spectra of Q50s by
intergalactic gas lying between the object and the observer.
However, the lines in 3C 191 could all be identified at a single
redshift, close to the emission-line redshift, and because of the
fact that the excited fine-structure ground levels were populated,
they clearly arise in gas close to the regions preducing the
continuum and the emission lines.

Tapre 2 — Absorplion Lines in Spectrum of 3C 191,

[dent. L8 Ident. ) A{A)
Sill 11GO0.4 CII 1335.3
Si Il 1104.2 STV 1303.8
Si 11T 1200.5 SV 1402.8
Ly « 121R.7
NV 1238.8 SilI 1526.7
NV 1242.8 Sill 1533.4
Sill 1260.4 CIV 1548.2
SiIT 1264.8 CIv 1550.8

Possible Lines in 3C 191, or Additional Lines in PKS 0237-23.

Ident. (A Tdent. A (A)
S III 1190.2 S 1II 1250.5
SIII 11G4.I Al 11 1670.8
S IT* 1231.8 Sill 1816.9
S1I I250.5 Al IIT 1854.7
S 11 1253.8 Al IIT 1862.8

¥ From metastable level,

(51U, 4 - EM. Burbidge [ - p. 8
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The difference between the absorption and emission Iine
redshifts in 3C 191, if taken as a Doppler difference, gives a
velocity of some 6oo-1000 km/sec for the outward motion of
the shell. This is quite small compared with some of those
found subsequentiy,

A direct comparison can be made between the spectrum
of 3C 191 and the far-ultraviolet rockev spectra of O and early B
stars in Orion, obtained by Morton (1967a, b) and MorToNn,
Jenkins, and Bomiin (1968).  The stars & Ori (O g.5 ID),
¢ Ori (Bo Ia), and § Ori (O 9.5 Ib) show the resonance lines
of C IV, N V, Si III and Si 1V which appear in 3C 1971, and
they are shifted to shorter wavelength by some 1800 kim'/sec
with respect to the stars themselves. Lucy and Soromon
(1g70) accounted theoretically for these P Cygni-type profiles
by the effect of radiation pressure it hol supergiant stars,
leading to continuous mass loss from the stellar surfaces. It is
not surprising that something similar should occor in QSOs.

Concerning the possbile occurrence of intergalactic absorp-
tion lines, it is worth noting that the only certain interstellav
absorption seen in the spectra of these hot stars in Orion was
Ly «, although interstellar lines of C I, O I, Al II, and Si III
were possibly present. Intersteilar lines of C II, O I, Al II,
and Si II were, however, found by Stone and Morron (1967)
in the rocket spectra of & and = Scorpii. Table 3 lists these
lines with their measured equivalent widths.

As 1 shall discuss, it is likely that all the absorption lines
found so far in the spectra of SOs are prodaced in gas that
is or has been associated with the objects themselves. Therefore
this phenomenon would appear to be connected with the activity
of the QS0s, which has led to the ejection of gas from them,
and is therefore of great interest in the general study of violent
activity in compact objects, As the next step in this line of
arguiment, we turn now to various objects where large diffe-
rences in redshift and multiple absorption redshifts have been
found.

{5111, 4 - EM. Burbidge I - p. ¢
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2. PHI. 5200 and RS 23.

PHI. 5200 was identified with the radio source 4C-5.63
by ScHEUER and WILLs {1966), and Lynps {1g6%) found it to
have a spectrum unlike that of any other QSO so far found.
The spectrum resembles that of a supernova; wvery wide
absorption bands of C IV, & IV, N V, and Ly « le on the
short wavelength side of somewhat narrower emission features,
with a very sharp boundary between the emission and absorp-
tion features, and Lyxns found structure within the broad
emission bands. He suggested that the very broad absorptions
were produced in an expanding shell of gas around the central
energy source, with a large velocity gradient in this shell.
BursinGE {1968, 1960) found that the structure in the Si IV
absorption band appeared to have taken the form of fairly
sharp minima in the smal} vesidual intensity within the very
broad absorption bands — absorption “dips” -~ corresponding
to Si IV 2ar394, 1403 at 2 = 1.950, 1.801. '

The total width of the absorption bands corresponds to a
range of outward wvelocity in an expanding shell from
0 — 10,000 km/sec. Gas expanding outward under the action
of radiation pressure in resonance lines of abundant atoms and
ions might acquire stable wvelocities at particular wvalues,
governed by the incidence of ofher strong resonance lines at
different redshifts but coincident wavelengths. One can see
qualitatively how this mechanism can lead to a discrete and
fairly stable pattern of outflow velocities whose observational
consequence would be the appearance of absorption lines at a
number of separate, and even widely different, redshifts. This
idea has particular application to the mulfiple-redshift objects
described in Section III (3).

RS 23 is a radio-quiet Dblue stellar object suggested by
RicuaTeR and SaHAKJAN (1965) to be a candidate QSO from its
UBV colors; it was confirmed as such by BURBIDGE (1970),
and the redshift z,, = 1.908 was found. It has strong rather

[51 11, 4 - BE.M. Burbidge T - p. 11



132 PONT, ACAD, SCIENT. SCREPTA VARIA 35 - NUCLEL OF GALANIES

broad absorptions adjacent to and on the short wavelength
side of its emission lines, resembling what is seen in PHL 5200
except that the absorptions in RS 23 are less broad. ScCARGLE,
CAROFF, and NOERDLINGER (1g70) have studied the profiles of
the absorption features in both PHL 5200 and RS 23, and have
concluded that they are produced by pure scattering in an
outward-moving thick shell, probably driven by radiation
pressure.

3. The QSOs With Multiple Absorption Redshifis: Ton 1530,
PHL 938, and PKS 0237-23.

The radio-quiet QSOs Ton 1530 and PHL ¢38, and the
radio source PKS 0237-23, with a radio spectrum that has a
maximum and turns over at low {requencies, bave very intercst-
ing optical spectra with large emission-line redshifts and many
sharp absorption lines, which could not be identified until a new
concept was accepted — that the absorption lines can appear
at multiple values of the redshift, some very different and
much less than the emission-line redshift, As well as their
unusuai optical spectra, these threc objects are unusual because
two of them are radio-quiet (which may mean that they have
synchrotron spectra that turn over at fairly high frequencies),
and one of them exhibits directly the signs of synchrotron self-
absorption. TFurther, all are optically fairly bright.

BugsinGe, Lynps, and Stockron (1968) analyzed these
three objects and found that some of the many sharp absorp-
tions in Ton 1530 could be identified at three separate redshifts.
Almost all the absorptions in PHIL 938 could be identified at
two redshifts, one z = 0.6128, being very much smaller than
the emission-line redshift; the lines identified in this system
are listed in Table 4. Meanwhile, the lines in PKS 0237-23
required some seven scparate redshifts to explain them and siill
a considerable number of lines were left unidentified. BaHCALL,

[37 11, 4 - EM. Buwrbidge T - p. 12
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GREENSTEIN, and SARGENT (1068} independently analyzed
PEKS 0237-23 and came fo the same conclusion that nultiple
redshifts had to be invoked to explain the absorption lines;
they adopted five separate values. Bamcarn, 0smer, and
ScuMIDt (196g) subsequently added two more redshifts to the
values found by BurBmcE ef al. in Ton 1530. All these sep-
arate redshifts are listed in the last column of Table g, which
is a compilation of S0s with emission-line redshifts greater
than 1.8,

Tapre 4 — Identified Absorpiion Lines in PHIL ¢38.
(Burpmnce, Lyxns and STockTon 1668)

z\'l'ca:st{red s Identification Redshudt
3533.2 Ly a 12157 1.Gob4
3644.2 Fe IT  2260.1 0.6124
37701 Fell 2343.5 0.6120
3818.0 Fe Il 2366.9 0.6134
3827.1 Fe Il 2373.7 0.6123
3841.6 Fe II 2382.0 0.6127
4T71.2 Fe Il 2585.9 0.6131
4193.0 Fe Il 2599.4 0.0131
4500.1 Mg IT 2795.5 0.6130
4520.1 Mg II 28c2.7 0.6128

Most of the lines still left unidentified in both Ton 1530
and PKS 0237-23 lie on the short wavelength side of the Ly «
emission lines in each spectrum, and BURBIDGE ef al. (1968}
suggested that they might actually be Ly @ absorption at a
multiplicity of redshifts, produced by gas of instifficient optical

(51 11, 4 - EM. Burbidge 1 - p. 13
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depth to yield measurable absorptions in other, less abundant,
atoms and ions.

Historically, the first case discovered of a QSO with
absorption lines at more than one redshift was PKS 1116 + 12,
with 2z, = 2.118. LyNDS and Stockron (1966) found a strong
absorption component in the short-wavelength wing of the
broad Ly « emission, about 26A from the center of this emis-
sion. It was apparently not seen by Scaminr (1g66) on his
spectra of PKS r1rr6-12, but Baucarn, PETErsoN, and
Scamine (1g66) detected two other absorptions, probably Ly «
and C IV 21540, at 2,,, = 1.047, i.e. a redshift corresponding
to some 17,000 km/sec less than the respective emission-line
centers.

However, what led Burbinck, Lynps and STOCKTON to
the concept of multiple absorption redshifts was the spectrum
of PHL 5200, where, as described in Section I11 (2), the broad
absorption bands show signs of incipient breakup into discrete
narrow absorptions. We were also struck by the near-coinci-
dence of the strongest lines at one redshift to an expected
transition from a different ion at another redshift — e.g., the
Mg II XM27g6, 2803 lines at z,, = 0.6128 lie on the short
wavelength side of the C IV A1549 emission line at z,, = 1.955.
In fact, the Mg II absorption, which was visible on the first
spectrograms of PHL ¢38 obtained by Kinman (1966), was
originally thought to be due to C IV Ak1548, 1551 at a redshift
of about 1.gr4, because there is strong Ly « absorption at
z = 1.9006, and this seemed the obvious interpretation, despite
the poor agreement in z. It was only the clear resolution of
the doublet on our higher-resolution spectrograms that showed
the absorption could not be the C IV doublet, which has the
wrong separation, and this led to the correct interpretation.
This is shown in Figure 2, where the spectra of the three QSOs
under discussion are reproduced along with that of 4C 25.5,
another object with a large emission-line redshift and a complex
absorption spectrum {ScuMinT and OLsgx 1968). The absorp-
tion lines in 4C 25.5 have not yet been fully identified.

[5] 11, 4 - EM. Burbidge T - p. 14



TABLE .5 — (SOs with Redshifts Greater than z = 1.8 (absorption and emission).

Object & 1930 & 1950 Zom Zaps
PKS 2146 - 13 2T 46 46 - 13 18.7 1.801 1.785
3C 432 21 20 24 +16 51.% 1.805
PEKS 2334-+14 23 54 44 + 14 20.5 1.810
PHL 3424 0I 3I 12 +05 32 1.847
B 194 12 56 08 +35 44.9 1.864 1.8366, 1.8g46
RS 23 I3 33 55 +28 40.3 1.go8 1.873
PHL 1222 0I 51 I2 +o4 48 I.9T10 1.934 (one line assumed to be Ly «)
4C zg.50 I7 02 II +29 51.0 1.g2%
PKS 2134 +004 21 34 04 +o00 28.2 1.9g36
PKS o119 ~ 04 oI 19 56 - 04 37.3 1-.955 1.965
PHL ¢38 00 38 12 +01 56 T.955 1.go64 (ome line assumed to be
Ly «), 0.6128
3C 191 08 02 04 +I0 24.T 1.g56 1.047
BSO 6 12 59 30 +34 27.2 1.956
PHL 5200 22 25 54 - 05 34 1.98 1.g0 - 1.98; 1.g502, 1.89T0
PKS 1148 - 00 11 48 10 - 00 07.2 1.982
PHL 1127 0I 41 30 +05 14 1.990 1.95 (one line assumed to be Ly «)
LB 8755 08 48 o5 +15 33.5 2.0T0
3C g 00 I7 350 + 15 24.3 2.0I2
Ton 1530 12 22 57 +22 53 2.040 2.0553, I.9798, 1.0362,

1.0215, I.8866

PHL 1305 0z 26 24 - 03 52 2.004

PKS 0229+ 13 02 29 02 +13 09.7 2.065

B 18¢g 12 56 51 +36 48.2 2.075

BSO 11 I3 II 22 +36 16.5 2.084 2.028

PKS 2254 + 024 22 34 44 +02 27.3 2.09

PKS o106 +01 oI 06 02 +01 19.1 2.017

PEKS 1116 + 12 11 16 20 +1I2 5I.0 2.118 1.04%7

PEKS 0424 - 13 04 24 48 - 13 09.6 2.105

QS 1108+ 285 T 08 26 +28 37.9 2.192

PKS 0237 - 23 02 37 53 -23 22.1 2.228 2.201%, 1.95567, 1.6744,
1.6715, 1.6564, 1.5058,
1.5132, I1.3646.

4C 25.5 0T 23 56 +25 43.9 2.358 2.3683

5C 2.56 10 55 18 +49 55.6 2.388 2.3%70

4C 5.34 o8 o5 21 +04 414 2.877 2.475
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Table 4 lists the absorption lines identified in the system
with z = 0.6128 in PHL 938. Eqguivalent widths of the lines
have been measured on Lick spectrograms, and there are
enough for some attempt to be made at determining physical
conditions in the absorbing gas; this has been discussed by
DemoULiN and Doras (1970) and by CHan and BURBIDGE
(1g70). The lines are strongly saturated, with small Doppler
widths corresponding to only about 50 km/sec velocity
dispersion, The numbers of absorbing ions along the line of
sight are

N(Fet) = 7 % 10M em?
N(Mg*) = 4 x 10l cm™?

according to Cuan and BURBIDGE, using STROMGREN’s doublet
method.

4. Comparison Between NGC g151 and QSOs with Multiple
Absorption Redshifts.

The multiple absorption redshifts in SOs have been found
recently to have a remarkable counterpart in the spectrum of
the nucleus of the Seyfert galaxy NGC 415r. ANDERSON and
Krarr (1g6g), using Lick coudé spectrograms, found discrete
narrow absorption components in He I 23889 arising from the
metastable 23S state at three distinct velocities. Relative to the
nucleus itself these were - 280, - 550, and - 840 kmn/sec;
weaker components were also visible in the Balmer lines, the
largest velocity difference being - 970 km/sec at HB. These
lines can best be interprefed as arising in gas ejected from the
nucleus of NGC 41571, which is known to be variable in optical
light. Cromwern and WEYMANN (1970) observed that these
components are variable, so that clouds, filaments, or shells
are prodnced on a time scale of order one year. The multiple
nature, and the displacements toward shorter wavelength,

{51 I, 4 - E.M. Burbidge 1 - p. 10
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when combined with the many analogies between QSOs and
Seyfert nuclei, strongly suggest that the phenomenon of the
absorption components has a basically similar cause in the
two classes of object.

5. Compilation of Results on Absorption Lines; Discussion.

Table 5 shows all QSOs with z,, > 1.8 which possess
absorption lines (or all available in the literature). This list
includes the multiple-redshift objects and all the separate
absorption redshifts are tabulated. The majority of QSOs
having absorption lines are the objects of large redshift, and
one may ask whether this is a real effect or a selection effect
due to the greater number of resonance lines in the further
ultraviolet. WevMANN and WiLcox (1968} thought it to be
due to selection, but Lynns (1g68) looked at QSOs with red-
shifts in four very different ranges, such that different resonance
lines come into view, and tentatively concluded that the
absorption-line phenomenon is more common among objecls of
large redshift. Bursinet and BUrBIGE (196ga), when ad-
ditional redshifts had been measured, concluded that the cffect
is not due to selection.

Three possible interpretations for the absorption lines come
fo mind:

1) they arise in gas around the QSO and moving
relatively to it;

2) they are produced by intervening objects lying be-
tween the observer and the QSO — either intergalactic clouds
or galaxies;

3) if a model of a QSO could be constructed giving
large gravitational redshifts, then shells of gas further out from
the central object might lic in a lower gravitational potential.

(53 11, 4 - EM. Burbidge I - p. 7
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All three suggestions are designed for absorption redshifts
that are smaller than the emission-line redshifts, yet a significant
number — about 1 in 3% of all cases — have z,, > 2z, as
shown in Figure 3.

4 -
3|
N 2
o t P + : . : : : :
-02 ] 02 0.4 0.6 0.8 1O 1.2 14
zem_ Zubs
TG, 3 -~ Histogram showing distribution of values of 2,2y, for those
S0s having both absorption and emission lines. N = number with given

Zoy B, intervals of o.o1.

We Dbelieve that the first explanation is the correct one
(see also BUrrIDGE and BURBIDGE 1g6gb). It does require,
however, very large ejection velocities in some cases — g0,000
km/sec for the smallest redshift in PKS 0237-23 and 160,000
km/sec in PHL ¢38. The occurrence of several redshifts in a
very few objects, while many QSOs have only one set of
absorption lines or none at all, argues against the second
explanation; further, the histogram of z,, — z,, in Figure 3
shows that in the majority of cases this difference is not large
and the absorbing gas is most likely to be associated with the
QS0O. The similarity of the phenomenon in NGC 41571 is
another argument in favor of the first explanation. Cases in

[51 11, 4 - E.M. Burbidge T - p. 18
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which z,,, = 2z, could be duve to infalling gas; in the QSOs
Ton 1530 and B 194, where both 2z, = #,, are simultaneously
present, one wonders whether the shells will collide.

Before leaving the discussion of the line spectra, it may be
of interest to sec a histogram of the distribution of all redshifts,
from both absorption and emission lines. This-is shown in
Figure 4, where the growth of knowledge of these is
demonstrated by the three histograms plotted for data available
in three different years. This includes objects of small redshift
that are related to the QSOs. The growth of the much-discussed
peaks at # = 0.061 and z = 1.g5 is to be noted (BURBIDGE
and BursipGE 19602, b).

I11. ConTINUA.

The early work on colors of QSOs by SAnpack and his
colleagues (e.g. MATTHEWS and SANDAGE 1g63) showed that
their continuous encrgy distributions in the optical region were
unlike hot stars and were in fact best explained either by a
power-law, I (v) o< v=% as in synchrotron radiation, or by an
exponential law, F (v) oc ¢=** The characteristic features
are a strong ulfraviolet flux, first used by SANDAGE as a means
of identifying (SOs, and, in many objects, a strong infrared
flux, first discovered in 3C 273 by Jomnson (1964) and
Jounson and Low (1965). At long wavelengths this infrared
flux peaks above a power-law curve joining the radio and
optical fluxes. The high flux in the near infrared has been
used, e.g. by Braccmsr, Lvnns, and SANDAGE (1968), as a
means of discovering QSOs; stellar images found to be
unusually strong in both U¥ and IR are almost certain to be
valid QSO identifications.

Since  Sanpace will discuss UBV  measures of QSOs
and variability, T shall not cover these topics here. SANDAGE’s
composite average continuum with broad bumps on if, con-

[53 11, 4 - E.M. Burbidge T - p. 19
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HISTOCRAMS OF REDSHIFTS OF QUASI-STILLAR OBJECTS ANO CLOSELY RELATED OBJECTS
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structed from his UBV measures of many QSOs at various
redshifts, and the correlation between UBV colors and red-
shift discovered independently by several workers, were shown
by SrrrrrMariEr and BURBIDGE (1¢67) to be due to a smooth
continuum of the power-law or exponential form» with the
strongest characteristic emission lines superposed on if,

Scanner observations giving absolute spectrophotonietric
data have been made at Lick by WamrrLer and by Oxr at
Palomar. The most recent hedy of data consists of a study
of 28 QS0s between 0.32 — 2.2, by OKE, NEUGEBAUER, and
Beckriv (1g70). These objects clearly do not have one single
common form for the encrgy distribution; they have power-law
spectra with indices ranging from - 0.2 to - 1.6. No dif-
ference between the radio-quiet and the radio-emitting QSOs
was found. Tor the ()50s which are strongly variable in visual
magnitude, the energy distributions have not been found to
change during the variations.

Figure 5 shows a Hubble-type plot of log 2 against
magnitude; the enormous scatter in this diagram has been the
subject of much discussion and has been one of the factors
leading some people to question the cosmological nature of the
redshifts. There is still much work to be done on the magni-
tudes; many of the values used in this plot are very
approximate eye estimates made from the Palomar Sky Survey
prints.

An interesting question has been whether there is a sharp
drop in continuum radiation shortward of the Lyman limit. It
has, for example, been suggested that a cutoff or steep drop
here might account for the very marked fafling off in numbers
of OS0s having z ™> 2.2, shown in Figure 4, and the lack of
S0s with very large redshifts, The usual method of finding
0S0s, by looking in accurate radio source positions for stellar
objects appearing blue on the Palomar Sky Survey prints, or
for objects with UT excess, would lead fo a strong observat-
ional selection cffect against objects with large redshift, if there

{5111, 4 - EM. Buvbidge T - p. 21
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were little or no radiation escaping shortward of the Lyman
Iimit,

However, Lynps and WirLs (1g70) recently found a QSO
with z = 2.88, and there appears fo be no observational reason
why more such objects should not have been found if they did
in fact exist. This object, 4C 5.34, was picked as a blue stellar
object on the Palomar Aflas, it is a shade brighter than 18th
magnitude, and it does have radiation shortward of the Lyman
limit, which is brought to the easily observable redshifted
wavelength of 3536A. Figure 6 shows Lick spectrograms of
4C 5.34, and it will be seen that Ly o and C IV A1z4g9 arc

{5111, 4 - E.M, Burbidge T - p. 22
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I
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3889 50ie

Ly limit Ly/ﬁ LyO.
4C 5.34 z =2.88

Fic. 6 (a)

3889 5016 728
Lya CIV 1549

4C 5.34 z =288

Fig. 6 {b)

Fic. 6 — Spectrograms of 4C 5.34, oblained with Lick r20-inch telescope,
showing wavelength regions (a) 3700--5000 A and (b) 4oc0--7y0c0 A
{wavelengths of comparison lines at 388¢g, 5016, 7281 A are marked for
reference), Note great stremgth of emission lines of Lyg and C IV Lr549.
Object was photographed low in western sky through large air mass,
features from night sky and city light contamination are therefore very
strong and spectrum is heavily absorbed shortward of g )3650 lines.
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strong, broad, easily-observable lines. Thus the lack of QSOs
with redshifts much greater than 2.2 must be accepted as a
real effect.

In conclusion, let me return to the QSO of second largest
known redshift — 5C 2.56. Tigure 1 shows the spectrum on
three different dates, during the period when the luminosity
varied. It is not possible from photographic data to make an
accurate comparison between the flux emitted in the emission
lines, relative to the continunm. It is well known that in
3C 446, which is strongly variable, the emission lines became
much less distinct at maximum light, because their flax remain-
ed constant while the continuum varied. Yef the third spec-
trogram of 5C 2.56 shows the emission lines guite distinctly.
It will be interesting to carry ount absolute spectrophotometry
on this object fo see whether its emission lines also remain
constant while the continuom varies.

Exfragalactic research at UCED is supported by the
National Science Feundation and by NASA under Grant
NGL 05-005-004.

(51 1, ¢4 - E.M. Burbidge 1 - p. 24



E. M. BURBIDGE | OPTICAL SPECTRA OF QS0S 145

REFERENCES

Axperson, K.5. and Xnrarr, R.P., 4p. [, 158, 8350 {1900}

Bancawr, J.N., Ap. [ 195, 684 (1960).

Bamcarr, J.N., Greexsvix, Lo and Sarcrnr, W.LW., Apo [, 153,
680 (1568).

Baygcarr, J.N,, Osmir, P.S. and Scamior, M., Ap. [ (Leti), 156, L1
{1406g).

Bancary, J.N., Prrerson, BA. and Sosimwr, M., Ap. J., 145, 360 (1g66).

Bamearrn, J.N. and Worr, R.A., Ap. ., 752, 701 (19068},

Braccesy, A., Lyeps, R, and Saxpacy, A, Ap. J. (Lelt), 152, 1. 105 (1668},

Bursce, E.M., Ap. [ {Letl), 152, L o113 (5068},

— loc, cil., 155, 1. 43 {1900).

— doc. cil., 160, 1. 33 {rg70).

Bugsipcr, G.R. and Borswee, 1B.M., Quasi-Stellar Objects (San Francisco:
WM, Freeman) {1067).

~ Natwre, 22z, 735 (1969a).

- lot, ¢il., z24, 21 (196gb).

Bureer, .M., Lynps, C.IR. and Bowsiser, G.R., Ap. [., 144, 447 (16060).

Bumupee, E.M., Lyxas, C.R. and Srecxron, AN, Ap. [, 152, 1077 (1668).

Cuax, Y.W. and Burmince, .M., in preparation.

CromwiLy, R, and Wavmany, R, A5 J. (Letl), 150, L 147 (1970).

Desovrin, MM, and Dowras, N., Astron. and Astroplys., 4, 330 (1970).

GriexsrEin, ).L. and Scumior, M., Ap. [, 1400 1 (1084).

Jounson, H.L., Ap. J., r3g. 102z (19064).

Jouxson, ML, and Low, FX., Ap, J., rqgr, 336 {1965},

Isnan, T, Ap. J., rgq. 1232 {16606).

Lucy, L.B. and Soromon, P.M., dp. [, 150, 879 (1970).

Lyans, C.R., Ap. J., 147, 3906 {1o67).

{57 10, 4 - K&, Burbidge I - p. 25



146 PONT., ACAD. SCIENT. SCRIPTA VARIA 35 - NUCLE! OF GALAXIES

— Proc. Conf. on Beam-Foil Spectroscopy (ed. S, Basuxin, New York:
Gorden and Breach), p. 530; Contr, Iitl Peak Nalional Obs., No. 284
(10068},

Lysps, CJR. and Srockron, AN., Ap. [, 144, 446 (10606).

Lynps, C.R, and WiLrs, D., Nature, 226, 532 (1970).

Marruews, T A, and Saxpacr, AR, 4Ap, [, 138, 30 (1503).

Moxrox, D.C., dp. J.. 147, 1017 {1g67a}.

— loc. eit., 130, 535 (1067h).

Morron, D.C., Juxxins, E.B. and Bownx, R.C., 4p. J., rs5q, 661 {1568).

Oxe, I.B., Nevsesauur, G, and Brcrrws, ER., Ap [, 150, 347 {1970).

Ostersrock, DUE,, J. Planet, Space Sci., i1, 621 {1963).

— Mem. See. Roy. Sci. Lisge, ser. ¥V, 16, 391 (196g).

OsterBrock, DUE. and Parxer, RAR., Ap. J., 143, 268 (ro66),

Rrcurer, N. and Samaxyan, K., Ml Schwavzschild Obs. Tawlenburg,
No. 24 {1905}.

Sanpack, A. and Luvren, W.]J., dp. J.. 148, 767 {1967).

Scarcry, J.D., Carorr, L.J. and Nomwpuivcrr, P.D., dp. [. (Leit), 161,
L 115 (vg970).

ScHruEr, PAG. and WiLts, D., Ap. J., 143 274 {1906).

ScaMr, M., Ap. [ 144 443 (1066).

Scamivr, M. and Ousex, E.T,, 4. [, 73, S 117 {1968).

Srockron, AN. and Lywps, C.R., Ap. [.. 144, 451 (19663,

Srong, MU and Mowrox, D.C., Ap. ., 149, 20 {1967).

SrrirTMaTTER, P.A. and Buwsier, G.R., Ap. J., 143 13 (1067).

Viron, P, Adun. d’Ap.. 30, 823 {1667).

WamrrLer, E.J. and Ok, J.B., Ap. [, 148, 695 (1967).

Weysany, R.J. and Wieox, R.C., Nafuwre, 219, 1031 {1968),

[5] 11, 4 - EM. Burbidge I - p. 26



DISCUSSION

Chatrman . W. W, MoRGAN

SALPETER

You mention that one possibility for the multiple absorption
lines are gravitational shells which then would have to be very
thin to make the line sharp, and thercfore of high density. Did
you estimate roughly how high the density would have to be inside
such a shell with a gravitational redshift?

E. M. BURBIDGE

No. I have not made an estimate.

AMBARTSUMIAN

T would like to ask Mrs. Bursinse, can yoeu find any syste-
matic change of absorption lines, of their intensities or of the
number of components, with the distance {redshift)?

E. M. BURBIDGE

I did not have time to show the correiation of number of
absorption line appearances with redshift, but the histogram showed
all redshifts, all sets of absorption lines that had been seen in any
object. There are three main resopance features that you can look
for, that is the Mg II, the C IV and Lyman ¢. They are valid
as indicators of absorption iaes over different ranges of redshifts.
The tendency is to get more objects with absorption at high
redshift. The propertion of objects that show any absorption at
all increases steeply with redshift. I did not mention that the

[5]1 11, 4 - E.M, Burbidge I - p. 27



148 PONT. ACAD. SCLENT. SCREPTA VARIA 33 - NUCLEL OF GALANIES

white spaces in the main histogram which I showed (of the buildup
of the distribution of z over 3 different years) — these white spaces
were the absorption redshifts,  Yes, 1 would say that the increase
of absorptions with z is not a selection effect. One could argue
that Mg is less abundant than C and I, and so might be harder
to see, but in those QSOs which show Mg II absorption it looks
quaite strong. 1t is difficult to make a direct comparison because
of the very different wavelengths, but in PKS o237-23 (the Dbest
multiple-z object), Mg I1 shows quile strongly in the absorption
system of smallest z (1.36), on Lvaps’'s spectra, and ¢ IV can
also be seen in that system and then in the systems at greater z € IV
looks about as strong as it did in the z = 1.36 system. Lyman ¢
does not show in that, of course, but can just be seen {again on
Lynps’s spectra) right down in the UV in the 1.67 system. There-
fore, I conclude that Mg 1T 2798, which shows always so strongly
in emission, s indeed a good indicator of whether absorption is
present.  Incidentally, SHKLOVSKY expected it to be the best feature
to look for in intergalactic space.

AMBARTSUMIAN

Is the number of components also increasing? Ts there a
tendency for an increase in the number of components with red

L. M. Bursmas

Yes, because consider the 3 QS0s ouf of the 4 on the composite
slide of 4 QS0s with multiple z which I showed (one of them is
not sorted out yet). Of the three that have been sorted ouf, they
all have an emission line redshift between 2 = 1.0 — 2.2,

SALPETER

T just want to understand your answer a bit better, If I under-
stood the stalement about selection effects, these effects are absent
i you go to a fixed difference in velociiy beiween emission and
absorption lines; say up to a red shift difference of Az 0.2 to 0.3.

[51 11, 4 - EM. Burbidge T - p, 28
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If you stick to Az T o.2, i it still true that there are more cases

<<

for high emission redshifts than for low emission redshifts?

E. M, BURBIDGE
Yes,

SANDAGE

How do you interpret this? Do you interpret it as radiation
being absorbed between us ang it, with the path length increasing
with increasing z?

(. R. Bursmce

Of course not, but we are not allowed to falk theory here.
Small Az means that the gas is close to the QS0O; for 24, = Zoy 1t
could net be intergalactic.

MORGAN

You are allowed to answer any question that is pul to you,
But I think that there really is a tendency for high emission-
redshift objects to have more absorption in them than the lower
redshift objects; this at least is the impression; it is not a selection
effect, and I think the multiple absorptions confuse the issue scme-
what, Il you look at all of the absorption Jines which you see in
all objects — essentially three objects, as T recall, which have
multiple absorption, give rise to half of the absorption lines which
you ever see.  In all of the other cases the absorption is very close
to the emission. There is a tendency for those to be low redshift
objects.

SPITZER

I had the impression that the number of spectra available
with enough dispersion o show these narrow absorption lines was
so small that one really didn't have a sufficiently adequate sample
to make any firm statement. De you agree with this or is my
impression exaggerated?

(5111, 4 - E.M. Burbidge T - p. 2y
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E. M. BURBIDGE

The absorption line objects that I described all showed their
absorption on the very first survey spectra that were taken, the
low dispersion survey spectra. In the case of PHL g38 they were
wrongly interpreted at that stage, but it was already realised that
there was some kind of a lack of fif, there was something a little
bit wrong with the “obvious” identification,

Oorr

Have you thought about any models of the expulsion of these
very high velocity shells? Can one make a model in which a shell
is cxpelled with a z difference of the order of one, and still present

a narrow hne,

G. R. Bursipce
Well, Dr. REes is indeed just just trying to make such a model,
Maybe he will speak of that,

Rips
I could express it more quickly if I talked after Dr. vax DER
Laan’s talk tomorrow.

MoORRISON
Is there any connection between the absorption line entries
near z = 1.95 and the estimated absolute luminosity?

E. M. BURBIDGE

Well, 1 don't really know. I can say that along the line of
redshilt z == 2 in the magnitude-log 2 plot, the objects that have
the most absorption line redshifts are at the bright end of this
line. For example, PKS o0237-23 is a little bit brighter than
m = 17 and so is Tonantzinila 1530 brighter than 17th magnitude.
There may be some correlation there I think, but of course 5C 2.55
is around 1g {that is the object in Fig. 1), and 4C 23.5 is about
mag. 17.7.
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PHYSICAL CONDITIONS IN THE ACTIVE
NUCLEI OF GALAXIES AND QUASI-STELLAR
OBJECTS DEDUCED FROM LINE SPECTRA

DONALD E, OSTERBROCK

Washburn Qservatory, Universily of Wisconsin
Madison, Wis. - U,S.A.

As is well known the Seyfert galaxies are characterized by
their spectra consisting of a continuum plus very wide emission
lines, ranging up to a relatively high level of ionization, inciud-
ing [Ne V] and [Fe VII]. The first spectrophotometric work
on these objects was due to SEy¥ert [1] himself, and the first
interpretation to Worter [2]. ILater many more spectropho-
tometric measurements have been published, by OSTERBROCK
and Parxer [3], Digar and ProNix [4], OXE and SARGENT
[5], and SourrriN [6], and in addition there are the very
recent as yet unpublished measurements of WaMPLER and of
ANnDERSON. 1 have combined all of the later spectrophotometric
results to form weighted average values that are used for each
Seyfert galaxy throughout the discussion in this paper.

One of the most puzzling spectral features of several
Seyfert galaxies, particularly in NGC 1068, was the very
steep Balmer decrement for which no good physical interpre-
tation was available until WAMPLER [7] showed that it results
(at least in part) from interstellar extinction. He measured
the [S TI] line ratios suggested by MILLER [8], comparing

[6] 1, 5 - Osterbrock - p. 1
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the 2D — 2P 210320 multiplet with the *S — 2P Aiq069, 4076
doublet, all of which arise from the same upper P term. Thus
the emission rates in these two multiplets depend almost entirely
on transition probabilities alone, and their intensity ratio can
be accurately calculated. WaMPLER's measurements show very
clearly that the observed values of this ratio in Seyfert galaxies
are redder than the computed ratios, that the observed ratios
differ from one galaxy to another, and that they are closely
correlated with the observed He/HE and P47 /HE ratios in these
galaxies in the sense expected from interstellar extinction.

Therefore I have corrected all the measured relative emis-
sion line strengths for intersteflar extinction. This was done
using the standard Wmirrorn [g] reddening curve for the
wavelength variation of the extinction and the calculated
radiative recombination rclative line strengths of H at T =
2 x 10* © for the intrinsic color {since the [S IT] ratios have not
been measured for ail the Seyfert galaxies). The amount of
extinction was then calculated by comparing the observed and
caleulated H3/Hy and the HB/118 ratios, adopting the mean of
the two detel minations. The resulls are listed in Table 1. For
a few Sevlert galaxies the extinction was also calculated
independently from the [S II] lines. It can be scen from
Table 1 that there is quite good agreement for two of these
galaxies but not for NGC 4151, in which the extinctions caleunl-
ated from the H I lines and the [S IT] lines disagrec badly,
The discrepancy is somewhat reduced if instead of the mean
) A e adopt the measurement of
this ratio made by WaMPLER, which differs by a factor of 2
from the measurement by Anprrson. This illustrates the pos-
sible inaccuracies that can be encountered in measuring broad
weak emission lines in faint objects with continuous spectra.
The intermediate amount of extinction, Ay = 0.9: , calculated
from WAMPLER'S measurement of the [S II7 lines, has been
adopted for NGC 4151.

fo] 1¥, 5 - Osterbrock - p. =z
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TARLE T — Derived interstellay extinction tn Seyfert galaxy
nuclet.
A, Ay

(H lines) (s 11)
NGC 1068 2.3 1.0
NGC 1275 2.3 2.5
NGC 3227 0 —
NGC 3516 0 —
NGC 4051 2.0 e
NGC g151 3.3 0.2
NGC 5548 0 —
NGC #7469 0 —
3C 120 0 —

The procedure used to correct for interstellar extinction is
certainly not correct in detail, because the reddening curve is
derived from observations that give the effects of scattering
plus absorption by interstellar dust along the light path from
a distant star, while in the case of a Seyfert galaxy nucleus
the dust ig observed in the photometer diaphragm or spectral
scanner slit along with the emitting gas, and only absorption
reduces the observed number of photons. However theoretical
work by Maruis [10] shows that the effects of absorption in
this case are pretty well reproduced by the WHITFORD reddening
curve. In addition of course the dust in Seyfert galaxy nuclei
may be different from the dust in our Galaxy near the sumn,
where the reddening law is derived. Thus the corrections must
be regarded as having a significance that is more qualitative
than quantitative.

[6] I, 5 - Osterbrock - p. 3
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These extinctions were used to correct the observed Balmer
decrements for extinction, with the results shown in Table 2,
where it can be scen that the corrected Ha strength is generally
somewhat higher than the strength calcalated on the basis of
recombination alone. This increased strength of Ha is perhaps
partly due to some collisional excitation, though it may indicate
that the interstellar extinction correction is not correct in detail.

TABLE 2 — Balmer decrements in Seyfert galaxy muclei cor-

rected for interstellar extinclion.

Relative Line Strengths

NGC He, HR Hy HE
Observed Galaxies
T068 36. 10, 5.1 2.3
1275 49. 10. 4.1 3.0
3224 52. 10, 4.0 2.9
3510 45. 10, 4.9 3.0
4051 20. TO. 4.5 2.0
4151 27. 10. 3.9 1.5
5548 50, 10. 5.5 2.6:
7469 37 10, 4.7 2.7
3C rzo 4z 10, 5.1 2.8
Radiative Recombination Theory
T =2 x 10°
N, -0 28. 10. 4.7 2.6
N, > 10 27. T0. 5.1 3.0
T =1 x 104
N, 0 20. 10. 4.7 2.6

61 11, 5 - Osterbrock - p. 4
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As is well known, average values of the electron density
N, and temperature 7' can be derived from various forbidden
line ratios such as [O II], [O III}, [S II, [A IV], etc.
Published results include N, = 10* cm™?*, T = 10*in NGC 1068
[3],and N, = 5 x 10°em™, T = 2 x 10*in NGC 4151 [5].
There is no doubt that the degrec of ionization, T and N, vary
with position within a Seyfert galaxy nucleus, and therefore
that the spectral lines observed are not all produced in one and
the same region. The derived values of ¥, and 7 must be
understood as very approximate representations of the average
conditions in the ionized gas.

The observations of the larger number of Seyfert galaxies
that are now available show that [O III] 24363 is quite strong
in many of these objects. This can occur at high T (see Fig. 1),
but in many of the objects the observed intensity ratio (A4959 +
+ A500%7)/34363 is so small that it is clear the electron density
is rather high, of order 10® am~®. The detailed numerical
results are listed in Table 3.

Another interesting line ratio is [S IT] M6717/26731, which
measures N, in the region of relatively low ionization, since
the ionization potential of S° is only 10.4 ev. WEEDMAN'S
measurements of this ratio give electron densities N, = 2.5 x
x 10% cm~? in NGC 4151 and ~ 4 x 10? cm™? in NGC 1068,
Combining this with the [S II] 24069 + 24076 doublet strength
then gives T in the same region. In NGC 41s1 this method
would give I' == 1.2 x 10% if the measured line strengths
uncorrected for reddening were used, but 7 = 2.0 x 10* from
the corrected line strengths. In NGC 1068, 7 = 1.0 x 10*
would be deduced from the uncorrected lne ratio, but I - oo
from the corrected ratio. Even in NGC 4151 the temperature
calculated from the corrected line strengths, which surely should
be used, seems too high. One possible interpretation is that
there is a wide range of electron densities in the [S II] region,

[6] II, 5 - Osterbrock - p. 5
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Fig, 1 - [0 111} (k4959 + 25077)/)4363 infensity ratio as a function of
temperature and electron density,

for then the 26717, 6731 lines would come preferentially from
the low density regions, and the Ai4069, 4076 from the high
density regions.

‘The total luminosity in a line, e.g. Hf, is directly deter-
mined for a Seyfert galaxy nucleus from the measured flux
m the line and the known distance of the galaxy. A selection
of these values of T.(H}) are listed in Table 4, along with other
data that will be discussed below., They provide good evidence
for strong density fluctuations in the ionized gas in Seyfert-
galaxy nuclei through the following argument. The luminosity

[6] 11, 5 - Osterbrock - p. 7
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can be written in terms of the emission coefficient per unit
volume, the tolal volume of the nucleus, and the fraction = of
this volume filled by ionized gas

(1) L (HB) = e N, N, fyy (T) =

where fy; (1), the emission rate per proton per electron, depends
only weakly on . In NGC 4151 R 1 25 pe, while in NGC
1068 R = 50 pc; then with N, =3 ¥, we find & *? 1072 or
103, Thus a large fraction of the nucleus does not contain
ionized gas at the mean density - these regions must either
contain lower density ionized gas or else neutral gas. High-
resolution searches for H I would perhaps clarify this problem,
though the neutral gas might also be H,.

The relative abundance of helivm may be derived from
the relative strengths of the H I, He I and He IT recombination
lines. I have used the recombination coefficients given by
searon [11] for H T and He II, and by Rosrixs [12] for
He I, all interpolated approximately to 7 = 2 % 10% N, = 10°
¢m™* to derive the results listed in Table 5. The results are
quite insensitive to the assumed conditions, and the spread
in helium abundance for the objects in Table 5 seems larger
than the expected observational errors. Thus it seems there
may be variations in relative helium content by factors of 2
or 3 around a mean value of order 0.1, The abundances of
the heavier elements appear approximately normal, though
the details depend critically on ¥,, 7 and the ionization struc-
ture, which, as mentioned above, are only approximately
known. At any rafe, there is no evidence for large abundance
anomalies in Seyfert galaxies.
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TABLE 5 — Relative helinm abundances.

Line Strength (H3w 10} Relative Abundance (M=)

Observed Corrected
NGO He 7T Mel Mell el It Hets Hew,
L4086 25876 4680 L5876 et
1068 3.7 1.5 4.2 0.9 008 004 012
1275 0.6 0.4 6.6 0.2 0.02 0.01 0.03
4151 2.5 0.4 2.6 03 0.03 0.03 0.06
7460 3.1 3.0  3I 3.0 0.26 0.03 0.29

3C 120 2.1 20 2.1 20 0.17  0.02 0.I9

If the observed blue continuum spectrum in some Seyfert
galaxies is extrapolated into the ultraviolet as a power law
as v~0¢ (determined from the radio spectrum) in NGC 1068
or v~12 (determined from the optical spectrum) in NGC 4151
there are approximately enough ionizing photons to produce
all the ionization of H observed in these objects, that is

v QO ]—'V .
(2) / Y dy s O (Balmer)
Vo h o

A

where L, is the luminosity of the nucleus per unit frequency
interval, Av? is the ionization potential of H, and Q (Balmer)
is the total number of Balmer photons (= the total number
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of ionizations of H) emitted by the nucleus per unit time, This
is the basis for the detailed photo-ionization models calculated
by WirriaMs and WeyManN [13] for Seyfert-galaxy nuclei.
They suppose that the source of radiation is a central “point”
source with the gas distributed in clouds around it, and the
filling factor ¢ ¥& o.0r. On these assumptions the ionization
of cach element is calculated as a factor of position, taking
account of the weakening of the radiation field by geometrical
dilution and by absorption. The temperature is computed at
each point from the thermal equilibrium between photo-ionization
heating and radiative cooling. Then integrating over the entire
volume of the model gives the total emission in each line.
These photo-ionization models agree approximately (but far from
perfectly) with observations, as shown in Table 6. The Aller
mixture of abundances was assumed in the calculation of these
models, and to a first approximation the true abundances may
be found from the ratios of calculated and observed line
strengths, This leads fo the approximate abundance ratios
Ne/H = 6 x 1079 and O/H = 1 x 107*% A detail the models
do not match is the great observed strength of the lines of the
neutral atom lines [O 1] 216300, 6363 and [N I] A5200. These
conceivably could arise in very dense condensations (WIL-
L1AMS) or as a result of motion of gas clouds past the source
of ionization (Cox).

More recently NussaUMER and OSTERBROCK [14] have
analyzed the observed strength of the [Fe VII] lines, an ion
which has nearly the same ionization potential as [Ne V]. The
Fe/Ne abundance ratio can thus be dctermined, and it leads
in turn to the abundance ratio Fe/H = 1.5 x 1075

Another interesting problem is that of the [Fe X] 76374
and [Fe XIV] %5303 emission iines first discovered in NGC
4151 by Wirson [57. Tt should be noted that there is some
question whether the second line is actmally [Fe XIV], or
perhaps [Ca V] 25309 as reported by Sourrriy [6]. The
interpretation proposed by OKE and SARGENT is that these lines
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are produced under conditions of collisional ionization as in the
solar corona, requiring 7" =2 10° If the entire nuclear volume
(outside the 7' =2 10 condensations that produce the rest of the
emission-line spectrum) is filled with this gas a density of
N, = 10% cm™ is required. A scmewhat more quantitative
analysis by NuUssBAUMER and OSTERBROCK confirms this
estimate and shows that if (as is likely) a range of temperatures
is present they may rumup to 7 = 5§ » 10%

TABLE 6 — NGC 4151 photo-ionizalion models.

Single-cloud Multiple-clond ~ Observed  Cor-

Line model modet rected

He A6563 28.6 28.6 20.4 22.1
Hp 24861 10.0 10.0 10.0  I0.0
He I 75876 1.7 1.8 0.4 0.3
He 11 1.4686 2.5 2.4 2.5 2.4
[N II] 26583 0.8 1.0 2.9 2.2
[0 1] 16300 2.9 %107 3.6 x 1072 1.5 1.2
[O II] 3729 2.6 2.8 4.7 3.7
[G TIT]  As007 270 272 21.2  20.6
[Ne III] 23860  36.0 26.0 2.9 2.3
[Ne V] 23426  32.0 28.6 3.0 2.2
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However an alternate interpretation is that the [Fe X
and [Fe X1V lines are formed under conditions of photo-ion-
ization by the same assumed power-law continuous spectrum
that produces the other ions. The very high stages of ionization
of course only occur close to the central point source of radi-
ation. However the calculated strength of [Fe XIV] 25303 is
considerably smaller than the observed strength and if the
identification of this line is confirmed the photo-ionization
model is probably ruled out,

A well-known feature of typical Seyfert-galaxy spectra
is the very wide wings of the H and He emission lines. The
cores of these lines often have profiles much like the forbidden
lines, which however do not have the same broad wings as
the H lines. Though these broad H wings occur in most
Seyfert galaxies, NGC 1068 does not have them and in NGC
1275 they are relatively weak. Table 7 summarizes the
available data on the widths of cores and wings of H lines and
of forbidden lines. One interpretation of the wings is that they
actually represent high turbulent velocities. WorLTJER has sug-
gested that these could oceur in a reglon of such low temperature
that nonc of the collisionally excited {forbidden) lines could
occur, while SoUrFRIN has suggested that the high turbulence
occurs in a region of such high density (N, ¥2 107 cm3) that
all the forbidden lines are collisionally de-excited.

Another inferpretation of the wings that was suggested by
OxE and SArRGENT and worked out quantitatively by WEYMANN
[15] and MaTHIS [16] is that electron scattering produces the
broad wings. According to this idea there arc high-density
condensations in which the forbidden lines arc suppressed, but
in which the H lines are emitted and broadened by electron
scattering before escaping. Plausible conditions for these
condensations in NGC 4151 are 7 = 2 x 10* and t (optical
depth in eclectron scattering) = 710, requiring, for instance
N, = 2.5 x 10° cm~? and diameter 0.0045 pc, or T = 4 x 10%,
t = g, with ¥, = 2.2 x 10% cin=? and diameter 0.003 pc. Note
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that the sizes of these condensations fogether with the measured
velocities of order 500 km/sec lead to lfetimes of the order
of 1o years. Quite rapid variations are thus possible. Fur-
thermore if such small dense knots occurred near the ionization
source the radiation pressure on them would be considerable,

TABLE 7 — Line widths tn Seyfert palaxies.

Forbidden lines IHydrogen Lines
{km/sec) (km/sec)

NGC FWHM FWOlL BWHM FWO!
1068 1400 4000 1200 4000
1275 Goo 3000 600 6ooo
3224 800 2500 2000 11000
3510 400 1800 4800 10000
4051 500 1400 1100 6000
4151 600 18co 600 12000
5548 500 1800 9oo 12000
7460 800 2700 TGOO 11000

Note: FWHM = Jull width at half-maximum intensity
EWOI = {ull width at zero infensity

There is good evidence that the nuclel of Seyfert galaxies
each contain many cloads or turbulent elements. This is most
clearly shown in the coudé spectra of NGC 1068 and NGC 4157
taken by WALKER [17]. In NGC 3227, according to RUBIN
and FForp [18], there is fine structure in the profile extending
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far out into the wings. If this is confirmed by other observations
it will be a strong argument against the electron scattering
model, which should result in smooth profiles.

It is interesting to test whether the observed turbulence,
as indicated by the forbidden lines and the cores of the H
lines, can provide the energy radiated in the emission lines.
The observed luminosities in Hf are listed in Table 4 above.
To find the total energy emitted in all emission lines together
we use the measurements by OKE and SarGENT of NGC 4157,
the best observed sample object, and apply them to all the
other Seyfert galaxies. Their measurements give L(Balmer) /
L(H3) = 3.5 (measured} or 5.2 {calculated) and L{forbidden
lines)/T.(FIB) = 4.7. Another major source of linc radiation
that is unobserved is the Lea emission lines. On the assumption
that every Balmer photon is accompanied by at least one La
photon we find L(Lea)/L{(HB) =2 20. Therefore to estimate the
total emission in all emission lines together we adopt L(all
emission lines)/L{HB) = 40. This gives an idea of the rate
of energy loss by the ionized gas in Seyfert galaxy nuclei.

Furthermore the total of ionized gas may casily be calenl-
ated from the observed L.{Hf) and the electron density estimated
from relative forbidden line strengths, using equation (1) to
find the product 47eR*/3, and then

se I3
(3) M= ANy,

~ 3

The estimated electron densities used and the resulting
masses are listed in Table 4. From the observed widths of the
cores of the lines the kinetic energy of mass motion can he

I
calculated as ’e M2, and thus finally the time scale #,, that

would be required for the gas to radiate this kinetic energy.
These time scales are also listed in Table 4, where it can be
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seen that they range from 10° to 10° years. Note they are
independent of the extinction correction, because M o< L(HE)
in this method of using the observational data. Comparing these
with the estimated lifetime of Seyfert galaxies, 10® years, it
is immediately apparent that a continuing input of energy to
the ionized gas is required.

The idea that the kinetic energy of mass motions in
Seyfert-galaxy nuclel may be converted into observed optical
radiation was first suggested by SarcenT, and was emphasized
by Osrtererock and PArkEr.  The basic picture is that the
individual clouds of gas have random velocities, and that col-
lisions between these clouds transform kinetic energy into heat.
Tn its most primitive form this interpretation cannot be correct,
because the high temperatures that occur in the collisions bet-
ween clouds would produce forbidden lines much stronger than
those observed, as pointed out by Wortjer [19] and by Soux-
FRIN [20]. The observed high velocities mean that quite high
initial temperatures are produced behind the shock (500 km/scc
yields 7 = 5 x 10%. The shock-heated gas then cools by
radiation and expansion, but at these high temperatures
considerable energy is radiated in the uitraviolet as resonance-
line photons of higly ionized stages of O, Ne, C, N, etc.,
and these high-energy photons can escape from the shock region
and can ionize H and other atoms in the gas that has not yet
entered the front. In fact, if the observed [Fe X] and [Fe XTV]
in NGC 4151 are interpreted as resulting from hot collisionally
ionized gas, then the total radiation from this gas amounts
to about 7 x 10 erg/sec, mostly in the ulfraviolet. This is
considerably larger than the total optical radiation observed to
be emitted by the same nucleus, namely L(forbidden) = 4 x
x 10* erg/sec, L(HB) = 3 » 1o* erg/sec, or even L{La) >>
> 1.5 x 10% erg/sec. Thus we can adopt the picture that
the collisions between gas cloads produce heating to high
temperatures, which leads to emission of ultraviolet photons
from the heated region, that in turn cause pre-ionization of the
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neutral gas that has not yet entered the shock. Thus we have
a possible photo-ionization moedel of Seyfert galaxies in which
the ionizing radiation is a complicated emission-line spectrum,
and in which in addition some of the observed radiation comes
from regions directly heated by the collision. More detailed
caleulations of such models are obviously necessary before the
picture can be qualitatively accepted.

At the present time the only available detailed calculations
of interstellar shock fronts are those by Cox [21], which how-
ever were intended to apply to the Cygnus Loop, and therefore
involve considerably lower wvelocities and densities than are
observed in Seyfert galaxies. A comparison of the calculated
and observed relative line strengths is shown in Table 8, and
it can be seen that qualitatively the features agree fairly well,
particularly the strength of the fO Il and [N I] Hnes that are
not reproduced by the photo-ionization models. A higher den-
sity shock-wave model would tend fo have weaker, [OQ II]
23727 because of collisional de-excitation, and would further
improve the agreement, Much further model work, covering a
range of densities and velocities, Is necessary.

A most interesting new discovery is the measurement by
Avperson and Krarr [22] of three absorption-line components
of He I 383G in NGC 4151. This line arises from a metastable
level and has been observed in absorption in the Orion nebula
and in at least one planetary nebula, IC 418. The measured
velocities of the three absorption-line components, relative to
the emission-line velocity, are — 280 km/sec, - 550 km/scc
and - 840 km/sec. AwrDERsON and KrarT also observed ene
absorption-line component each in H3 and Hy at - g70 km/sec,
which probably actually correspond to the - 840 km/sec comn-
ponent of He 1 2388g, since the profile of this line is somewhat
affected by the strong [Ne IIT] A386¢ line. CroMWELL and
Wrymann [23], have also obtained spectrograms of NGC 4151
showing the Hf absorption-line component, and have compared
them with earlier spectrograms (faken in 1962 by SARGENT)
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which do not show this absorption. [hey thercfore conclude
that good variation in the strength of the absorption-line com-
ponent has occurred in a time scale of a few years, and they
present this as evidence that a small cloud or puff of gas has
been shot out from the continuum source within the nucleus
of NGC 4151,

TaBrLe 8 — Shock-wave model.

Vesaq41 kmfsec Hyig €T3 B=3xi07® gauss
NGC 4153
Line Model Observed Corrected
Ho 26503 28.0 20.4 22.1
HB 24801 10.0 10.0 10.0
He I 75846 0.7 0.4 0.3
He II 74680 —— 2.5 2.4
[N 1] 5200 6.5 0.3 0.3
[N II] 26584 28. 2.9 2.2
[O 1] 6300 7.0 I.5 I.2
(O II]  Azyzy 102.0 4.5 3.7
[O 1] 5007 23.0 2T.2 20.0
[Ne TII] A3869 14, 2.9 2.3
[Ne V1 23426 3.2 3.0 2.2

The analysis of the conditions in the small cloud responsible
for the absorption-line is not straightforward, because a wide
range of densities is possible. However the fast time scale
shows that small distances and correspondingly high densitics
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are involved. CromMwiiL and WeYMANN suggest as a pos-
sibility N, ¥ 5 x 107 cm™?, which could also explain the
electron-scattering emission-line profiles mentioned previously.
They then calculate the size the condensation must have to
produce the observed He I absorption, and thus finally derive
the rate of mass flow ount from the nucleus in these dense
condensations. Their result is 0.6 x 10~* Mg/yr, though it
seems to me that making allowance that the flow probably
occurs in all directions, and not just in direction toward the
sun, increases this estimate to 0.6 Ms/vyr.

Let us next turn our atfention to the nuclei of ordinary
galaxies that have emission lines in their spectra. Statistics
assembled in radial velocity surveys show that a large fraction
of the spiral galaxies have this property, and that some ellipticals
share it. The emission lines observed [O IT1], [N I3}, [O IIT},
[S II], and H T, etc,, are gencrally of a lower average level
of ionization than in Seyfert galaxies, and more like the lines
observed in H IT regions. In addition [O I 26300 is observed
in many nuclei. All the emission lines are relatively wealk,
and stll weaker lines such as [O IIT} 24363 have not been
measured in any of these nuclei so there is no direct observa-
tional evidence on the temperature.

TABLE g — Relative abundances in nucleus of NGC 4278.

Ton Assumed Temperature

1.0 x 10t 2.0 x 10
H+ 1.0 % 10 1.0 % 10t
N+ 0.25 0.062
O+ 1.3 0.14
Q-+ 0.31 0.054
Ne*t+ 0.19 0.024
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The two bright elliptical galaxies with the strongest emis-
sion iines, NGC 1052 [24] and NGC 4278 [25], have been
fairly well studied. In NGC 4278 the abundances of several
clements have been approximately determined from the emis-
sion-line strengths, with the results shown in Table g. Since
the temperature is unknown there is some indeterminacy, and
it can be seen from the table that approximately normal 7" and
abundances agree with the observations, as do also somewhat
higher T and somewbat lower abundances of the heavy elements
(which in fact could occur together because decreased abundance
of the heavy elements leads fo decreased radiative cooling and
therefore a higher equilibrium temperature). Thus a decisive
statement about the heavy-element abundance cannot be made
on the basis of the available data. The measured L(HB) of
NGC 4278, listed in Table 10 shows that its ionized gas nucleus
is a factor of 1o to 100 less [uminous than the nuclei of Seyfert
galaxics. The total mass of ionized gas in the nucleus of
NGC 4278 is comparable with that in Seyfert galaxy nuclei.

TaBLE 10 — Lwuiminosities and masses of nuclei of normal
galaxies.
1115} N, M/M,

Nucleus {erg fsec) {em™?) {ionized gas}

NGC 4278 6 x 10% 10* 6 x 10t
M 31 e 5% 10 —
M s1 72x10%  gx10? 1.4 %10°
M 81 5.1 X 10% 0’ 5.0 % 10?
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One of the interesting problems of interpretation of the
emission-line spectra of the nuclei of galaxies is that in many
of these objects the intensity ratio [N I1I] A6583/He > 1,
while further from their centers and in most H 1I regions
26583/Ha << 1 [267. The high [N II] 26583/Hea ratio in
the nuclei of many galaxies might possibly be due to high
abundance of N, or to high T, or conceivably to decreased
jonization of N'* to N'**, so that more N* is present to cmit
the [N II] lines. Table 11 shows calculated values of the
[N 1] %6583/He intensity ratio computed on the assumption
that N*/H* = 1 x 10™% using the best available collision
strengths [27]. According to published general abundance
tables N/H == 1 x 107% which wouild thus be an upper limit
to the ratio N*/H*., However, in the Orion Nebula PEIMBERT
and CostEre [28] have found a lower nitrogen abundance,
N/H = 4 x 107, directly from an analysis of the [N II]
16583 /He intensity ratio.

TARLE 11 — Calcudated [N 111 16583/ Ha intensity ratios.

{(Assumed abundance ratio N*/IT"==1.0x 107%

T 26583 /e
6.0 x 10° 0.4
8.0 x 10° 1.2
1.0 % 10 2.3
1.2 x 10t 3.5
2.0 x 10 g.1
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The Dest spectrophotometric data on the emission-line
intensities in normal galaxies arc from the recent work of
PEmMBERT [26], who observed the nuclei of the spiral galaxies
M 51 and M 81. In addition, spectra of the nucleus of M 31
show that its strongest emission lines are [O I1] 23727 [30]
and [N II] 26583 [31], which shows that it is quite similar
to M 51 and M 81, though at an even fainter level of activity.
Observationaily determined values of Ne, L{HB) and the mass
of ionized gas of these three nuclei are included in Table 10.

PrivBerT's measurements clearly show that there is some
abundance anomaly in the nuclei of M 51 and M 8x. If it is
agsumed that the N abundance is normal, then high values of
T are required {see Table 11) but as the [O II] and [O IIT]
lines are not particoiarly strong this requires an abnormally low
abundance of O {down by a factor of 10 to 20)., Alternatively
if it is assumed that the O abundance is normal, then the line
strengths can be fitted with 7" =2 1000° but with the N overab-
undant by a factor of 3 to 5. This last hypothesis seems fairly
plausible from the viewpoint of stellar evolution and is adopted
as the most likely by PriMBerT, though there is no strong
observational evidence favoring it over the opposite assumption,
or over any intermediate assumption of somewhat higher than
normal N abundance, somewhat lower than normal O abun-
dance, and scinewhat higher than normal 7.

The full widths of the permitted and forbidden emission
lines in the elliptical galaxies NGC 1052 and NGC 4278 are
approximately 600 km/sec (at half maximum intensity). This
width results from a combination of rotation (the effects of
which can clearly be seen in the interstellar gas just ontside
the nucleus) plus turbulent breadening (the effects of which
are confined to the nuclens). In the spiral galaxy M 51 [32]
there are local deviations from the circular rotational wvelocity
ranging up fo 4+ 100 km/sec. Also M 31 {which is observed
with the largest scale [30, 31]) the rofational velocity spread
is 250 km/sec within 500 pc of the center, and there are
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superimposed noncireular motions again of the order of :I: 100
km /sec.

The source of jonization for the emission in the nuclei of
these ordinary galaxies is probably (though not necessarily)
related to the source of ionization in Sevfert galaxies. One
possibility is that photo-ionization is caused by radiation from
hot stars. Small numbers of faint hot blue stars (comparable
to the relative proportion of such stars in the globular cluster
M 13 for instance) would be sufficient to provide all the observed
ionization [25]. Likewise a small number of ordinary OB
stars with temperatures in the range z.5 x 10° to 4.0 x 10
would provide sufficient ionization, but would escape detection
in the ordinary photographic region [29]. Ullraviolet observa-
tions in the region 2hg12-2000 would of course easily show the
presence of such blue stars. If this stellar photo-ionization
source is assumed correct, the question of why some galaxies
have emission-line nuclei but others do not then must he raised.
Probably all nuclei contain gas, and the differences would be
duc to the ionization source. Ancther possibility is that the
emission-line nuclel contain a photo-ionization source weaker
in intensity but similar in kind to the source in Seyfert
galaxies, and that it is an optical synchroton source with a
power-law continuous spectrum. The main difficulty with both
these photo-ionization sources is that they do not predict the
observed strength of (O 1] 26300.

It seems to me that a shock-wave model might be able
to explain all the observed data. There may or may not be
a small source within the nucleus that projects out small dense
clouds with high kinetic energy, but at any rate the widths
of the emission lines show that there are motions with velocities
of the order of several hundred kin/sec. If these motions are
not highly organized, collisions between clements of gas must
occur. The resulting shock-waves do not maintain an equili-
brivm cloud of hot ionized gas; instead the heated mass in-
mediately begins to cool and to recombine. The [O 1] emis-
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sion. occurs in a region in which there is both neutral gas and
ionized gas providing free electrons, that is, in the recombining
region, The observed lower velocities in the nuclei of these
galaxies imply that lower temperatures are reached in the shock
wave than in the Seyfert-galaxy shock-wave models discussed
above. For instance a relative velocity of 100 km/sce leads
to 7. ¥= 10°, while 500 km/sec leads to T, = 5 x 10°%
Note that these temperatures are not simply proporticnal to
the square of the wvelocity, because at the lower wvelocities a
larger fraction of the energy is stored in the ionization of H.

The calculated models dne to Cox show fairly reasonable
agreement with the small amount of observational data, as
shown in Table 12, A crucial observation would be the
measurcment of [O TIT] 24363, because on the shock-wave
model no appreciable photo-ionization of O is expected and
the [Q TII] emission should therefore arise in a zone with
T 5 x 10* This would lead to a line ratio 24363/25007 ==
2 0.1, which might conceivably be detectable (given sufficient
observing time), while on the phato-ionization models 24363/

A5007 < 0.02.

TABLE 12 — Nuclet of normal galaxies.

Measurements Shock-wave Models

Line M 51 M 8y 71 kmfsec 141 kmfsec
[O 1T} 23727 2.8 2.0 13.9 10.0
Hp 24861 o 1.1 1.0 1.0
[O TII] %5007 3.2 1.4 3.0 2.3
[O T] 26300 0.5 0.4 0.2 0.7
Ho 26563 2.9 2.9 2.8 2.8
[N IIT 26584 7.2 4.1 2.8 2.4
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Finally we shall discuss briefly the emission-line spectra
of quasars and QSOs. The absorption lines in these objects
are of course also very important for understanding their
structure, but as they have been discussed thoroughly by Dr.
E.M. Burpipge at this Semaine d'Etude I shall not include
them in the present paper. The quasars are particularly
interesting Dbecause their large red shifts bring the ordinarily
unobservable ultraviolet spectral region into the range of
transmission of the earth’s atmosphere. Thus many new lines,
including permitted transitions such as C IV 228 — 22P 21549
and Mg II 3% - 3P 22800, as well as intercombination
(semiforbidden) transitions such as C III] 2'S — 2P Argog
are observed in quasars.

To calculate the intensities of collisionally excited lines
under conditions of known 7', N, and ionization, the collision
strengths Q (proportional to excitation cross-sections) must be
known. Thesc collision strengths are available for essentially
all forbidden lines from the work of SgatoN [27], CzyvzAx [33],
and their collaborators. Collision strengths are available also
for nearly all permitted lines of interest in quasars from the
work of Bery [34], Turry, REGEMORTER [35], and others,
while for the few transitions not computed in detail, good
estimates have been made from Spaton’s radiative approxima-
tion [36]. A selection of these collision strengths is included
in Table 13 below. For the intercombination lines, until quite
recently only rough estimated values of & based on the conserva-
tion theorem were available. However I have recently calcul-
ated the collision strengths for the C III] isoelectronic sequence
by solving the detailed coupled quantum-mechanical equations
[37]. These semiforbidden transition collision strengths, which
are also included in Table 13, should have accuracies com-
parable to the forbidden-line coilision strengths of SEATON,
Czyzak, et al, as the main approximation in both sets of
calculations is that configuration interaction is neglected.

No accurate calculations are as yet available for the inter-

[6] 11, 5 - Oslerbroch - p. 23
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ABLE 13 ~— Collision strengths for wltraviolet emission lines.

Ion Trangition Tines Q Reference

Il 2p P —2p* P 2326.3, 2327.9, 2325.6, (0.1) Secc text
2320.0, 2324.4

IT 2p P - 22 2D 1335.7, 1334.5 6.4  Osterbrock 1963
III] 25218 — 2p 3P 1908.7, 1906.7 1.24  Osterbrock 1970
M1 282’S—2p 1P 07%7.0 6.0z Osterbrock 1970
IV 2528 2p 7P 1548.2, 1550.8 9.76  Bely 1966

] 2p 30 — 2p* %S 2143.4, 213G.7 (3.8)  See text

1] 2p 2P — 2p? P 1749.5, 1752.0, 1753.8, (5.0) Sec text
1746.7, 1748.5

IV 28278 — 250 1486.5, 1483.2 0.75  Osterbrock 1970
v 28 28 — 2p P 1238.8, 1242.8 7,08  Bely 1966
1] 2p? P — 2498 1666.5, 1601.2 (2.1)  See text

V] 2P — 2p* P 1401.2, 1404.8, 1300.8, (3.0) See text
1407.4, 1397.2

V] 28218 2p 3P 1218.4, 1213.9 0.49 Osterbrock 1970

VI 25 —z2p?P 1037.6, 1032.0 5.28  Bely 1966

g II  3s?S-—3p°P 2796.4, 2803.5 20.2 Burke and Moores 16638
g Il 3p?P—13d ) 2708.8, 2791.6 4.10  Burke and Moores 1668

T 3p %P —3p %P 2335.3, 2344.9, 2320.2, (g) See text
2350.9, 2335.1

II 3p P —3p??D  1817.1, 1808.2, 1817.6  0.86 Roberts 1970
I 3p P — 4528 1533.6, 1526.8 3.2 Roberts 1970
I 3p P — 3?28 1308.3, 1304.4 1.6 Roberts 1970
II  3p™ —3d*D  1204.8, 1260.5, 1265.1 11.3  Roberts 1970
I 3pP—3p* P 11¢4.5, 1163.3, 1197.4, 5.1  Raoberls 1970

1100.4
IIT} 38*1S—3p3P  1802.0, 1882.7 (2) See text
I 35?218 —3p 1P 1200.5 6.4  Osterbrock 1963
IV 3825 —3p 2P 1303.8, 1402.8 19.1  Bely, Tully,

TRaonmnrtnr TAARS
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combination transitions of the other isoelectronic sequences,
However the general distorted-wave program being developed
by Eissner at University College London will soon he able
to provide all these collision strengths. Comparison of prelim-
inary results derived from it with coupled-equation results
for the C III] isoelectronic sequence shows that the distorted-
wave approximation is correct to approximately 30% for singly
ionized ions, and that as expected its accuracy improves with
increasing ionization, being better than 109, for doubly ionized
jons, and better than 1% for six times ionized ions. In addition
the general program will take configuration interaction into
account accurately in the calculations. However until the
results derived from it become available the best interim proce-
dure for estimating collision strengths for other semiforbidden
transitions seems to he to correct the estimate based on the
conservation theorem by a factor derived from the C III]
sequence that depends on the degree of ionization. Collision
strengths cstimated in this way are also included in Table 13,
where they are indicated to be estimates by the parentheses.
Finally, semiforbidden-transition collision strengths for various
ions of Si have been derived by scaling the corresponding
strengths for C by a factor derived from the permitted-transition
strengths, which are computed. These estimates for Si are
probably the least reliable values in Table 13, but at the present
time they are the best available for these particular ions.

The first theoretical interpretations [38, 39] of quasars
were concerned with finding the 7, N,, degree of ionization,
and relative abundances that give the best fit to the observed
mean emission-line spectra.  These studies led to estimates
T =2 1.5 x 104, N, ¥a 3 x 10% cm™, a considerable range
of ionization, from once to five times ionized ions in ap-
proximately equal proportions, and approximately normal
abundances of the clements except for an indicated very low
abundance of He.

The widths of the emission lines in many quasars are

[6) 11, 5 - Ostarbrock - p. 27
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comparable with or wider than those in Seyfert galaxies.
Forbidden lines often have full widths at half-maximum of
order tooo to 1500 km/sec. The permilted resonance lines
such as Mg Il and C IV are often wider, indicating that
resonance-line scattering or electron scattering is important in
determining the profile of these lines.

The luminosities of quasars, if they are at the “cosmo-
fogical” distances indicated by their red shifts, are considerably
larger than the luminosities of Seyfert-galaxy nuclei, For
instance 3C 48 has L(HB) = 1.7 x 10% erg/sec, while the
mass of the ionized gas in it is approximately 1.8 x 10*Mg,
comparable with many Seyfert galaxy nuclel. If the quasars
are closer both these figures are of course reduced.

There is good observational evidence that the ionized gas
In quasars is concentrated in dense condensations. As Dr.
SANDAGE has indicated in his review at this Semaine d’Etude,
practically all quasars vary in brightness. These variations,
presumably originating in the central source, would be damped
by electron scattering [38] in an assumed homogeneous enve-
lope of ionized gas in which the emission lines are produced,
since the size of the envelope required is typically of order
several light years, and the eclectron-scattering optical depth
of order 1o. However if the ionized gas is all in concentrations
filling only a fraction ¢ of the volume the optical depth is
smaller, since N, and

y 4m R
(4) L (HY) = ¢ NN, fy (1) 25—
are fixed observationally, so that
(5) =g N,og R = ¢ NP L (TR 4‘:'7_ 13
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can be made arbitrarily smali. For any © << 1 the bulk of the
emitted optical radiation of the central source is transmitted by
the envelope and light variations can be observed.

The most detailed models of quasars are those of BAHCALL
and Kozrovsky. They assume photo-ionization, with the source
of radiation a power-law spectrum Iy = Cv=® with & chosen
to give the best fit to the optical continuum or to the emission-
line data. For the 3C 273 model that we shall discuss they
take « = 0.7, and the filling factor ¢ = 10~3. The ionization
is calculated from the radiation field, modified by absorption
by the intervening material. However in these models the
thermal balance equation is not solved, but instead for the sake
of simplicity 7" is assumed to be a constant (= 1.7 x 10%).
However since collisional ionization is included in their equa-
tions, this means that outside the I II region in which all the
ionizing photons are absorbed, H is still go% ionized as a
result of collisional jonization, Mg is completely ionized to
Mg I1, etc. The assumed spherical model is then terminated
at the correct radius so that the calculated Mg IT line strength
matches the observational data. This model, which provides
a good representation of the observed emissionline spectrum of

the relatively fow z quasar 3C 273 has N, = 3 X 10’ em?,
R = 14 pc, e = 107% (electron scattering) = 0.15 and
M = 10°M,.

Furthermore, this model has a more general significance.
Using the collision strengths listed in Table 13, I have calculated
the entire ultraviolet emission-line spectrum of this model, and
in Table 14 this model is compared with the mean emission-
line spectra for quasars, adapted from a table by BURBIDGE
[41]. It can be seen there is good gualitative agreement,
except that the helium lines are observed to be much weaker
than the calculations predict. Note that in this table the relative
numbers of photons are listed (rather than energy fluxes) as
the best measure of relative line strength over a wide frequency
interval.

{6] 11, 5 - Osterbrock - p. 29
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TABLE 15 — Comparison of 3C 273 model with mean observed
quasar line ratios.

Relative Photon Numbers

Maodel Observed
Mg IT/Hf 0.2 ~0.7 (mean)
0.00
C I} /C 1Iv 0.2 0.06
0.2
5.1
Lo/C IV 4.0 6.3
6.6

Most of the available observational data on line strengths
in quasars is confined to qualitative statements that lines are
strong, weak, absent, etc. as used in Table 14. Obviously
quantitative data provide a far sharper test of the model, but
as quasarg are faint and have broad weal lines, the observa-
tional problems are difficult. Very recently a large list of
measured line intensities have been provided by Ok, NEUGE-
BAUER and BEckin [42], and in Table 15 we compare some
of the observed ratios with the calculated ratios of the 3C 273
model. It can be scen that in most cases the agreement is
relatively good, showing that the model is a fairly accurate
first approximation to the observed emission-line spectra of
quasars. However the Mg II doublet is relatively weak in
3C 273 compared with the mean observed quasar spectrum.
Note that the C II1]/C IV ratio, for which the deviations
between calculated and observed ratios are large in two of the

[6] Y, 5 - Osterbrock - p. 3v
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quasars, is the rafio which depends most critically on the
assumed radiation field. Further observations of relative
emission-line strengths in quasars can be expected to add to
our understanding of the far ultraviolet spectra in these objects.

In their work on quasar models BURBIDGE, BURBIDGE,
Hovre and Lynns [43] have particularly emphasized the im-
portance of dense condensations for the formation of Mg II
emission. They assumed the dense condensation to be af the
center of their model, in ocrder to avoid the prediction that
there should be Mg IT absorption lines in all quasars, but it
seems fo me it is also possible to think in terms of many small
dense condensations scaltered through fhe quasar in such a
way that they do not produce absorption lines in the spectrum
of the ceniral source.

Resonance fluorescence is a process that is responsible
for the excitation of some of the emission lines in quasars
and also in compact galaxics. WAMPLER and Oke [44] iden-
tified the diffuse features at 2x4450-4650 and AX5100-5400 in
3C 273 as groups of permiited Fe II lines broadened so that
the individual components overlap. These emission lines are
excited by absorption of continuum radiation in the near
ultraviolet region around zj00 (it is interesting to note that
the ground state Te TI absorption lines observed in PHL ¢38
are among those that contribute to this excitation process, but
in 3C 273 many of the excited levels of the ground configuration
arc also populated and contribute to the absorption). The same
Ye I1 emission lines have also been observed by SARGENT [45]
much narrower and completely resolved in the compact galaxy
I Zw oost + 12. The emission of the observed Fe IT lines
leads to population of high excited even levels of Fet, but the
[Fe II] Iines that can be emitted by these levels are not
observed. This indicates that the electron density in the emit-
ting region is sufficiently high (¥, > 107 cm™) so that the
collisional de-excitation tends to suppress these lines. This
numerical value of the electron density depends on estimated

[6] 11, 5 - Osterbrock - p. 32
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values of the collision strength, and may therefore be in error
by as much as a factor of 10.

Finally, aithough absorption lines are not discussed in
detail here, the possibility of interpreting the absorption-line
components that have z,,, %2 2, as self-absorption in the emit-
ting gas itself should be kept in mind.

T am very grateful to Dr. K. Anprrson, D. P. Cox, W.
EissNERr, J. S. Matuis, E. J. WampLer, D. W. WEEDMAN,
R. J. Weymany, and R, E. WiLriams for providing me with
many of their as yet nnpublished results, and allowing me to use
them here. T am also grateful to the National Science Founda-
tion for support of this research.

[6] II, 5 - Osterbrock - p. 33
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DISCUSSION

Chatrman: W. W. MOrRGan

HovLE

How far is it relevant that you get good agreement in the
two places where the elements are different and the abundances
are in some degree adjustable, whercas in the case where the
discrepancy is bad the element is the same?

(STERBRGCK

The model of BaucarL and Kozrovsky was calculated to apply
to 3C z73. They assumed the “normal” {Aller table) abundances
of the elements, and cat off the size of the jonized region to match
the H/Mg Il ratio in 3C 273. The fact that the calculated
Lo /Mg IT ratio approximately agrees with the mean observed value
of this ratio shows the typical quasars are fairly similar to 30 273.
The La/C IV and the C IV/C IIT] ratics are not observed in
3C 273 and the agreement of calculated values of the ratios with
observational data for other quasars should be regarded as evidence
favorng the model. The C IV/C 117 ratio depends most strongly
on the assumed spectrum of the lonizing radiation.

Low

Have you thought of what happens when you put the infra-
red source at the centre?

[6] 11, 5 - Osterbrock - p. 37
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OSTERBROCK

1 have thought about it but nof in a very quantitative way.
It seems to me that the shock-wave model {generated by clonds
coming out of a cenfral source with high velocities) can probably
explain the excitation of the emission Ines. I thought the same
general origin, from kinetic encrgy of clouds of gas coming cut
and striking other gas, might explain the optical radiation as well
as the infrared. However, T don’t really know your ideas on the
origin of the infrared radiation.

Low
Prof. OsterBrock, maybe we can continue that separately.

WOoLTTER

Dr. Osrzrsrock discussed the evidence for dust in Seyfert gal-
axies, is there similar evidence in the case of the quasi-stellar
objects?

OSTERBROCK

No, T don’t know of any. By analogy with the Seyfert gal-
axies it may be there and sheould be looked for, The infrared
[S IT} lines have not been obscrved in any quasars.  Probably
the He/HJ3/Hy ratic would be the best lines to use.

[¢] I, 5 - Osterbrock - p. 38



ABSORPTION REDSHIFTS IN QSOs

W.IT. MeCREA
Undversily of Sussex
Falmer, Brighton - [England

This is a very brief account of a model that may possibly
account for the properties of the absorption lines in quasi-stellar
objects that Prof. MarcareT Bursmce described yesterday,
The features that came out in her talk were:

In most cases there are no absorption lines,

When there is absorption, the lines are in general
narrow.

There can, however, be broad absorption lines as in
the example discovered by Lyxzns, of which we were
shown a slide.

In general, the abscrption redshift is less than, or
equal to, the emission redshift.

Cases do occur, however, in which the inequality
goes the other way.

There are cases of multiple absorption redshifts.
If there are any absorption lines, the probability

of more than one redshift is quite high.

[71 1L, 6 - McCroa - p. 1
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We often think of a QSO schematically as having a small
number {perhaps 2 or 3) intense sources of continuous radia-
tion, and we think of the spectral lines as heing formed in fila-
ments of gas. Now we may think that these filaments are
actually jets coming out of one or more of these sources. If
no jet lics between one of the sources and oursclves, there are
no absorption lines, in agreement with feature 1.

In general, there must be a velocity gradient along a jet.
However, if we view one of the sources of radiation through
a jet coming from a different one of the sources, then in general
the velocity-gradient along the sight-line where it traverses
the jet must be small. This means that in general we must
get narrow absorption lines, in agreement with 2. However,
if by chance we view one of the sources through its own jet,
we sce it through a large velocity gradient. In that case we
get broad absorption lines, as in 3.

Now if we see a jet with a source behind it, the jet is more
likely to be peinting towards us than away from us, and so
to give an absorption redshift less than the {emission} redshift
for the whole system. This is feature 4. Nevertheless, we can
obviously have cases where we view a source through a jet
that is pointing away from us, and then we shall get feature 5.
Again, if we have several jets coming from one or more of the
sources, we can casily get multiple redshifts, in agreement
with 6.

If we adopt a model like this, if we get any absorption at
all, it seems quite likely that we shall have a case of multiple
redshifts, in accordance with 7. On the other hand, this is one
of the difficulties in accounting for the absorption lines by
absorption in intergalactic clouds. For in that explanation,
since the chance of gefting any absorption is small, the chance
of getting multiple absorption is almost negligible.

[7] I, & - MeCrea - p. 2
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Chairman: M, SCHMIDT

SPINRAD

Dr. McCgrea, is it not intuitively correct from the geometry
that in this model the larger the difference hetween the absorption
redshifts and the conventiona! emission redshift, the broader would
be the absorption feature? In other words, you would see the
major axis of the jet in your direction. You weuld then pget
large Az. Correct?

McCrea

I didn't hear the beginning of your question.

SPINRAD

If the absorption redshift is smaller than the emission redshift
hy a large amount, in other words, with a substantial fraction
of Az emission, then I would think that you would need to have
the jet sort of coming at vou, and that would, 1 think, give you
a rather bread line.

McCrea
Yes, 1 think there are various features like that that could

be used to test the model.

. M. BURBIDGE

I think that this is rather a nice idea, and maybe in order

(7] I, 6 - McCrea - p. 3
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to get the very large range of differences of wvelccity that are
meastred, it might be combined with Dr, Rees® model. T don't
know whether he is going to say something about that? The single
very broad line object, PIL 5200, is the only one known of this
kind {RS 23 does not have such broad lines), so that this phenom-
eron is certainly rare.

McCRrEA,

Yes, it would he rare.

Rirs

The suggestion 1 want to make is based on the evidence which
wili be discussed later this morning from the variable radio sowrces.
The most natural interpretation of these varable radio sources
involves the ejection of clouds of relativistic particles with bhulk
speeds exceeding half the speed of light in some cases, Now if
one considers the likely situation 10° — 109 years later, the debris
from all these radic cutbursts will occupy a large volume in inter-
galactic space. It will also have cooled adiabatically by a big
factor so that the initially relalivistic particles will no longer be
relativistic, and indeed could have cooled dewn to thermal energies.
Moreover, if you start off with an equi-partition magnetic field
and then expand by a big factor so that the matter becomes non-
relativistic (and then has a gamma of 5/3 not 4/3) you will end
up with magnetic pressures which dominate the particle pressure.
Under these conditions the material may be compressed by large
density enhancement factors at places where the magnetic {ield
reverses. This seems a natural way of gelting the matter in these
regions to concentrate inte a nwmmber of cool discrete filaments
whose dimensions may be thousands of times smaller than the
overall dimensions, If this sifuation can be achieved then the
velocity dispersion across a single filament may also be thousands
of times smaller than the velocity dispersion through the cloud as
a whole, so in this way it may be pessible to explain why the
absorption lines produced by a single filament can be narrow,

(71 11, 6 - McCrea - p. 4
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even though the velocity dispersion through the whole cloud is
large.  So one could atiribute the abscrption redshifts one sees
in a particular object to the filaments that happen to lie along
our particular line of sighi. The whole cloud contains perhaps
millions of these filaments {This model is described more fully in
Astrophys. J. r6o, L. 29).

Low

Is it physically impossible that the sources can have high
velocily?

McCrEa

[ think in the reply to both Dr, ReEs and Dr. Low, 1 would
say that this is just a modcl; it is not a theery, It is, of course,
the wvelocity-difference between the source and the absorber that
is the eszeniial feature of the model, but 1 think it is easier to
have a range of velocities associated with the jets rather than with
the sources. Further, in reply to Dr. Regs, T should be inclined
to reverse his argument and appeal to the compression of the
magnetic fleld as a way to produce relativistic particles rather
than the other way round.

MorrISON

I wonld like to enquire, isn’t it so, even on your picture,
Dr. Regs, that the need for mulliple continuum sources is still
present if we have a few inverted cases: i.e. redshifts in absorption?

Rres

If the abserption is due to matter ejected from the objects you
would not be surprised by blue-shifted absorption lines. In the cases
where the absorption redshifts are larger than the emission red-
shift, you can either say that there is a particular filament that
has an inward peculiar motion despite the overall expansion, or
you could invoke transverse velocities which are a sufficiently
large fraction of ¢ for the transverse Doppler effect to be important.
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MORRISON
How big is the velocity difference in the redshifted absorption?

REEs
The observations do not show any case where the absorption
redshift is smuch larger than the emission redshift,

E. M. BURBIDGE

There are cases where zg, = Zyn fun up {0 Zups — Zoy = 0.03
{e.g. in B 194, where 2z, = 1.86 and there are two sels of absorption,
at 1.83 and 1.89, about equally strong).

[71 1T, 6 - McCrea - p. 6



INFRARED EMISSION OF GALAXIES
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Departiment of Space Seience
Rice University
and

Lunar and Plenctary Laboratlory
Upiversily of Arizona

Intense infrared cmission from the central regions of
galaxies has been observed. It has been shown that this phe-
nomenon is associated with the “nuclei” of galaxies and the
infrared power levels, 10!l to > 10% erg/sec, are orders of
magnitude higher than the optical and radio emission of galactic
nuclei. Extraordinarily energetic phenomena were already
known to occur in the “active nuclei” of galaxies, manifested
chiefly by continuous and discontinunous ejection of matter.
Now we find infrared radiation on a similar energy scale. Con-
ventional physical explanations for the radiative mechanism.
and for the fundamental energy source responsible for the
infrared emission have not been found. The stress placed on
conventional psysics is sufficiently great that consideration of
unconventional solutions involving fundamentally new prin-
ciples seems justified.

The observational data concerning the 15 objects now
known to display this phenomemon will be reviewed. Most
of the results are published; however, a number of important
unpublished results were obtained just after the Semaine
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d’Etude and these are included here. For example, application
of angular resolution on the order of one arcsecond at 10
microns has revealed structure in the nuvcleus of our galaxy
and has shown that the source in M 82 extends about 200 pc
outward from its center,

Between 5 and 25 microns the spectra of galactic nuclel
resemble the 230°K thermal spectrum found in several galactic
infrared sources, Low and KLEINMANN [1] suggesied that a
conunon physical mechanism might be responsible for this sim-
ilarity. In the galactic sources, chiefly H IT regions and plan-
etary nebulae such as M 17 and NGC 7o27, it is possible to
account for the observed infrared emission by thermal re-
radiation from dust heated by a strong ceniral sources of ultra-
violet radiation. In the extra-galactic sources it now appears
that this simple mechanism may be present but that it cannot
account for all the properties that are observed.

Tt has been suggested [2] that an ensemble of discrete
sources called irtrons produces the observed infrared radiation
from galactic nuclei by a non-thermal mechanism such as
coherent synchrotron emission, Rizxke [3] has investigated
several non-thermal models which are appropriate for the
galactic nucleus and are consistent with the observed radio,
infrared, optical and high energy spectral data. He finds that
conversion efficiencies from relativistic particles to infrared
radiation are of the order of 10 percent or less even under
extremely special conditions. All models imply large fluxes
at x-ray and y-ray encrgies. o

Infraved Sources in the Galactic Center Region

BEckrin and NEUGEBAUER [4] reported the detection of
near infrared emission from an extended source coincident with
the radio source Sagittarius A. Interpretation of this near
infrared source in terms of starlight heavily reddened by inter-

(81 11, 7 - Low - p. =
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stellar dust is strongly supported by analogy with the nucleus
of M 31, a large spiral galaxy thought to be similar to our
galaxy in a number of other characteristics. BECKLIN and
NEUGEBAUER degraded their high angular resolution profile of
the 2.2 micron emission of the galactic nuclens to the same
scale of linear distance obtained in scans of the M 31 nucleus
at 2.2 microns. Almost exact correspondence hetween the two
spatial distributions of 2.2 emission was found. Since the 2.2
micron emission from M 3r is clearly produced by ordinary
stars in the central region of the galaxy, the same is taken to
be the case in our galaxy. Based on this result the wvisual
interstellar extinction is found to be = 2% magnitudes and it is
possible to construct a model for the optical output of the
galactic nucleus by direct analogy with M 31. An unexpected
result of these near infrared observations was the detection of
a bright “point source” near the center of the extended source.
The apparent temperature and luminosity of this source, if it
is near the center of the galaxy, are 1700°K and 10% L.

Cbservations in the 5, 10 and 22 micron atmospheric win-
dows revealed the existence of a small but resclvable source
about 0.7 parsec in diameter [5, 6]. The angular diameter
was found to be about the same at all three wavelengths,
although the results of Brekrin and NEUGEBAUER [5] indicated
a more extended source when larger beam sizes were used at
5 and 1o microns. We do not find an increase in flux at 10
microns with beam sizes between 30 and 120 arcseconds. We
have observed at 10 microns with a sharp sided beam 5 arc-
seconds in diameter and find small scale structure less than o.25
parsec in size.

At 10 microns the linear polarization was found to be
less than 3 percent [6].

The spectrum of the source coincident with the radio source
Sgr A was extended to 300 microns and .an upper limift was
obtained at 1000 microns [6, 7]. These data are summarized
in Figure 1. Far-infrared observations have now been carried

8111, 7 - Low - p. 3
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Frg. 1 - Radio and infrared spectra of NGC 1068, M 8z, the Galactic

Center (Sgr IRA), and M 17. Flux densities at the peak near 4 x 10% Hz
are approximate. Two upper limits are shown, one for M 82 and the
other for the Galactic Center,

out with several filter systems and beam sizes ranging from 2
arcminutes to 1o arcminutes [8]. The angurmar extent and
distribution of the source at the peak near 7o microns is still
not well determined. The spectrum is drawn through the flux
obtained with the 2 arcminute beam since beams of that size
were used at 10 microns without increasing the flux. The loc-
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ation of the peak at 70 microns (v max =4 x 10'? Hz) is now
well established [8].

In addition to the sources already described we must take
note of the observations, reported by HorFmany and Frepe-
RICK [9], of an extended 70-100 micron source 2 by 6 arc-
degrees, oriented along the galactic equator and centered
roughly on Sagittarius A.  We have failed to confirm the
existence of this source within this same region. North of
Sagittarius A, near but not coincident with Sagittarius Bz,
there is a discrete source perhaps somewhat colder and brighter
than the nuclens itself! Almost an equal distance along the
equator to the south, there is another source abouf one-third
as bright. The Sagittarius Bz source is at 1950 coordinates
a=17 hr 44.5m +.2m, &=— 28 27 £ 2’; we have not
been able to detect this source at 1o microns, so the spectrum
is still quite uncertain. However, observations using several
filters which divide the 50 to 300 micron range into overlapping
bands suggest a continuum rather than one or two bright emis-
sion lines. It seems quite possible that the extended source of
HorrmaNN and FREDERICK was caused by the discrete sources
within their large 2 degree beam. Further observations are
needed 1o determine whether a diffuse source exists in addition
to the discrete sources.

It is not certain that the discrete sources are all near the
galactic center; there may be many such sources throughout
the galaxy. Approximate luminosities are given in Table 1
for the various sources in the galactic center region assuming
they are all at a distance of 1o kpc; location and size are also
included.

Exira Galactic Sources
The first extra galactic infrared source, 3C 273, was
delected at 10 microns in June 1964 and remains the most

luminous infraved source discovered so far [10]. In addition

[871 11, 7 - Low - p. 5
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to this single quasar and the sources near the center of our
galaxy, 13 galaxies have been detected at 10 microns, the
wavelength which produces the highest signal/noise,

TABLE 1 ~— Sowrces in the Galactic Center Region.

Angular Linear
Source Galactic Coordinates  Diameter Diameter  Lumincsity
it bl (arcminntes) {pc) (Ly)

2.2 pt. . —0.05 —0.05 0,02 £ 0.00 8 x 10
Source
.6-3.414 . —0.0§ — .05 2 G 8 x10°
Ixt, Source
5-25L - . 0,05 - 0.05 0.25 0.7 2% 108
Nucleus (IRA)
70-T001L

Extended Sources

IRA. . - 0.05 0,05 2-10 6-30 8 x 107

IRB. . 0.64 - 0.05 2-10 6G-30 2 x 10

IRC. . 00 0.1 v IO w30 1.2 x 107

Sgr A, . (0,05 --0.05 12 30 5% ro?

Marginal detections or upper limits have been obtained
for 38 other galaxies. Table 2 lists new unpublished data which
supplements the data published previously [r1x, 12].

The spectrum of NGC 1068 has been cxtended to 300
microns and a far infrared upper 'limit was obtained for
M 82 [8]. These results are plotted in Figure 1 where the
spectra may be compared to the galactic center and to M 17.
In all cases where there are data, the infrared spectra of extra
galactic sources have the same character, rising steeply above

[8] 11, 7 - Low - p. 6
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the radio and optical continua to a peak at wavelengths inac-
cessible from the ground. Only by observing at these difficult
wavelengths near 100 microns can we obtain full knowledge
of the spectra.

TABLE 2 - Recent Infraved Observations of Galaxies.

2.2“ I().Q!L JXVCI'ﬂg(E ]O.ZQL
Source 1., Fluxerror Flux 4-error  Flux -error
NGC 3031 = M 8: 40643 — 1.5 2.0 2.7 1.4
40020 0.9 0.4 17,6 3.1
40024 1.G5 0.4 1.4 2.6
NGC 31315 . . . . 40000 0.45 0.65 0.0 0.2
NGC 3227 . . . . 40687 1.0 0.3 0.37 0.07 0.42 0.006
40686 0.55 0.10
NGC 3516 . . . . 40730 0.17 0.15
NGC 3675 . . . . 40742 0.35 ©.15 0.20 0.07
40689 0.07 0.03 0.20 0.08
NGC q051 . . . . 400634 ©.35 0.30
NGC 415v . . . . 40740 ¥.20 0.10
3C 273 . . . L 40747 0.18 0.07 0.23 0.10 0.43 0.04
40740 0.29 0.08
100687 0.3 0.3 0.58 0.00
NGC 4504% = M 101 40658 0.6 0.z — 0.1 0.
NGC 4736 = M 04 40747 0.28 0.05 0.30 0.04
407714 .10 0.50
40689 .35 0.00 0.35 0.10
NGC 4826" == M 64 40741 0.0 0% 0.15 0.1
40090 1.25 0.20 0.3 o.r
NG 055" == M 63 4068¢ 0.17 0.00 0.0 0.1
NGC 5194 = M 51 40713 0.55 0.25 0.2 0.1
40690 0.9 00 0.00 0.15
NGC 51957 L. 40742 0.26 .06 0.30 0.05
40741 0.40 0.10
NGC 5548 . . . . 40650 0.2 O.T

(8] 11, 7 - Low - p. 7
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Given their complete spectra we have computed total
luminosities for NGC 1068 and the galactic nucleus. Assuming
a similar spectrum for the other objects, we have extrapolated
the groundbased results fo obtain estimates of their total fluxcs
and luminosities; the results are given in Table 3. The last
column gives the luminosities in terms of equivalent mass loss
rates. Tt is quite possible that this method of extrapolation
produces an underestimate of the total power output, since in
our own galaxy there are powerful 100 micron sources which
are not detected at 1o microns. However, the far infrared power
levels are so much higher than in radio or optical sources, that
there is some reason to suspect these extrapolations might lead
to over-estimates of the total luminosities. If this is the case
the error could be as large as one order of magnitude.

TABLE 3 - Infraved Luminosilies.

Mean Infrared LEquivalent
Source Distance (*)  1op Flox Luminosity Mass-Loss Rate
mpe 1078w m?/llz 10" ergs/sec 1o M(-J/Yr
Gal. Cen, . . 0.CI0 550 ,003 005
NGC 1068 . 13 26 300 500
NGC 1275 . 70 3 300 500
3C 120 . . . 120 C.4 300 500
NGC 2782 . . 33 1.6 100 160
MBz. . . . 3.2 40 20 30
NGC 3077 . . 4.3 3 3 50
NGC 3227 . . 3.4 0.4 4 7
NGC g1510 . . 13 0.9 9 15
38 273 .. . G630 0.4 [$1¢1a]e] 15000
NGC 4736 . . 6 0.3 0.6 I
NGC 5195 . . 2 0.3 0.07 o.r
NGC 5236 . . 4.3 6 G 10
NGC 7469 . . 68 0.9 200 300
NGC 7774 . . 39 0.3 30 50

(*) = 75 km/ssc/Mpe.

{81 11, 7 - Low - 1. 8
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The new observations included here provide important in-
formation about the range of infrared luminosities. Note that
NGC 47306 and NGC 5195 have luminosities which are inter-
mediate between the high values found for Seyfert galaxies and
the much Iower wvalue found for the galactic nucleus.
NGC 5195, the small inferacting companion fo M 51, Is only
20 times more laminous than the galactic center. These results
imply that many galaxies will be found with luminosities in
this intermediate range. This is important in determining the
lifetime of the infrared phenomenon.

We have resolved the source in M 82 at 1o microns and
find an angular extent of at least 25 arcseconds along the plane
of the galaxy and about 10 arcseconds foward the poles as
shown by the contours plotted in Figure 2. The center of this
source agrees well with our earlier position [1I] for the 2
micron source and with radio pesitions. Photographic and
optical polarization studies have been used to predict positions
for the nuclens of M 82 which are in rough agreement with
the cenfer of the 10 micron source.

LINEAR SCALE (parsec)
O 150 300

S

3

DEC(I3500) 69°55
(@]
Q.

4657 744s 48 TUAGS
RA(1950.0)gh5im

Fra. 2 — Ten micren contour map of the source at the center of M 82.
Size, shape amd location agrees with radie scurce.
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It is now possible to compare the 10 micron surface bright-
ness at the center of M 8z with the surface brightness of the 1o
micron source in Sagittarius A.  Observations of both sources
were made with the same size beam, 5 arcseconds. These
results are given in Table 4. The source in the nucleus of
NGC 1068 is smaller than 5 arcseconds in diameter and must
be physically smaller and have higher surface brightness than
the M 82 nucleus. The galactic H 1I regiorn M 17 is included
for comparison. NGC 4151 is of special importance since it
appears that both the 10 and 22 micron flux densities have
decreased more than a factor of ro in rooo days [11]. If we
assume that this apparent variability in the infrared is real,
he light travel time argument can be used to place a limit on
the size of the source. Of course, this limit applies strictly to
the variable component only and it is guite possible that the
quiescent component may be much larger in size.

TABLE 4 — Physical Pavameters at 1o Microns.

Galactic
M 1y Nucieus M 82 1068 4157

Beam Size (arcseconds) 35 3 5 5 {(1.3% 1072
Flux {f.n.) P 225 80 4 30 1.2
Surface brightness

(1077w /m?*/Hz/ster) . . 10 180 8.5 64 4 x 10°
Equivalent Emissivity . . zx10™* 4x30% 2Xjy0™  >r5xie™? 10
Total Linear Size (pc) . . 3 0.7 400 < 300 3
Total Infrared Luminosity

T 5% 10° 10% 6x10M 6 x 10" 2 x 10"

Shorter term variations of a magnitude or more may be
real in NGC 4151, 3C 273, NGC 1275 and NGC 1068; however
our data are still not conclusive on this important question,
Our most recent data show that the signal/noise has now been

improved enough to permit frequent monitoring of these objects

(8110, 7 - Lew - p. 10
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at 1o microns. Of course, only about ro percent of the total
luminosity is represented by groundbased observations, there-
fore it will be necessary to monitor at oo microns in order
to answer the question unambiguosly. All of the variability
phenomena observed at optical, infrared and microwave
frequencies can be understood in terms of outbursts in a small
part of the total source.

Concluding Remarks

The mass loss rate equivalent to the observed far infrared
luminosity of NGC 1068 is about 0.5 Me/yr. Disregarding
all discussions of the radiative processes and their probable
efficiencies, it is clear that if NGC 1068 has been emitting at
this Ievel for 10® years or longer, the mass in the nucleus must
have been replenished. The distribution of mass within the
nuclear region of NGC 1068 should be studied with great care
to determine, if possible, what fraction of the total mass
(= 5 x 10° M) [13] lies within the infrared source. The problem
i more serious if NGC 71068 has maintained its present
luminosity over a larger fraction of its lifetime. The fact that
3C 273 is much more luminous than NGC 1068, and is probably
much younger, suggests that this may well be the case.

The total energy released in the form of infrared radiation
during the lifetime of a galaxy is still guite uncertain; values
much higher than 10% ergs scem likely in some galaxies, and
there are indications that the true value may be 10% ergs for
a galaxy of 10! My [2]. Tt is clear that the 15 galaxies detected
at o microns do not represent the full vange of infrared fumi-
nosities. Observations of sources in our own galaxy show that
100 micron radiation need not be accompanied by detectable
flaxes at 1o microns. This suggests that frue “infrared
galaxies” may exist which emit exciusively in the far infrared.
These problems will be difficult to solve by observing individual

[&] II, 7 - Low - p. 11
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objects; however, our present knowledge indicates that in the
70 to 500 micron spectral region there must be a bright diffuse
cosmic background [14]. The question may be put as follows:
How does the far infrared radiation produced in the nuclel of
galaxies compare in energy to the “primordial” 3°K blackbody
radiation which is thought to be the residual radiation produced
in the fireball which accompanied the creation of all the matter
and energy in the Universe? If, as suggested here, each galaxy
emits > 10% ergs in the far infrared the energy density at
these wavelengths will be > 10~ erg/cm® larger than the
energy density produced by the 3°K background. A direct
radiometric measurement of the cosmic background at far
infrared wavelengths, although technically difficult, would
answer thesc gquestions raised by present observations.

Future Direction of Extra Galactic Infraved Asivonomy

This subject, which deals directly with the principle
energy source in galactic nuclei, is stifl in its infancy and the
new techniques seem foreign to most astronomers. It should
be noted that all the results obtained so far were accomplished
by a few people working with a small fraction of the support
afforded to those working in other fields such as high-energy
or ultraviolet astronomy. The scienfific return on investment
in people and equipment has been extraordinary; and, as others
join the field, even greater returns lie ahead if support is shifted
from conventional lines of research to build infrared instruments
and facilities.

Groundbased observations have progressed to within a
factor of ten of fundamental limits to their sensitivity. These
fundamental limits should be reached in the next year. Progress
beyond that point will be slow and more costly just as in optical
astronomy where significant improvements in sensitivity have
not occurred in recent years., Fortunately, the number of

8111, 7 - Low - p. 12
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extragalactic sources detectable at 10 microns is already quite
high. The importance of high resolution should not be over-
looked but it is nof known whether high spectral resolution
will be important in the study of galaxies.

Observations beyond 25 microns are more difficult since
they require the use of aircraft, balloons, rockets or spacecraft.
Results obtained so far with aircraft suggest that much progress
is needed before this part of the spectrum can be fully exploited.
In principle, the highest signal/noise should occur at these
wavelengths. Technical innovations will speed progress but a
more adequate level of support is badly needed for this difficult
and sometimes hazardous work.

[8] 1T, 7 - Low - p. 13
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DISCUSSION

Chairman: M. ScEMIDT

MoRrrrson

Is the time variabilily really certain in NGC 10687 As I locked
at it T saw a factor of about two in 1068 over several years,

Low

Well, perhaps I did not state it very weil. My own view is
that 1068 requires- more work. If NGC 4151 has varied, then
NGC 1068 probably has too, but this is a circular argament.

MORRISON

But the GC does not show any variation.

Low

It has not, but this is not a strong statement, The galactic
center is very hard to observe in the northexn hemisphere. It
comes in the summer time and is low in the sky.

MORRISON
And 3C 293?
Low . . ey o

It has been wery- difficalt to impfove the data on 3C 273
since the early work in 1g64. This, despite the fact that our
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sensilivity has Improved a great deal. However, the existence of
strong IR flux is well established; fake the 17 independent observa-
tions at 5.70 and 22 micrens listed by Kremwmany and Low, and
average them. The result, 4 4 0.5 flux units, clearly indicates a non-
sparicus result,  This average includes several observations which
are several standard deviations outside the indicated distribution.
To me, this strongly imples, but does not prove, substantial
variability at these wavelengths. (Note: Recent results bear
strongly on this point).

MORRISON

When the dot appears in fhe later measurements of 1068 ar
4145, that refers to a statistical error only — there are possible
systematic variations?

Low

The errors in the absolute calibration amount to about 15 or
20% and are not included; nor is there an estimate made of
systematic errors, only statistical errors are shown.

MoORRISON

I see, the calibration varies from time to time?

Low

Stars wsed as calibration standards may vary.

Morrison
It isn't the calibration, it is just the reliability of the relative
values of the time sequence of points.

Low

The techniques of infrared photometry have changed greatly
over the last few years, For example, we now use only those stars
which we know are constant.

(&3 11, 7 - Low - p. 16
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MoRrrIsoN

Sure, but the ratio in 1068 between the observation at time
T .and the observation at time 7 + ¢ was, 1 estimate, 50 times
the standard deviation. Do you think that is unmistakably real?

Low

The rapid changes indicated in NGC 1068 may be real; only
further observation will tell. The varfability of M 82 is even less
certain, bul it is a very interesting casec because of its lower
luminosity.

G. R. BURBIDGE

There are two points. The firs{ is about variations. STEIN
and Gurrrr have been leoking at NGO 4157 in the infrared, and
they also believe that there are variations which are possibly taking
place in shorter time scales but the dala are uncertain, The second
question I wanted to ask yeou concerns M 82, namely, the galaxy
is filled with dust yet the source appears to be a small one, and
maybe a variable one, Can you set any limits to the amount
of thermal infrared radiation that is coming from M 8z, its main
body? 1t looks as if it should be a thermal infrared scurce,

Low

As far as we can tell, M 82 is a point source at 10 microns.
The Hoffinan type radiation would not be seen at 10 micrens,
(Note: The most recent results show M 82 to be extended at 1op).

SANDAGE

Can you say where your infrared source is in M 82 compared
with SOLINGER'S explosion centre which he determined {rom the
direction of the polarisation vecfors?

Low
As far as I can ftell, our present abservations do not dif-
ferentiate clearly between any of the several positions saggested
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for the nucleus by Sormvcer and others. We are still working or
this point.

SANDAGE

SoLiNcEr thought he had an accuracy to the order of 10
seconds of are,

MORRISON

Maybe Dr. OstErsreck would care to help too. T would like
to know what is the optical luminosity of 1068, and what is the
absorption indicated by Balmer decrement in terms of that number
of watts? I think that is an interesting number to comparé with
the infrared strength.

OSTRRBROCIK

I do not have the oplical luminesity, but I do have the emis-
sion line luminosity, namely for NGC 1068 LHE) = 3 x 10"
ergs/sec, corrected for interstellar extinction. It should be mul-
tiplied by a factor of order 30 to account for all the other emission
lines, giving L {em) = 10% ergs/scc., which would mostly be
absorbed by the dust and reradiated in the infrared, That is
considerably less than the infrared luminosity of NGC 1068 which
I believe is about 10% ergs/sec.

(Note added later) - The optical luminosity of the nucleus of
NGC 1008, corrected for interstellar extinction, is about 2 x ro®
ergs/sec. [n addition, a contribution must be added for the con-
tinmum between the atmospheric limit at 35004 and the Lyman
limit at 9124, amounting to perhaps another 2 x 109 ergs/sec.
It may be greater than fthis, as the extincfion correction tends to
flatten the assumed spectrum.  Thus, the total optical and ultra-
violet fuminesity of the nucleus is about 10% erg/sec,

Rees
Are there any data on the pc)lculmtlon of any of the extra-
galactic infrared sources?
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Low

We made a polarisation measurement of 3C 273 at 1.0 microns
with the 2007 in twilight time and we got the extremely high value
of 30%. It has not been confismed.

SCHMIDT

Ts it true that the characteristic shape of the infrared radiation
comes essentially from only two objects, the galactic centre and
NGC 10687

Low

No, thiere are 6 objects which have the same spectrum from
5 to 22 microns.

SCHMIDT

But it is true, isn’t it, that if you integrate up to 235 microns
rather than 7o microns you find energies that are more than 10
times smaller?

Low

Abeut 30 times smailer.

TFowLER

What data do you actually have on 3C 2737

Low

We have the data published in the Astrophysical Journal
Letters by KremwnMann and myself, taken over the last 6 years.

FowLER

But you keep saying that sometimes it is emitiing infrared
and sometimes it is not; I do not understand whether you believe
the data or nat.
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Low

The existence of a very large IR fiux seems well established,
The mean value, in view of the apparent variability, is not well
established. The spectrum is also uncertain, although the results
are consistent with the hehaviour of the galaxies,

FowLer

But that, of cowrse, is what worries me, that the more modern
data de not seem to snbstantiate the number that you give, namely
0 x 10% erps/sec,

Low

1 think they do,

MoRrrISON

If we take the peak of the observed values for 3C 273, by
how many standard deviations was thaé above the mean noise at
the time?

Low
Unity instantancous S/N at best for 3C 273, Inlegration times
ranged from 20 minutes to 4 hours.

Hovre

I understood you fo say that in sources such as 4151 youn
thought there would be a number of emitting regions contributing
to the tetal emission. Was this correct?

Low

If you believe the coherent synchotron model for the galactic
centre, then you must have about 10% sources: NGC 4151 would
have 107,
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Hovre

Then 1 do not understand how you get variability.

Low

I am not saying that any of the events that have so far been
observed represent explosions of individual sources. I am sug-
gesting chain reactions to account for the wide range of outburst
phenomena.

Hovik

That brings me to the comment that yon nced such a tight
coupling between your individual units that it is a question as
{o whether you should speak about them being discrete.

Low

I think there is a rough analogy to a large atomic nucleus.

SANDAGE

Was it true from your siide that the amplifude of the NGC
4157 IR variation is a factor of 20 over three years?

Low

That is correct.

SCHMIDT

Since the theorctical aspects will undoubtedly come up agam
later, conld I ask for perhaps one or two highly urgent guestions
about this matter?

SPINRAD
I don’t know how urgent this is — I'd like to ask what galaxy

nuclei (active or inactive) were looked for hard and mnot detected?
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Low

We have not noted any unpleasant surprises.

REES

I’d just like to make the point that NGC 4151 did peak optically
i about July 1967, which i¢ around the beginning of your run of
observations. A dust model radiating al a temperature of 200
degrees like a black body need only have a radius of about 1
parsec. The time-scale of the 20 micron decline which you observed
is consistent with this estimate of the size of the emitting region,
and would indeed be expected if the infrared flux resulted from
re-radiation of the light which peaked at the beginning of the
period and then died away.

Low
I agree, I don’t think the slow variability of NGC 4151 is
inconsistent with dust,

VaN DER Laan

You said that your estimate of the power level of 3C 273 was
conservative {the one given in the table), but perhaps that's neither
here nor there; the crucial point is whether you have really detected
it or not and if you defect it at all then the power level is two
orders of magnitude greater than anything else, and you’d almost
be forced to drop the cosmological distance,

Low

Ne, I don’t think that follows: 1 den’t think it follows that
if the power level in 3C 273 is two orders of magnilude greater
than in a relatively nearby galaxy, we have to put the powerful
source at the same distance as a relatively nearby galaxy. The
time scales are not necessarily equal.
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COMPACT RADIO SOURCES
IN THE NUCLEI OF GALAXIES

K.J. KELLERMANN

National Radio Astronomy Observatory (¥)
Green Bank, West Virginia - U.5.A.

Swminary: Compact radio sources arc often found in the nuclei of gal-
axies, particularly the Seyfert and N-type galaxies which have optically
active nuclei, but sometimes in nermal elliptical, spiral, or irregular galaxies
as well, These compact sources or compact components ol sources appear
similar to the compact radio sources associated with quasi-stellar objects,
although they are less luminous than the identified quasi-stellar sources.

The gmallest radio nuelei have dimension of o.1 pc or less, The max-
fmum brightness temperature found is about 10" °K, a Hmit set by inverse
Compton cocling.

Many of the compact radio nuclei show flux density variations on time
scales as short as a few months, suggesting the repetitive production of
relativistic particles, The magnetic field strengths deduced {rom measure-
ments of the surface brightness and sclf absorption cutolf {requency are
typically 10741 gauss, and are nearly 1 gauss in some sources.

Tt is not clear what relation there i, i any, between the compact
radic sources found in the nuclei of galaxies and the intense, and often
variable, optical and infrared flux from the same regions. Nor is it clear
how radic nuclei are related to the more extended radio galaxies,

Tntroduction

Among those extragalactic radio sources whose coordinates
are well known, about one third are identified with some type
of galaxy and a similar fraction with quasi-stellar objects. The

{*) Operated by Associated Universities, Ine., under contract with the
National Science Foundation,
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remainder are located in either blank or in heavily obscured
regions, and no optical identification has been possible.

The identified radio galaxies whose distances are known
from optical measurements of red shift have a wide range of
absolute Iuminosity extending from those like our own Galaxy
with a luminosity of about 10% ergs/sec to the very strong
radio galaxies such as Cygnus A and 3C 295 with luminosities
near 10" ergs/sec. Although the fainter sources are much
more common, neither the detailed radio luminosity function,
nor the relation between radio emission and galaxy type is
clearly known. The dimensions of the radio sources are typi-
cally 10-100 kpe, but many galaxies contain components as
small as 1 parsec or less, usually coincident with the galactic
nucleus.

It is generaily accepted that the radio emission, and pos-
sibly some of the observed optical, infrared or x-ray continuum
as well, is due to synchrotron radiation from relativistic elec-
trons spiraling in weak magnetic fields. Although the source
of energy and the manner in which energy is converted to
relativistic particles is not understood, observations of the an-
gular structure of the radiating regions, the radio frequency
spectra and polarization, and their time variations, allow
estimates to be made of the electron energy distribution, the
total energy contained in the form of relativistic electrons and
the magnetic field, the rate of production and loss of the elec-
trons, and the orientation of the magnetic field.

Radio Structure

Many of the extragalactic sources extend over 100 kpc or
more and have complex brightness distributions, with most of
the emission occurring from regions well removed from the gal-
axy. In these extended sources, the refativistic electron cloud is
usually optically thin, and the radio spectrum depends on the
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distribution of electron energies, and the magnetic field strength.
High resolution studies of these extended radio clouds often
show considerable structure with one or more highly condensed
regions existing many kiloparsecs from what is presumed to be
the parent galaxy or quasi-stellar object (e.g. Basm 1968).

In the more compact sources, however, the density of
relativistic electrons is so great that the source is opfically
thick over a large part of the observed radio spectrum. At
frequencies where the source is optically thick, the spectrum
is independent of the electron energy distribution, and the flux
density increases as (frequency)”?. The frequency at which a
source becomes optically thick depends only on the magnetic
field strength and the peak brightness temperature.  The
magnetic field is therefore completely determind by the obser-
vable parameters: peak flux density, S, cutoff frequency

v,, and angular size, 0, and is given by the relation

[1] B ~ 2.4 x 1070 (S/09)~%v 5 Gauss.

Equation [1] assumes only that the radio emission is due
to incoherent synchrotron emission from relativistic electrons.
There are no additional assumptions about equipartition, nor
is it necessary to know the distance to the source.

Often the radio emission is concentrated to a very small
region near the galactic nucleus with dimensions ranging from
a few hundred parsecs to less than o.1 parsec. In some cases
a single galaxy or quasi-stellar object has both compact and
extended components.

Typically the compact radio sources are found in quasi-
stellar objects or in galaxies that have nuclei which are bright
at optical wavelengths and which often show strong emission
lines such as Seyfert, N, or compact type galaxies. Some
compact sources are, however, found in what otherwise appear
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to be normal elliptical or spiral galaxies. Table 1 lists a
number of galaxies which have small radio components. The
symbol “V” indicates that the radio emission is variable.

TARLE T ~— Galaxies with Radio Nuclet,

Eiliptical Galaxies

P0048 — ag (V) NGC 4278 NGC 5094
M 87 NGC 2911 NGC 3078
NGC 1052 NGC 4552 NGC 5444
Spiral Galaxies
NGC 253 Pra45 + 12
M 81 2C 305
Sevfert Galaxies
NGC 1245 NGC 4151 NGC 7469
3C 120 NGC 322y NGC 5548
NGC 1068 NGC 405z
Compact Galaxies
BL Lac ZW 19727 + s0 I ZW2
N Galaxies
CTD o3 P14 — 24 Pogar — 36
Prg34 — 63 3C 371 2C 171

Irrepulay Galaxy
M 82

foi 11, & - Kellermann -
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Of the nearby galaxics, about haif of the spirals (e.g. WADE
1968) and about 15 percent of the ellipticals (HEESCHEN 19704,
Roastant and Exkers 1968) show detectable radio emission at
centimeter or decimeter wavelengths. In about half of these
nearby galaxies, the radio emission is confined to the nuclear
regions of the galaxy (Wang 1968, HEESCHEN 1g%70b).

Among the extragalactic sources in general, about 15
percent have small structure of the order of 0. 001 arc seconds
or less. In every case these very compact radio sources are
coincident with the galactic nucleus or a quasi-stellar object
to within the accuracy of measurement which is typically a
few seconds of arc.

The smallest individual component which has been obser-
ved is the radio source in the nucleus of M 87 which has an
angular size of about 0.”001 arc seconds or less corresponding
to linear dimensions of only a few light months (Couex, ef al.
1069). A second small component about 150 parsec across, is
located 1 kiloparsec away along the jet. In addition, there is
the diffuse radio emission from the jet which is about 2z by
5 kpc plus an extended low surface brightness halo nearly 100
kpein size, At centimeter wavelengths, the nuclear component
contributes only about 1 percent of the total flux density.

The observations of Basu (z1968), Wape (1968) and
HEESCHEN (1970b) made with a resolution of about 2 arc
seconds indicate that many galaxies have weak, small radio
nuclei, It is likely that this may very well be a common
praperty of radio galaxics. In general these very compact
sources show considerable structure when examined with very
high resolution.~ Tbere is cvidence in some cascs that the
compact sources may have multiple spatially separated com-
ponents similar to, but on a much smaller scale than, the
extended sources (CLARKE, e¢f al. 196g). Offen, however, the
individual components of a source which may differ in size
by more than two orders of magnitude appear to be essentially
coincident. The form of this multiple core-halo structure ap-
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pears identical in galaxies and in quasi-stellar sources. In
those cases where the structure has been measured at several
wavelengths, the smallest components appear strongest at the
shorter wavelengths, probably due to synchrotron self-absorp-
tion at long wavelengths. The maximum brightness temper-
ature observed in the compact sources is always of the order
of 10" to 10? °K which, because of inverse Compton cooling,
is the limit for any source of synchrotron emission. The good
agreement between theory and observations of the self absorp-
tion cutoff frequency, the angular size of individual components,
and the observed peak brightness femperatures is perhaps the
best indication that the radio emission from these very compact
sources is indeed ordinary incoherent synchrotron emission.

Timte Variations

Many of the compact radio sources found in the nuclei
of galaxies or in quasi-stellar objects show pronounced varia-
tions iu infeusity on time scales ranging from a few wecks in
the case of the unusual object BL Lac {ANDREW, ef al. 1060,
OLSEN 1g69), to a few years. Considering that observations
are rarely made more often than once per month, and that
accurate data exists for only about five years, the possibility
of significant variations on much shorter or longer time scales
cannot be excluded.

A number of the variable radio galaxies and quasi-steHar
sources also show significant optical variations as well. Al
though there appears to be no simple relation between the
intensity variations seen at radio and at optical wavelengths,
those sources which are most active at radio frequencies such
as 3C 279, 3C 345, 3C 446, 3C 454.3, 3C 84 (NGC 1275) are
also ocutstanding optical variables. There are exceptions,
however; 3C 273, which is one of the most active radio sources.
has not shown significant optical variations in recent years
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On the other hand, there is no radio counterpart to the large
variations seen in NGC 4151 at optical and infrared wave-
Tengths.

There is no significant evidence in the radio data for any
periodic phenomena. Rather, the variations appear to be in
the form of random outbursts, which often appear first at short
wavelengths and then at longer wavelengths at later times and
with reduced amplitude. The typical time scale for an event
to propagafe from centimeter to decimeter wavelengths is of
the order of one to several years.

These variations might be caused by changes in the rate
of production or acccleration of relafivistic particles; the loss
of energy of the particles due to synchrotron radiation, inverse
Compton scattering, or adiabatic expansion; the decrease in
the magnetic field strength; and in the opaque region of the
spectrum, the change in the angular size as a resalt of the
expansion. Probably all of these contribute to a varying degree
among the different sources, and at different epochs within
individual sources,

The observed variations are often interpreted in terms of
the simple model, initially suggested by Smxrovsry (rg6s),
where the radio emission comes from a cloud of relativistic
particles which is initially optically thick out to some wave-
length, but which, due to expansion, becomes optically thin
at successively longer wavelengths, In at least one galaxy,
3C 120, there have been three distinet radio bursts during a
four year period. Each of these has followed, quite closely,
the quantitative form expected from isclated bursts of particles
(PaurLmwy-Tor and KELLERMANN 10068).

The intensity variations which have been observed at 1.9
cm wavelength over the past 5 years are shown in Figure 1 for
3C 1zo and three other radio sources. Somewhat surprisingly
there is no discernable difference in the form of the outburst
observed in the nuclel of radio galaxies and in quasi-stellar
sources. Observationally, the intensity variations scen in quasi-

{91 11, 8 - Kellermann - p. 7
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stellar sources have similar time scales, a similar form of light
curve, and a similar change in apparent luminosity. On the
cosmological interpretation of the quasi-stellar red shiits,
however, the change in intrinsic luminosity in the quasi-stellar
radio sources is up to ro* times greater than observed in the
galaxies, and in some cases is greater than the total luminosity
of the strongest radio galaxies such as Cygnus A.

In general, although the individual events are not suf-
ficiently isolated in frequency or in time to allow a detailed
analysis (e.g. figure 2d), the observed variations appear at
least qualitatively to follow the form expected from the expand-
ing cloud model. The limited data available at millimeter
wavelengths indicates that the large and rapid wvariations
expected at short wavelengths do not occur, so that the sources
must be initially optically thin at wavelengths shorter than
about onc centimeter. This is not surprising, since the genera-
tion of particles must occur over a finite volume of space and
last a finite period of time, and so the radio cloud must be
initially optically thin at very short wavelengths.

In some sources the outbursts occur simultaneously and
with nearly cqual amplitude even at centimeter wavelengths
{KerrerMany and Pavrniny-TorH 1968, Locke, et al. 196¢).
In these sources, the electron cloud is clearly initially optically
thin over the wavelength range where the event is observed,
and the spectral index is close to zero. It is difficult to under-
stand, however, how such rapid variations can occur in a
source whose dimensions are sufficiently large so that it is not
optically thick (Locke, et al. xg6g).

Often it is not possible to separate individual outbursts
and the generation of relativistic particles in some sources ap-
pears to be more or less continuous, although not necessarily
constant. This type of activity has been observed in the
nucleus of NGC 1275 where {as shown in figure 1b) the cen-
timeter wavelength emission has been steadily rising. It ap-
pears that in the nuclens of NGC 1275 a number of minor
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cutbursts have occurred af the rale of one every year or two
(KrrrerMany and Pavriny-Tors, 1968; Honps, CORBETT,
and SANTINI 1g6g). Since the duration of a single radio event
at centimeter wavelengths is typically of the order of one year,
individual events are only barely resoived. In order to deter-
mine more accurately the rate of production of relativistic
particles, more data is needed at millimeter wavelengths, where
the individual radio events are short lived.

For several sources where there is adequate data during
the initial expansion phase to compare with the expanding
source model, the magnetic flux appears to be conserved so
that B, ~ B, (f/#,)*. The measurements of angular size and
self absorption cutoff frequency indicate that B is never less
than about 1o~% Gauss, which is also the typical value of the
magnetic field strength deduced for the more extended radio
sources from minimum energy arguments {e.g. MACDONALD et al.
1g68). It therefore appears that after the field reaches 107 or
107 Gauss, it no longer decreases with time and the relativistic
particles probably diffuse in a fixed magnetic field or escape
from the source.

The rapid rise and fall of flux density with time typically
requires that relativistic electrons be produced over a time
span less than a few months and in regions less than
a few light months across. The spectrum is ivitially flat above
the cutoff frequency so that the number of electrons is ap-
proximately inversely proportional to cnergy. In some sources,
at least for one year, this distribution is not significantly
modified by synchrotron radiation losses or by inverse Compton
scattering, so the electrons apparently lose encrgy mostly by
expansion of the cloud (PavrLiny-Torr and KELLERMANN 1968,
DENT 1968, LOCKE, ef al. 196g). In particular, since in at
least some sources there is no sign of a synchrotron loss or
inverse Compton loss cutoff below 100 GHz, the initial value
of the magnetic field cannot be much greater than about one
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gauss, or the initial brightness temperature greater than
about 102 °K.

Whether or not the repeated outbursts all occur in the same
volume of space or are separated by some distance is not clear.
This, and the detailed structure of the very young electron
clouds, remains to be determined by future high resolution
radio observations. Such observations, when made with suf-
ficient resolution, can also measure directly the rate of change
of angular size and thus the manner in which the magnetic
field strength changes with time. Detailed observations of the
intensity variations, particularly at short wavelengths cor-
responding to the early epoch following the generation of
relativistic particles, are also necessary to determine the rate
at which the particles are generated, the initial magnetic field
strength and electron energy distribution, and the way the
electrons lose energy.

Energy Requirements

If the distance of an optically thick radic source is known
in addition to its angular size, 0, and self absorption cutoff
frequency, v, then it is possible to estimate the energy con-
tained in the relativistic electrons and in the magnetic field
without making any further assumptions (KELLERMANN and
Pauriny-Torr 1969). The energies calculated in this way
depend strongly on the measured quantities, 0, v, so the
uncertainty in the caleulated value is large unless the cutoff
frequency and angular size can be measured with very high
accuracy. Nevertheless, energies derived for the compact radio
sources are 10” to 10°® ergs. This is clearly very much less
than the minimum energy of 10™ to 0% ergs required for the
extended sources. It should be emphasized that although the
energy content of the compact radio sources is small compared
with the extended sources, the compact guasi-stellar sources
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are among the most luminous extragalactic sources so that the
reservoir of electrons is often only sufficient to last for about
100 years. This may be contrasted to the less luminous
extended sources where the supply of electrons is adequate to
radiate for 10? or more years.

The energy required in the individual bursts observed in
galaxies is not excessive; the quasi-stellar sources, however,
present somewhat of a problem. Since none of the variable
radio components have been unambiguously resolved in the
quasi-steflar sources, it is not possible to determine accurately
the value of the magnetic field and the electron energy content.
A rough limit to the size of the variable components may be
made from consideration of the light travel time across the
source. Assuming that the sources are at the distance indicated
by the 1ed shift, this leads in some cases to extremely small
anguolar sizes, small magnetic fiekds, and relativistic electron
energy content of 10% ergs or more. This apparently excessive
energy, which is required to be repeatedly released in a period
of a few months or less and sometimes as often as once every
year or two, is, however, significantly reduced if the quasi-
stellar sources are closer than indicated by their redshifts, or
if the electron energy cloud is expanding at a highly relativistic
rate so that the apparent size is less than the true dimensions
(Rees 1967, REEs and StmoN 1968). This is discussed in more
detail in the following paper by van DER Laax.

The only variable source which has been unambiguously
resolved is the central component in the radio galaxy NGC 1245
{3C 84), which has two distinct opaque components, one of
which is variable. In addition there is a more extended halo
with a power Jaw spectrum. Figure 2 shows the radio frequency
spectrum of NGC 1275 and the spectra of the threc individual
components,

The spectrum of the high frequency variable component
below the cutoff frequency near 8 GHz, is close to that expected
from an optically thick synchrotron source. The present size
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Fi1g. 2 — Radio spectrum of NGC 1275 (3C 84).

FREQUENCY - MHz

The separation of the components is

based on interferometer measurements made over a wide range of wavelengths and

resolution (Ryis

and WixpraM 1668, KELiErmMany, el @, 1668, Crargn, et el 1969).

of the variable component is about 0. 001 or one light year.
Analysis of the rate of increase of flux density suggests that
this component is approximately 10 years old, 'so that the
average expansion velocity is about 5 percent that of light.
The magnetic field strength is estimated from equation (1) to
be about ¢.1 Gauss, and the energy of relativistic electrons
released over the past 1o years about 10% ergs. The larger,
compact component, which is cither non-variable, or varies
only slightly over a time scale of several years and contains
10 to Too times as much energy, may bc a remnant ol one
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or more older outbuarsts. The extended component, which
contains about 10® times the energy of the smaller compact
source is thought fo be the superposition of many outbursts
of the type now being observed.

TaBLE 2 — NGC 1275 (3C 84).

Halo Core Nucleus
Angular Size (arc seconds) 300 0.02 0.001
Lincar Size (parsecs) . .  8ox 10 5 0.3
Luminosity (ergs/sec) . . 2 x 10% ro* 10%
Total Energy (ergs) . . . 10% 10% 10%
Lifetime (years) . . . . 10° 3 % 104 30

Table 2z summarizes the angular size, 0; the linear
dimension, ¢; radio luminosity, L, the magnetic field strength,
B3, computed from equation 1; and an estimate of the energy
contained in the relativistic electrons, E,, in cach of the three
components of NGC 1275,

In addition there is a very large low surface brightness
radio source extending over aboul 30 minutes of arc (500 kpe)
plus two smaller sources associated with the galaxies NGC 1265
and IC 310 which, like NGC 1275, are members of the Perseus
cluster (RYLE and WiNDpraM 1968). In both NGC 1265 and
IC 310 the radio source is elongated along the line joining the
galaxy with NGC 1245 and it has been suggested that the
relativistic particles in these sources originated in NGC 1245
located hundreds of kpe away (RYLE and WINDRAM 1068).
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In the Seyfert galaxy, 3C 120, the Iuminosity of each of
the three outbursts illustrated in Figure 1 was comparable to
the outburst in the nucleus of NGC 1275 described above.
The energy required in relativistic particles is about 10% ergs
for each of the three outbursts which is again comparable to
NGC 1275. Like NGC 1275, 3C 120 also has an extended
halo with a minimum energy content of about 10® ergs.

The small radio source in the nucleus of M 87 is interesting
because of its very small dimensions. As there are no meas-
urements of the spectrum or of time variations in this source,
detailed calculations are not possible. A rough estimate of
the luminosity of the nuclear source is about xo® ergs/sec if
the flux density remains constant out to roo GHz. This may
be compared with 1o* ergs/sec for the halo, and 4 x 10%
ergs/sec for the extended jet component. It is not possible to
calculate the energy contained in the nuclear component since
neither the spectral cutoff frequency nor the angular size is
accurately known. It is unlikely, however, to be in excess
of 10% or 10® ergs, compared with the minimum energy content
of 10 ergs for the jet and 10 ergs for the halo. The small
sources found in the nuclei of NGC 1052 and NGC 4278, and
in other elliptical galaxies (HEESCHEN 1g70a) are very similar
to the small source in the M 87 nuacleus, except that there is
no extensive halo component associated with these galaxies.

Summnary

The relation bhetween the compact and extended radio
sources is not clear. It is not energetically possible for a single
compact source to evolve into an extended source since the
energy content of the latter is typically 10™? times greater.
If the relativistic particles are generated in the compact radio
sources, either the original particles must be continuously ac-
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celerated or some 10° fo 107 separate events are required over
a time scale of 10° to 10® years.

The direct observation of repeated outbursts in both
galactic nuclel and quasars suggests that energy is released in
repeated violent events. Each event generates 102 ergs or
more of relativistic particles in the nuclei of some galaxies, and
possibly considerably more in quasars, in time scales of a few
months or less and in volumes of space a few light months
across. The superposition of many of these outbursts may
provide a sufficient number of relativistic electrons to produce
the extended sources of emission.

The ultimate source of energy and the manner in which
it is converted fo relativistic particles is still a mystery.
Curiously, the phenomena appear to be surprisingly similar in
the radio galaxies and the quasi-stellar objects. Both have a
comparable range of radio properties including absolute lumi-
nosity, linear dimensions, structure polarization, spectra, and
intensity variations. In spite of their very different appearance
optically, the radic astronomer is unable to distingaish, from
the radio data alone, a radio galaxy from a quasar.

{9} 11, 8 « Kellermann - p. 106
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DISCUSSION

Chatrman: M., SCHMIDT

SPITZER

In your model for 3C rzo which I believe is perhaps one of
the best fits, can vou estimaie what the fotal mass ejected will
be if ene assumes that the tofal number of protons cjected is equal
to the number of electrons?

KELLERMANN

The energy involved in relativistic particles is something of
the order of 10% ergs. This is made up of clectrons with energies
near 1 Gev. So the total mass is only about 19, of the solar mass.

Hovir
I notice you included BL Lac among the galaxies, Wouid
you like to say why you put this here?

KELLERMANN
No, it is probably cither a compact galaxy or a guasi-stellar
object, I had to put it somewhere. .

Hovir
What 1 meant is, are you convinced that the evidence does
not indicate that it is a galactic object?

KELLERMANN

If it'is, it is unique. T see no evidence that it-is galactic.
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SARGENT

With reference to the last question. I nofice that two out
of the three objects that you put in the compact galaxy group
show no lines. [ Zwicky 1727 + 350 has no spectral lines and it
has beeni observed over several years, so there are two out of
three which may, in fact, be galactic objects.

KELLERMANN

You think that that is galactic too?

SARGENT
Yes, why not? There is no evidence of their extra-galactic
nature.

KELLERMANN

There is no evidence of their galactic nature.

Low

Can you exirapolate with your model back in time to t,?

KELLERMANN

Yes, you can do this.

Low

Putting it fron an observational point of view, if you had
been able to observe at short encugh wavelengths, presumably you
would have seen that for each of these events there is a shortest
wavelength or high frequency cut-off. Is your meodel still valid
near t,?

KELLERMANN

We can only extrapelate so far to where the assumption that
the production of particies occurred in a point volame of space,
or in zero time, is no longer true. The observations indicate that

{9] 11, 8 - Kellermann - p. 20
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the model breaks down at miliimeter wavelengths, You expect,
as you go to shorter wavclengths, the flux density variation to be
greater. The variations observed at millimeter wavelengths (and
the observations are very sketchy) indicate with one or two excep-
tions that the millimeter variations are not as great as you would
expect, which means that at millimeter wavelengths the source
was always optically thin, that it never got optically thick.

MoRGAN

Just to clarify a question, are there galactic objects known
which are radio sources and which vary in the sense of the objects
that you were discussing a moment ago?

KELLERMANN

There are many galactic radio sources. The non-thermal ones
appear to be largely supernova remnants, These vary slowly, say
one or two percent a year at the most, At the time of the supernova
cutburst, the radio variations may be similar to what we observe
for the exiragalactic sources, but this has never been directly
observed.  The phenomena  are presumably similar, only the
energies involved are very much greater in the extragalactic sources.

SPITZER

Can you state again, please, the energy corresponding to a
single radio burst from 3C 2737

KELLERMANN

It would have to be of the order of 10% ergs if yon accept
ihe redshift as indicating the distance, and if the expansion velocity
is non-relativistic,

SPITZER

And does one of these hursts ccenr abouf once a year?
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KELLERMANN

 There were two or three peaks over a four year period.
Whether or not these represent separate outbursts isn't completely
clear,

SPITZER
That would correspend then, to a luminosity of 109 ergs
per second.

KELLERMANN

Yes, a single ontburst is 10% ergs in less than a year, or about
10" ergs per second.

SPITZER
Of this total luminosity something like 10% ergs per second
is the ecnergy radiated at radio frequencies?

KELLERMANN

About 10% ergs per second at radic frequencies.

SPITZER
The total emergy rate of 10 ergs per second appears to be
even greater than that required for the infrared luminosity.

KELLERMANN

A total energy generation of something like 10% ergs per second
scems not too swrprising if you accept the 10" ergs per second
radiated in the infrared.

MorcaN

When you break down the radio specirum of 3C 273 into
three components, do you have any spatial evidence for their
separation?

{7 11, 8 - Kellermaun - p, 22
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KELLERMANN

In 3C 273 for cxample, the radio spectram and the high
resolution interferometry show three distinct components, but it
is not clear how these components are related to the components
that you get from decomposing the variation curve. There’s no
simple relation — at least I couldn’t find any. Also it is not clear
if the components are spatially separated or cencentric,

McCRrEA

About this estimate of energy, 0% ergs, is that the integrated
energy that is observed? Ov is it the total energy inferred; if so, is
it the energy in the electrons, or is an ailowance made for heavy
particles?

KELLERMANN

No, it's the energy that you need in the form of relativistic
particles, to account for the observed radio luminosity, using the
most censervative assumption that there are only electrons.

McCrea

Just electrons?

KELLERMANN

That's right, just electrons. But the number 10 is uncertain
by several orders of magnitude, just because of experimental
uncertainties,

OoRT
What is the separation of these three small outburst compo-
nents in 3C 2737

KELLERMANN

We cammot see the difference from them being concentric.
Exactly what this mneans isn't certain. 1 think they are not
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separated by more than the size of the biggest, that is by more
than a few hundredths of a second of arc.

SPINRAD

Do the rompact sources of Wanz and Huescurn all have fiat
spectra, and i so, can the exirapolation to very high frequencies
be of any use here in providing an excitation source for the optical
emission lines which have been a bit of a problem in these nuclei?

KELLERMANN

All the very compact sources with dimensions of order of
hundredths or thousandths of seconds of arc have to have {flat
spectra because they are opticaily thick. It appears that the flat
spectra that you see in the extragalaciic sources are nol nceessarily
due to a flat electron encrgy spectra but just the fact that they have
several optically thick components, which are peaking up at different
wavelengths,  What happens at wavelengths short of a few milli-
meters isn’t clear. The few observations thatl exist indicate that at
short millimeter wavelengths there are very few optically thick
sources. That is they are ali beginning to turn over, and beceming
optically thin. This had to happen somewliere, because otherwise
the sizes must be very small.

SCHMIDT

Has a correlation been looked for between the appearance of
emission lines in radio galaxies and the occurence of a small com-
ponent at the center?

KELLERMANN

Most or all of the galaxies or QSOs associated with small radio
components have emission lines.

SANDAGE

Conld you say something further about the halo radiation in
M Bz?

[o] 1L, 8 - Kellermann - p. 24



KELLERMANN | COMPACT RADIC SOURCES IN NUCLEL OF GALAXIES 241

KELLERMANN

g%, of the radio emission is from the smali source that is near
the nucleus and the other 109, is more or less comparable to the
size of five minutes of arc or so of the galaxy.

SANDAGE

And is there any indication of what the spectral index of the
halo is?

KELLERMANN

It is difficult to say, but it appears to be flat,

Hovie

You mentioned the upper limit of brightness temperature as
being arcund 10 degrees. Could you say how firm this number is?

KELLERMANN

Well, as it turns out it’s not possible to measure from the
surface of the earth much higher brightness temperatures than this.
Since the resolution of an interferomcter is proportional to the base
line and inversely proportional fo the wavelength, and since as you
go to sborter wavelengths you also sce smaller sources and these two
effects cancel cach other. At any given physical baseline there is a
limit to the brightness temnperature that can be measured. For earth
dimensions this is about 102, Thus, although yeu don't expect
anything greater than 10" to 10" degrees, it is also true that from the
surface of the earth it is not possible to resolve the brighter sources.
But I think there are very few, if any, sources in which a significant
fraction of the flux density is still unresclved. You could have
something like ten percent of the flux in a higher brightness temper-
ature component. The major part of the flux from most sources
certainly doesn’t have a brightness temperature greater than
some 1092,
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Hovre

The point is a very interesting one. I know you have an
explanaiion of this upper limit in terms of the inverse Compton
effect. There is another possible explanation in terms of proton and
antiproton annhilation leading to electrons of about a hundred mil-
lion volts, which also gives an upper limit to the brightness temper-
ature at 10" degrees. It would be good if one could separate in
some way these two possible ways of explaining the upper limit,

KELLERMANN

That would require magnetic fields of r0-? Gauss, or more, and
the measurements indicate something like xo~* Gauss,

MoRrGan
You said you do not have a residuum of apparently bright
unresolved sources, is that correct?

KELLERMANN

Yes, that’s right. There may, however, be a small {raction of
flux which is left unresolved,

FowrLeEr

You commented earlier in your talk that there was no evidence
for periodicity, yet when you showed 3C 120 cne might argue that
there was some evidence for a periodic phenomenon there with one
of the pulses missing,

KrLLERMANN
It seems a bit hard to do on the basis of three events (hearty

laughter),

FowLER

Well that's only because you haven’t looked long enough.
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KELLERMANN

Yes, I've said that. The sampling of data is from a few,
weeks to a few months over a few years. There aren’t many periodic
phienomena that you can see with that kind of data. I believe my
statement that “there is no evidence for periodic variations”, still
stands.

FowLEr

Well, let me ask what was the separation between those three?

KELLERMANN

Of the order of a year,

Oortr

I'm surprised about your statement that there are practically
no unresolved scurces. If you consider the results obtained in Mes-
sier 87 ane would think that all the more distant quasi-stellar sources
might have very much stronger unrosolved sources inside,

KELLERMANN

I said that the major fraction of the flux is resolved. In M 87
there is one percent in the small component. It is only because
M 87 is so strong and so close that we can see that small component.
In almost any other source such a Jow luminosity small component
would not be detected. So it is certainly consistent to say that any
or all sources may have such a small fraction of the flux in a very
small component, of the order of light months in size, This, in
fact, is an attractive hypothesis if we want to speculate that these
small components are the origin of energy for the entire radio flux.

FRIEDMAN

Is there any cvidence yet for variability in the smali component
of M 87?
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KELLERMANN

There is no evidence for variation in the total flux of M 87,
Since the small component is only one percent of the total flux it
would be difficult to sec when you look only at the total flux. There
are two observations made a week apart of this small component
alone.

[g] 1, 8 ~ Kellermann - p. 28



EXPANSION MODELS OF ERUPTIONS
IN QUASARS AND RADIO GALAXIES

H., VAN DER LAAN

Sterrewacht Leiden
Leiden - Olanda

1. Introduction.

Since the fundamental probiems of energy generation and
its distribution over several modes form the chief concern of
several preceding and following speakers, I will limit myself
in this introduction chiefly to the curious phenomenon of
intensity and polarization variations in the radio frequency
domain. Of all the amazing features of compact systems these
variations are perhaps the only evidence of systematic violence.
Violence because the common interpretation of the phenomenon
implies an energy release rate equivalent to ~ one S.N. (type
IT)/scc for several months to a year.

Radio observations of compact sources provide, in prin-
ciple, as a function of frequency and time, the flux density,
the degrees of polarization, the polarization angle and the
angular diameter, denoted respectively by S(v, #), pv, 1),
¥ (v, £} and ¢(v, £}

The first of these functions is best Jknown, for it is most
easily measured. In 1965 SHKILOVSKY suggested that compact
extragalactic sources might vary measurably. In 1966 KELLER-
MaNN and Pauriny-Totu, and Morrsr noted that early vari-
ability data, the first of which came from Michigan (Dent,
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1965, 1966), were suggestive of an expanding optically thick
source (IAU symposium 2¢, Byurakan, May 1¢66).

At the same time this suggestion was worked out quanti-
tatively in a form directly comparable to observations (VaN
DER LAAN, 1666). At that time the data were fragmentary
and only the qualitative features of the model could be checked.
However, it was clear that there were a number of instruments
capable of acquiring the data nccessary for quantitative tests
and the simple model was published in the hope of stimulating
many observers to start variable source monitoring program-
mes, rather than with the expectation that it would remain a
viable model in the face of a greatly enlarged and refined
body of data,

A number of variable source observing programmes were
begun and the results were compared with the quantitative
predictions of the model. Surprisingly, the variable source
behaviour conforms, in the main, to the model far better
than one had any reason to anticipate.

2. Qualitative features of the wvariabilily data and of the
adiabatic expansion model. :

The first detection of variability in the radio domain oc-
curred at 8 GHz (A 3.75 cm). Systematic monitoring at
wavelengths from 2 to 40 cm revealed the following features;

{i) the variability first occurs at short Wavelengths and
propagates towards longer wavelengths.

(ii) the amplitude of the variation decreases steadily
with increasing wavelength.

(iiij the rate of increase generally exceeds the rate of
decrease.

(iv} the duration of a pulse as measured at half-powe1
points increases with increasing wavelengths.
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The figures in Dr. KELLERMANN's paper show these
features,

The model which has served observers for the past thirty
months as the standard of comparison is the following: take
a sphere filled dnstantancously and uniformly with a relativistic
electron gas and a regular magnetic field and assume it expands
wsotropically and nonvelativistically without letting any particle
escape or gain occur, retaining homogeneity.

In that case the electron gas cools adiabatically, the
magnetic flux is conserved and its synchrotron radiation is
easily compuled as a function of the radius. If the expansion
rate is constant the observations give the age of the source
directly.

As shown in the paper which deals with this question in
detail (VAN DER LAAN, 1966}, the spectral evolution of such a
source can be described as the migration of the spectral curve
in the log Sv — log v plane, along a straight line of slope
N3 1.2 where y is the usual exponent of the electron
4 + 6
differential energy spectrum. This is shown in figure 1. Since
a radio telescope observes at a single frequency, the flux density
is seen to rise first, while 1, ¥ r. A maximum is reached as
1, ~ 1, followed by a decrease at 1, <7 1. Figure 2 contains
the same information ags the preceding one, but now successive
frequency curves are shown. These two diagrams illustrate
that the four features mentioned above are characteristics of
the simple model; (i) the variability proceeds from short to
long wavelength; (ii) amplitnde decreases with increasing
wavelength; (i) the rate of increase exceeds the rate of
decrease; (iv) the pulse widens with increasing wavelength.

Qualitatively the model accounts well for the carly data’s
features.
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3. Quantitative predictions of the simple model and observa-
tional yesults.

From the gualitative description of the spectral evolution
just given it is clear that the measurement of a single observable
and its rate of change, in principle, leads to predictions of
the values and rates of change of other variables.

FREQUENCY  {MHz)

Fie. v — The migration of the spectral curve of an expanding, homo-
geneous, spherical synchrotron radiation source in the log SV — log v plane.
This spectrum is shown superimposed on that of the usnal large tran-
sparent source.

One additional restriction must be made: in order fo relate
temporal variations of several parameters one to another, the
expansion rate, that is the time dependence of the radius, must
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be specified. Assuming the expansion rate to be constant it
is easily shown that the apparent age of the expanding com-
ponent can be specified in several ways:

~w§~=~§-- (in the opaque part of the spectrum)

.

=
]
E
I

W 2 '{ww.gw (in the transparent part of the
S spectrum)

= .__( 41+ 50 ) \.J"‘""»A(vnm is the frequency of

Tt 4 7 Vi maximum intensity)
= __( 7 +3 %’“'"” (S, 18 the maximum flox
T+ 4 7 Sna density)

where ¢ is the epoch of measurement and f, the cpoch of
the event.

In practice the flux densities are measured at particular
frequencies. The epoch of birth deduced from them is then
used to relate the maximum flux density, the frequency at
which this occurs and the time as measured from that start-
ing epoch.

Figures in the review by KELLERMANN and PAULINY-TOTH
(1968) show that for 3C 120 (= II Zw — 14, an enormously
powerful infrared source) the model predictions, calibrated by

the epoch determinations from S/ S represent the observations of
the flux density maximum’s displacement in the (v, £ plane
satisfactorily.

Quantitative deductions are complicated by the fact that
most variable sources have several varying components. Since
generally the magnitude, the rate of change and the starting
epoch of each is different from the others, quite a lot of data
are required, well spaced in v and £, to unravel the spectrum
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and trace the behaviour of each component, made the more
difficult by the presence of a quiescent component whose spec-
trum needs to be known to establish the variables’ zero level.

The explosive events are observed to have starting epochs
o 1 year apart. Their spatial scparation is therefore likely
to be small. There are, however, sources with only a single
known wvariable component. The observing period of five
years since DENT's discovery is too short to judge whether
the distribution of intervals befween succeeding bursts has a
maximum shorter than this timespan.

4. Polavization data and variability interpretation.

" The extreme simplicity of the model just discussed and
our ignorance about the initial conditions, as well as several
difficulties implicit in this straight forward interpretation, leads
one to wonder whether the radiation observed is synchrotron
radiation at all.

Measurements at scveral observatories, but particularly
at Michigan by ALLER {1970a), have established some of the
sources’ polarization characteristics and the polarization’s
change with v and £.

These results and their interpretation are here briefly sum-
marized. They show that the basic notion of the simple model,
viz. that the variability is caused by the temporal change of
the optical depth of an expanding electron-synchrotron radiation
source, is correct,

ALLER (1g70a) has monitored the linear polarization of
several variable radio sources at 8 GHz. Five of the best-known
variables, viz. 3C 120, 273, 279, 345 and 454.3, were definitely
found to be polarization variables. Three others were probable
polarization variables. Thus all sources stronger than 3 f.u.
at 8 GHz that vary significantly in total flux density also show
polarization variability.
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Figure 3 shows ALLER’s results for 3C 120 and 3C 273.

The variation of the polarized flux density S, does not
follow that of S. The polarization variability is generally much
more rapid than the total flux variability. The large rapid
variations of S, are observed only when S in increasing or
rear its maximurn.

The polarization angle sometimes changes greatly with
changes in polarized flux, but apnears always to return to a
stable position. In addition this angle seems to go through
a similar cycle during repecating bursts.

The interpretation of these resulls is straightforward in
the framework of the adiabatically expanding synchrotron
radiation source and it is given by ALLER (1¢70Db) as follows.
Take the volume cmissivities and absorption cocfficients of
the synchrotron radiation of a homogeneous isotrepic flux of
relativistic electrons in a unidirectional magnetic field for a
direction l.and // to the projected magnetic field respectively.

Then fort1 1 7 = 3T T3 4nd the position angle

3T+ 7 perpendicular to B.
YT P (»3 and the position angle
Y I3 parallel to B.

Figure 4 shows how the degree of polarization varies with
opacity. If we now recall how this entire curve moves as the
source expands, then it is easily visualized not only how the
total intensity varies at a single frequency, butl also how the
polarized flux changes. Particularly it is clear that the polar-
ization variability and the polarization angle changes are more
rapid than the changes in S and occur as S increases.

Of course, since the degree of polarization will be much
less for a real source in which a variety of projected directions
of B are present, this idealization is good for a gualitative
comparison only. Moreover one expects the real difference

(101 11, o - Van der Lagn - p. 8
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in degree of polarization between the opaque and transparent
cases to be much less than for the unidirectional source, because
in the opaque source only the surface layers are seen so that
the superposition depolarization is much less severe than in

the transparent case.

[r0] 11, 9 - Van dev Laan - p. 11
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Since large rapid variations in S, are observed when
v 2 1, it seems that the more striking features of the data
meet the expectations based on the expanding source model.
In other words, the behaviour of both S and S, seems expli-
cable in terms of the temporal change of optical depth at a
given frequency in the manner expected for an expanding
sphere.

5. Departures from the sitmple model.

The model discussed thus far is (i) instantaneous, (ii)
isotropic, (ili) homogenecus and (iv) nonrelativistic. In this
section models which differ from this simplest cne and data
indicative of departures from these idealized conditions are
briefly considered.

(a) Ryle and Longair (1906}, - Many sources, both
radio galaxies and quasars, have a characteristic double
structure. The authors mentioned have developed an attractive
idea which unequivocally interprets the ratios of two observable
quantities, namely the component flux density ratio S,/S, and
the ratio of the components’ angular distances from the object
with which the radio sources is identified optically, 0;/0,. The
fundamental assumption is that the two components are in
every way identical, i.c. both initially and in their evolution.
The fact that these ratios generally differ from unity is then
attributed to special relativistic and light travel time effects.
This enables source ages and component speeds to be calculated.
The weakness of the suggestion is that the basic assumption
of component identity has no physical ground and that when
the model is applied to existing dafa the results conflict with
the model’s premisses. Thus, assuming a constant component
velocity, the theory operates on the data and produces a mon-
otonically decreasing velocity.

[ro] 1T, 9 ~ Van der Lagn - p. 12
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{b) Ozernoy and Sazonov (196g). - As is clear from the
data shown in Dr. KELLERMANN'S paper, many of the variable
sources show quite a complex spectral behaviour, which has
been commonly interpreted by applying the simple model
separately to several temporally-overlapping components whose
radiative spectra are superimposed. OzerNoY and SazoNov
suggest an alternative interpretation which is a combination
of RyLe and Lowncair’s relativistic component ejection with
the simple model’s nonrelativistic expansion. Clearly, several
additional free parameters become available, e.g. the initial
flux ratio, the ejection speed, the ejection angle with respect
to the line of sight. This enables one to reproduce virtually
any two-component spectrum and its time variations. Unique
solutions are not casily oblained this way, so the model is
difficult to check. It would seem at present that the model
has more parameters than are needed.

(c) Rees (1907} - A model closely related to the simple
one but then in a relativistically invariant form, was proposed
by REgs, who worked out the flux density variations of a
relativistically expanding sphere. Rers” work is analytic and
confined to the cases of complete transparency (r € 1) or com-
plete opacity (1 3 1). Motive for this work was especially the
elimination of several difficulties the simple model encounters
when applied to some of the well-known variable sources. Thus
the observed rapidity of some variations, when interpreted
nonrelativistically, leads to such compactness and to such high
ratios of particle energy to magnetic energy that inverse Comp-
ton: losses become very severe. This leads to particle lifetimes
inconsistent with the simple model in which radiative losses
are ignored relative to expansion losses (cf. Rers and SiMmow
{19609)). Relativistic expansion leads to a smaller ratio of
particle to magnetic energy and a greater proper volume for
the source. This relieves both the energy requirements and
the inverse Compton loss problem.

Lroe} IT, 9 - Van dev Laaw - p. 13
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An important {eature of the relativistically expanding
sphere is that its rate of change of linear diametfer, seen as
a change in angular diameter for a source at known distance,
may exceed zc¢ by a large factor. Recent observations of 3C
273 (GusBaY ef al., 196g} and 3C 279 (MOFFET, 1970) sug-
gest this to Dbe the case for variable components in these
quasars, if they are presumed to be at the Hubble distance.
This problemn therefore relates the variability to the difficult
question of quasistellar objects’ redshift interpretation,

1t becomes then all the more important to try and distin-
guish relativistic and nonrelativistic expansion without reference
to distance and thus to check whether or not the spectral
behaviour excludes the cosmological interpretation of redshift.

As shown in the next section it is necessary not only to
calculate the spectral changes for © 3 1 and 1 & 1, but also
the behaviour in the transition region where v ~ 1. The
analytic computation of Regs was therefore complemented by
this author with a numerical procedure applicable for all values
of t. This results in some observable differences between the
spectral behaviour of the two alternative models.

{d) Nongconforming data. - The timescales for well known
variables, as deduced by the formulae of section 3, are very
short, from a few months to a decade. The model’s assumption
that the event is instantaneous, i.e. that the injection time is
much less than the lifetime may thercfore not be justified,
There are data for a number of sources where this appears to
be the case (cf, the discussion of 3C 84 by KELLERMANN and
Pavriny-TorH, 1608).

Canadian astronomers have monitored variable sources
at 2.8 and 4.6 cm for several years with the Algonquin Radio
Observatory 150 foot paraboloid. They have discovered some
sources with intensity wvariations that do not conform to the
model predictions. In particular it appears that there the inject-
ion time is comparable to the decay time. Fig. 5 is taken from

lro] 11, o - Van der Laan - D, 14
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a paper by Locke, Anbprew and Mron (1969) and shows three
sources of the type just mentioned, with 3C 120, which does
behave as the model, for comparison. As the authors men-
tioned, these three sources vary rapidly and their dimensions
are of the order of a few lightmonths. It is for such rapidly
varying objects that the approximation of instantaneous injec-
tion is least likely to held.  Continued monitoring, also in
pelarization, of such sources is clearly promising, for such
observations vield information about the pariicle source, an
aspect of the probiem the simple model does not include.

6. Relativistic expansion rates.

Let a surface expand spherically about a point C; what
is the simultancously visible surface for a distant observer O?
If 6 is the angle between the position vector of a surface element
drawn from C and the position vector of O, then the simui-
tarreous surface is the prolate spheroid

¥
a 1-——3 cos 0

in the reference frame of C; # is the distance from C of the
surface element travelling in the direction 6 = =n/2.

The semi-major axis of this spheroid, on the line CO, is
r/{1 - #); the semi-minor axis is

P . 32

Ymax = ’I'\/I - fj
and this is the maximum extent of the surface perpendicular
to the line CO, i.e. it determunes the angular diameter of the

object.  As f§ approaches unity the apparent rate of expansion

{r0] ¥, 9 - Van der Laan - p. 16
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seen at O can therefore exceed the light velecily by a large
factor,

If we now assume, as in the simple nonrelativistic model
earlier, that the source remains homogeneous (in C’s frame
of reference), then one can calculate the time and frequency
dependence of the synchrotron emission for various values of
3. It means specifying for each volume element in the prolate
spheroid seen at O, the field strength, the particle number
density, the Doppler shift and the emission and absorption
coefficients.  The ratio S {3, #, v)/S (B, 7, v,} is obtained by
computing for cach volume element the optical depth in the
direction of O and then integrating aover the whole volume to
add each volume element’s net speciral contribution,

The numerical integration meshes must be fine enough to
give convergence to the nonrelativistic result for § ¢ 1 and to
the analytically calculated valunes for the asymptotic cases of
1 & 1 and t » 1 for the relativistic expansion rates (cf. Rugs,
1667).

If v
maximum, then

is the frequency where the spectral curve has a

5 (8 n ) 2923 for ¥ € vy,
and

LTl
SE,r vy gy |2 ) for v 3 Vi

just as in the nonrelativistic case. Moreover, the migration
of the spectral curve in the log S, — log v plane is independent
of fi: the slope of the curve in these coordinates is constant
and the flux density maximum moves along a straight line

. T+ 3 .
with slope + Z%;_(}) (cf. figure 1).
The relations between obscrvables and age of the source,

given in .section 3, are therefore equally applicable to observa-

[ro] 11, g - Van der Laan - p. 17
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tions of relativisticaily expanding variable sources. Even very
different expansion rates can therefore not be distinguished
simply from measurements of flux density and their rates
of change.

The theoretically clearest distinction between the slow and
highly relativistic expansion is the widthi of the transition
from the transparent to the opaque domain of the spectrum.
This is certainly to be expected, since a source which is
homogeneous in the rest frame of its expansion centre is very
inhomogencous for an observer monitoring the source during
relafivistic expansion. The prolate spheroid scen, represents
a combination of very different phases of the sphere’s develop-
ment, seen at different effective blueshifts. Tigure 6 shows the

1.00

1.0 10.6 100.0

FREQUENCY [v]

Fig. 6 — The spectrum for different expansion wvelocities.

f10] II, ¢ - Van der Laan - p. 18
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calculated curve for three values of 3. The frequency span
required to get from the opaque to the transparent part of the
spectrum naturally increases with increasing expansion speed.
Alternatively, with reference to single frequency observations,
the time span required to go from the maximum rate of increase
to the maximum rate of decrease, relative to the age estimate
made by means of the first equation of section 3, is greater
for greater speeds of expansion. This is illustrated by the curve
in figure 7, provided the cxpansion speed is constant during
the observing period.

There is then, in theory, a manner of distinguishing slow
and fast expansions in terms of observables (*). In practice
there are complications. Tirstly, the theoretically homogeneous
relativistic expansion mimics an inhomogeneous slow expan-
sion. Therefore, if a variable source exhibits the spectral
behaviour similar to the § = 0.9¢9 curves of figures 6 and 7,
then this can be equally well aftributed to inhomogeneity or
to relativistic expansion rates. On the other hand, a spectral
behaviour conforming to the relations in section 3 and much
narrower in frequency and time than the widest curves in the

(x) While the observable differences between slow and fast expansions
have been shown to be small, the astrophysical difference is great.

Thus, taking a particular variable source and interpreting its varia-
tions in the opaque part of the spectrum for two very different values
of §, say o.70 and o.95, leads to compictely different cvaluations of the
energy balance between the relativistic particle and the magnetic field con-
tributions,

The conventienal interpretation, using the flux density in the opaque
spectral region and angular diameter determined by VLI interferometry,
generally results in a dominance of particle over magnetic energy by factors
of 10° to 10°% Because the total energy content can be expressed in the
form E, = V{C B3 4+ (BY where V is the source volume and C,, €,
are constants, the most economic source is one where the energy ratio is
near unity. The large factors by which the particle energy exceeds the
magnefic energy therefore leads to energy estimates up to 1o times greater
than the already large minimum values, A relativistic interpretation of the
same data yields a much greater magnetic field strength estimate and con-
sequently a balance which can be much closer to the most cconomic one
(Rers, 1967). This and the difference in the calculated effective volumes
also alleviate the inverse-Compton less problems (Rrxs and Simown, 1g69).

frod 11, 9 - Van dev Laan - p. 19
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F1G. 7 — The single frequency intensity change for a slow and a fast
expansion,

last two figures excludes relativistic expansion rates. While
there are ways to narrow the instantaneous apparent spectrum
of a relativistically expanding source, e.g. by means of a
foreground region whose optical depth exceeds unity at the
frequencies of observation, such a source would not show the
same variations. .

[10] 11, 9 - Van der Laan - p. 20
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Another practical difficelty is the complex composite
nature of most variable source spectra. The figures in Kgr-
LERMANN's contribution show that often several variable com-
ponents occur simultaneously and are superimposed on the
spectra of several constant features which may be transparent
or partially opaque.

The clean burst in 3C 120 has been shown by long baseline
interferometry not to require relativistic expansion (PAULINV-
Torn and Keriermans, 1968). This is confirmed by applying
our criterion of spectral width in frequency and time to that
event: a highly relativistic expansion is excluded. For 3C 273
and 3C 279 I have mentioned the interferometry data sug-
gestive of rclativistic expansion. There the spectra are so
complex that the data are not yet snfficiently detailed to isolate
the contribution of one burst with enough accuracy to apply
this criterion.

Continued monitoring of a few of the strongest variable
quasars must be combined with VLB interferometry which
provides both an angular diameter and flux density of that
component to the exclusion of the contributions from the
remainder of the source. Such data can show whether or not
a cosmological distance for these sources still allows a physically
consistent interpretation of the radio variability.

[ro] 11, g - Van der Laan - p. 22
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DISCUSSION

Chairman; M, SCHMIDT

Morrison

Does the relativistic inferpretation modify the limits, say, that
KELLERMANN gave us for the minimum equipartition energy for a
single burst? Have you looked at this at all?

VAN DER Laan

The minimum or equipartition energy calculation assumes that
the thing is non-relativistic. If you then interpret the same expansion
relativistically, the magnetic energy density goes up a great deal
and the particle energy density decreases, but you can get into
difficulty because you then find the life expectancy of the particles
is much too shert, Then for the particular expansion, one gets an
additional parameter, namely the injection and its rate,

KELLERMANN

I wasn’t discussing equipartition energies. The values I quoted
are caleulated from the ohserved brightness temperature, or hright-
ness temperature estimated from the time scales of the variations,
and do not assume equipartition.

HoyLe

You mention that there is no evidence for relativistic expansion
speeds except in the case of one component of 3C 273. My question
is in relation to that component of 273, Are the data derived from
angular diameters, or are they derived from the kind of analysis
you have been speaking about?

{rol 11, ¢ - Van der Laan - p. 23
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VAN DER Laaw

From the angular diameters. D KenLkrmann knows the
details of this work.

Hovre
Could 1 follow that by saying: do you have any evidence from
the spectrum?

VaN poR Laaw
30 243 is so difficnlt because vou have so many componenis
3 7 A b !
superposed that you don’t know what the zero level is of any single
component,

KELLERMANN

What actually happened was that the total flux-density at 13
em varied by something like four flux units over a time-seale of about
one year. IHigh resolution interferometry during this time showed
no change in the fringe amplitede and so over thiz time the
variable component must have been completely resolved, which
meant that it was bigger than about ro light years. The age of
the source was probably considerably less than that, about 3 years,
So the Lorentsz factor must be something like 3; but the situation
in 3C 273 is very confused and it is difficult to be certain of the
interpretation.  In particular the varable component at 13 o
may have been much older than 3 years.

Hovre

Isn’t the point thaf you have to assume a distance if you are
using angular diameter measures, whereas with your method you
do not have to assume a distance?

VAN pER LAAN

Three years ago when we first published the model we thought
that this was the way to get at the quasar distances because we

{re] I, g - Van der Laan - p. 24
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could measure the time scale and the angular diameter. This be-
comes so elusive now becanse we can still say two things: 30 273
is relativistic if it is at the Hubble distance, but i it is like, say,
3C 120, it is very much closer and non-relativistic,  So we still
cannot get af it; the angular diameters can be consistently interpreted
either way. For very clean single bursts the spectral method 1
mentioned may be applied to check whether or not relativistic

expansion is excluded.

Rigs

I would Jike to make a comment about the quoted fotal
energy of 10% ergs. It seems to me this should not be tuken very
seriously: it can in any case be reduced if the expansion is relati-
vistic, but in all these models it 15 based on the assumption that
the magnetic field decreases adiabatically. This i3 probably not a
reasonable assumplion and, if it is dropped, it scems to be guite
possible even to reduce the energy below 1o™ ergs, which of course
means the energy of an onthurst could come from o single star.
In particular, if a pulsar formed from a collapsing star its clectro-
magretic radiation could produce a magnetic ficld which did not
decrease like 1/R?% Tt mmght then be consistent to aftribute cach
outhurst to a single supernova.

VAN DER LAAN

Yes, except I believe that, at least with 3C 1zo, if yon make
the magnetic field bebave rather differsntly than in a 1/R? way,
the variability in fact would not conform so well to the model,

KELLERMANN

The same can be said for 3C 273.

WoLrjek

In your relativistic model you take the distribution of ths
electrons to be isolrepic in a co-moving frame. Now, one could of
course consider the altermative case where you have the clond of

[re] 1, 9 « Van der Laan - p. 25
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electrons expanding relativistically along a pre-existing magnetic field
so that at all times the angles between the momentum vectors of the
particles and the field are small, This may have certain stability
problems, but it cerfainly would solve the problem of the short
particle life time and still reduce the energy requirements per burst.

KELLERMANN

There appears to be some confusion on where the number 1o%
ergs came from. It has nothing to do with assumption of conser-
vation of flux. Tt is just that either from the time scale of the
variations or from the limits on the measured angular size of the
variable component we can put a limit on the magnetic field strength,
Then you can calculate how much energy in relativistic particles is
necessary to account for the flux density that you observe at that
time, over a reasonable range of frequencics. This gives you seme-
thing like 10% ergs, with the uncerfainty of several orders of
magnitude. It doesn’t assume equipartition, nor does it assume
conservation of flux. It does assume a non-relativistic expansion
and cosmological distances.

frol 11, o - Van der Laan - p. 26



OPTICAL PROPERTIES OF NUCLEI

ALLAN SANDAGI

Hale Observatories
Carnegle Institution of Washington, California Institnte of Technology

This report deals with partial observational data on the
nuclei of normal galaxies, Seyfert galaxies, N-type systems,
and QSS. Data discussed are {a) colors, (b) optical variability,
{c) absolute magnitude distributions derived from the Hubble
diagram, (d) a computational example for the ratio of underly-
ing galaxy starlight to the nonthermal component for N and
(IS5, and (e} the nature of ciccta from M 82 and NGC 1275.

I. CoLors ARD STELLAR DENSITIES OF THE NUCLEUS oF M 31

Many normal giant galaxies of type Sa, Sb, and Sc have
a small, high surface brightness condensation at their center.
M 31 is the best example among galaxies in the local group,
although NGC 205, M 32, and M 33 also posses such nuclei.
Visual inspection with a large felescope shows that the center
of M 3z stands out sharply against the fainler background,
and appears as a nearly unresolved spike of magnitude 7 = 12.
On short exposure photographs such as in Figure 1, the spike
is slightly fuzzy (superficially resembling the globular clusters
in M 31 but ~ 3 magnitudes brighter) and is elongated along
the major axis of the main body. Its dimensions are 1.6 arc
seconds by 2.8 arc seconds (diameter), corresponding to 5.4
and g.4 pc at a distance of 690,000 pe [i.e., (m — M), = 24.2].

fee} 11, 1o - Sandage T - p. ¥
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SANDAGE ! OPFTICAL PROPERTIES OF NUCLIEI 273

Some gas is present as shown by 23727 [OIl} in emis-
sion.  Evidence by MUxcw (1962) shows that the gas is
moving outward from the center at about 50 km/sec with
a flux of e~ 1072 solar masses per year. The UBV colors of
the central region of M 31 and the ncarby giant Sb M 81 are
similar to each other and to many normal giant ¥, Sa, and Sb
galaxies. Iata on M 31, M 81, and M 33 are given in Table 1,
where the diameter of the photometric measuring aperture
(in arc seconds) is listed in column 2, the true modulus in 3,
the size of the region measured in parsecs inn 4, the swrface
brightness in magnitude per square second in 8, and the dif-
ference in magnitude between the smallest measuring aperture
and the total galaxy in q.

TapLe 1 — Colors and Swrface Brighiness of the Centers of
M 31, M 81, and M 33.

Measuring
Aperture

Galaxy  (Diameter) (m--M), r pe i BV U-RB OB/ITAV
(1) (2) 30 W G © @ @
M 49 17 12.03 .16 0.79 16.3
76 24.2 20 T1.34 .o  ©.78 16.5 wib.35
17 (KINMAR) 3.5 waly P O L wnTE0
M 81 490 27.6 79 12.29 1.I13 .70 10.6 5.3
M 33 6.4 24.0 20 13.8 0.65 0.07 18.2 8.0

Measurements of M 31 in the near infrared (SANDAGE,
Brcrriv, and NEUGEBAUER 196g) fail fo reveal a detectible
(< 10% of the star light) infrared non-thermal component.
These data, together with spectrographic evidence (see e.g.,
TLALLEMAND, DUCHESNE, and WALKER 1g60) give every reason
to believe that the principal radiation from the nucleus is
starlight.

[11] 11, 10 - Samdaege 1 - p. 3



274 PONT. ACAD. SCLEINT, SCRIFPTA VARIA 35 - NUCLEL OF GALAXIES

It is of interest to estimate the stellar density in the M 31
central spike. Dynamical estimates from high dispersion, high
spatial resolution spectrograms have been made by LALLEMAND
et al. (1960} and by KivmaN (1005), and these depend on
knowledge of the nature of the sfellar orbits. With reasonable
assumptions, there is a second, very simple but crude method
based on the measured surface brightness alone which, although
not precise, may give numbers that are correct in order of
magnitude.

Suppose all stars in the nuclens of M 31 have the same
surface brightness as the sun. The ratio of the M 31 surface
brightness to that of the sun gives the fraction of the sky
covered by stellar disks,  From this follows the number of
stars per unit volume,

Direct measurement with high spatial resolution gives
the V' surface brightness to be V' = 14 mag /™" over the central
second of arc radius (Kivman 19035, and Table 1). The average
surface brightness of the sun is ¥V = — 10.63/{7” obtained by
adopting V' = — 26,78 from Sreeeins and Krox {rgs7) and
Marryvov (1059). The ratio of surface brightness is then
M 31/sun = 24.6 mag. Hence, stellar disks in the center
of M 31 cover only 1.4 x 107! of the available surface arca.
Let » be the number of stars in the nucleus contained within
a spherical volumn of radius #. If each has an area 4,, the
total area of stellar disks projected on the plane of the sky
is nd,. Hence

(1) nd, = 1.4 x 1070 T2 |

Taking A, fo be the arca of the sun (1.6 x 10~ ps?) and
¥ as I parsec gives # = 3 x 710° stars/pc’. Because most
stars in M 31 probably have a smaller surface brightness than
the sun, this is a lower limit.
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Three other methods are available to check the estimate.
(1) We can compare the center of M 31 with the parameters
of a typical globular cluster, with suitable modifications.
Consider M 3. The effective radius of the cluster is about
5 pc, containing of the order of 10° stars, giving a mean
density of ~ 2 x 10% stars/pc®. The surface brightness of
M 3, averaged over the central 5 pc radius, is about V' = 18

mag/(]”, which is 4 mag fainter than for M 31. If the stars
in M 3 and M 31 were the same type, the density in M 31

would then be 40 times higher. DBut we believe the mass-to-
light ratio is = 1 in M 3 and «~ 10 in M 31, givIng #as,/#Har
o 400, or {n) & § x 10°. This can be directly tested in M 31
itself from plates taken of the central central region where the
M 31 nucleus is seen together with its central globular clusters.
The nucleus is indeed much brighter than the globular clusters,
although it has about the same angular diameter.

{2) If the central nucleus is dynamically stable and the
stars do not mix with those further out, as the observed U — B
color gradient (SAnDAGE, BECKLIN, and NEUGEBAUER 1060)
requires (since any instability or radial orbit mixing with the
outer regions would destroy the gradient) then the wvirial
theorem can be applied to the nucleus alone. If MINKOWSKI'S
(1962) measurement of the velocity dispersion as ¢ =2 225
km/sec applies only to the central nucleus which was on the
slit of the spectrograph (radius o 1.5 sec or d = 4), we can
take this to be the value of the mean random motion in the
nucleus to within factors of the order of 4/3. For equilibrium

2 A2
@ 2T+ Q=0 o imy Nt CON
where {m) is the mean mass of the stars, and N is the total
number within radius ». Taking » = 2 pc corresponding to
a sceing disk of 1.”5 at the spectrograph, {m) = T10* gm or
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half a solar mass, and o = 225 km/sec gives N = 4 x 107
stars in a volume of radius 2 pe, or # = 10° stars/pe? in order
of magnitude, which is of the same order as the other two
methods.

(3) Still another method exists from Kinman's (196s)
estimate that the luminosity denisty of M 31 within the central
I peis & 107 Lo per p2®. If the mass to light ratio is ~ 10,
this gives a mass density of = 16° Mo/pc?, or 8> = 2 x 10°
stars/pc? for (mp of half a solar mass.

These methods are, then, reasonably consistent and we
adopt {n) =2 2 x 10% stars/pc? over the central several parsecs
of M 31. Because there is undoubtedly a density gradient
toward the center, it is not unreasonable to assign # = 10°
stars/pc® for the central value.  Although high by globular
cluster standards, this density is still below that where ap-
preciable collisions occur.  The distance {r> to the ncarest
neighbor follows from

(3)

Fhat collisions are relatively rare can be seen by noting
that from a typical star in the nncleus, the nearest star will
subtend a solid angle of only 2.5 x 107! steradians if », is
as equation 3, which is very small compared with 4=.

In more detail, the number of collisions that a single
star suffers in time # is ndvf, where 4 is the collision cross
section, v the velacity, and » the number of stars per pcd.
The total number of collisions per pc® is #n?4vt, and the col-
lision rate is (#?Aw) per year per pc®. Again adopling the
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idealized mode]l that the average star is like the sun (which
gives an upper limit for the rate because A is too high) gives
3 % 10~7 collisions/year pc’ at the center, if v = 200 km/sec.
Because the density is such a steep function of distance from
the nucleus (sce Figure 1 which shows the nucleus “stops”
at a radius of about 5 pc) we can take the cffective volume of
the region to be ~ 10%° pc?, and {n) = 10°, giving an average
of = 107¢ collisions per year over the entire volume. Therefore,
in the age of the system, some 10* collisions or less may have
occurred. The total energy released in such collisions is small.
Even if the stars were entively annihilated and 10t $my o ergs
is available in the Yfetime of the nucleus, the total energy
released is ~ 10% ergs if each star has 1o® gm, and there
are 10% such collisions. Averaged over the lifetime of 10" years
gives only 3 x 107 erg/sec as an absolute upper limit, which
is the same order as is now radiated in star-light by the nucleus
[ie. Vo2 12, (m — M = 24.8, or My = - 12.8, or
Lv 3 x 10% erg/scc]. But collisions will not produce mc’
per event, so we can safely conciude that the collision energy
is negligible compared with thermal encrgy from the nuclear
stars.  But if the density is increased by several orders of
magnitude, interesting effects will occur, as discussed in this
conference and before by Sprrzer, by Gorn, AXFOrRD, and
RaY (1g64), and especially by von Horrner. More detailed
calenlations of the collision rates in M 32 and giant galaxies
by van DEN BErGH (1g65) use more realistic models of the
stellar content, but the conclusions are essentially the same,

I1. Corors or SEyFERT GALAXIEs, N SYSTEMS, anD (JSOs

The colors of M 33 (Table 1) are significantly bluer than
those of M 31, M 81, and giant ellipticals. Specira of the
nucleus show, however, that the light here is also caused
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by stars, but of an earlier spectral type. But this is not the
case Tor Seyferts, N's and (50s. Table 2 lists representative
color measurements for six Sevfert and three N galaxies.
More complete data are given elsewhere (SANpAGE 1g67a, b).
As the aperture size increases, the B —- ¥ color generally
becomes redder. The same is expected to hold for U — R
although not enough data are available in Table 2 to prove
the case. That this must be true, however, is seen by inspec-
tion of direct photographs, showing that the blue nonthermal
emission in Seyferts is confined to the small brilliant nucleus,
and that most of the area of the galaxies is covered by the
underlying normal galactic (redder) stars. In general, the
Seyfert nuclei are between 1 and 4 magnitudes fainter than
the light from the total galaxy in ¥, and do not, therefore,
dominate the bulk of the total radiated encrgy between 0.35
> A > 0.9 @ orest wavelength.

Observations show that the Seyfert nuclei by themselves
have U — B, B — V colors that resemble quasars (Figure 2),
but that as the measuring aperture is increased to include more
of the background galaxy, the colors of the composite system
move redward in the two-color diagram. Most of the galaxies
classified as Seyferts have small redshift, and hence are
relatively close. Nevertheless, the area covered by even the
smallest aperture listed in Table 2 is hundreds of parsecs and
generally increascs with increasing redshift. For the N gal-
axies In the second part of Table 2, the measured area in
square parsecs is even greater, and for quasars where the
smallest redshift is larger than any in Tabie 2, the usual
measuring aperture of 7.”6 is greater than 10,000 pc. This
increased contamination by outlying parts of the underlying
galaxy must be taken into account as one variable in interpret-
ing the colors. The other factor is the intrinsic strength of
the nonthermal nuclear component.

It is clear that this second factor increases in the order
Seyferts, N, and quasars. A clue to the ratio of nonthermal

[zr] T, 10 - Sandage I - p. 8
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Fig. 2 — Two-color diagram for radio 0SS (black dots), Seviert nucici

(with some contamination from the underlying galaxy) as open circles,
radio-quiet QSO (vertical crosses), N galaxies ({riangles), and three blue
compact gakaxies (X).  The separation of N from Q8Os is evident, and is
confirnted by data of Westerlund and Wall on southern-hemisphere
N systems.

radiation to underlying galaxy light is given by the separation
of the N systems from quasars in Figure 2. Additional data
by WEsterLuND and WAaLL (1969) confirm the scparation
(they claim otherwise, but their correction for galactic red-
dening is spurious, and, if not applied, their data conform
with Tfigure 2). This separaiion, if interpreted as in § V, sug-
gests that N galaxies have less nonthermal radiation than
quasars, relative to stars in the wonderlying galaxy. ‘The
physical processes in the nuciei leading to the nonthermal flux
may well be the same in all three classes, but it differs prin-
cipally in ifs relative strength. The separation of N’s and
quasars Into separate classes is therefore probably ifself only
a matter of taste and telescope focal length. Cases where the
classification is clear represent the two extremes of the distri-
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bution. Indeed, in the overlap region it has proved difficult
to distinguish weak quasars and strong N galaxies. Because
the ratio of star to nonthermal radiation is a function of proper
wavelength (§ V), it is probably significant that objects now
placed in the three classes differ significantly in mean redshift:
Seyferts are predominantly of low velocity (2 <C 0.03}, N's
are intermediate, while quasars have high z values. The
problem of definition is seen by asking how we would class
3C 120 if it were very near (a Seyfert?), at intermediate
redshift (i.e., cz = 20,000 km/sec) (an N?), or very distant
(a quasar?). Other examples where confusion has arisen
in the past are 3C 48 which has a fuzzy envelope, B 264,
Ton 256, 3C 371, 3C 445, and 3C 459, all of which have
been classed as both N and QSO according to the telescope
focal length, its f ratio, and the exposure time. To be sure,
a serious problem with this interpretation is that many N’s
have sharper cmission lines than either Seyfert or quasars,
which may betray an actual physical difference in the details
of the radiation process, but the line width progression is not
without exception. We may be dealing with various mixed
cases of the explosion kinematics where cither (1) the explosion
has a well defined axis or narrow cone (like M 82) and the
line widths depend on the observer’s angle to the axis of the
cone, or {2) a roughly isotropic cxplosion where the lines
should always be broad.

A connection between Seyferts, N's, and quasars has been
suspected for a number of years (e.g., BURBIDGE, BURBINGE,
and SANDAGE 1063; SANPAGE 10G8), and has been recently
discussed by a number of authors (e.g., proceedings of the
Seyfert Galaxy Conference, A. J. 73, 836, 1968). The simi-
larity in the physics is even more cvident with the discovery
that similar optical variations exist in all of the three classes
af nuclet.
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ITI. Orrical VARIATIONS

(a) Types of Varigiton: One of the first properties to
be discovered for QSS was that many wvary in optical bright-
ness. As observations accumulated, especially by Kinman
at Lick, Prnston and Casnox at Herstmonceux, and by
several observers at Palomar, it became clear that in nearly
every well-studied case, variability is the rule rather than
the exception. Most quasars have small amplitudes and long
time scales such that AT =2 0.3 mag, with characteristic times
of several years. 3C 48 and 3C 273 are of this type. However,
about I in 5 quasars show much more violent activity, with
light amplitudes greater than 1 magnitude and rapid variations
over periods of days. 3C 446 is the best example where
variations of 3 magnitudes occur in a period of several months.

In an excellent summary article with complete literature
references, PensTon and CaAnnon (1g7o) [see also Cannow,
Pensron, and Brerr 1gy:] divide the types of variations
into four classes. The grouping is for convenience and does
not imply sharp divisions; some QSO have several of the four
types superposed. Class 1 has small variations, typically
of ~ 0.5 mag amplitude over a period of ~ 10 years. 3C 273
is a type example. Class 2 show variations up to a magnitude
over periods of o~ 1 years, 3C 345 has such an underlying
variation. Class 3, containing about 20% of the sample, are
optically wviolent wariables (OVV) with amplitudes greater
than one magnitude and time scales of the order of one
month. Type examples are 3C 345, 446, and 279. Class 4
contains objects which vary rapidly (e 3 days) with amplitudes
of ~ 1 magnitunde. Many OVV objects of class 3 also show
class 4 characteristics part of the time. The maximum fiuc-
tuation rate observed so far is ~ o.5 mag/day for 3C 446
and 3C 454.3. Even greater rates are present in BL Lac
{VRO 42.2201), but it is not yet certain that this object is
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extragalactic, Light curves for may of the interesting cases
are given by KiwmaN {1968) in an important review article.

One of the crucial developments in connecting up N’s
with quasars and in the discussion of distances has been the
discovery that the nuclei of N galaxies and of Seyferts also
vary, and can, in general, be divided inlo the same four classes.
Class OVV variations have been found amongst N's and
Seyferts as well. Table 3 lists representative objects of the
OVYV class, with absolute magnitudes of the nonthermal parts
(the nuclei) at the bottom. It is clear that the total amount
of energy involved, both in the average over long times and
in the energy per outburst cvent, varies greatly between the
classes, but again with the weak QSS and the strong N
overlapping (see § IV).

TaBLE 3 — Representative Oplically Violent Variables (i.e.
AV > 1 mag).

ass Seyfert N
3C 279 N 1275 3C 300.3
345 3C 120 PKS 0521 — 36
446 N 4151 3C 3yt
4543 3C 10g
PHL 638 Lo

PKS5 0403 — 13 L0000 Lo
PKS 1510 08 o0 L
{Myy —22 to —28 —15 to —I8 —22

(b) Constraints on Causes: Characteristics of the varia-
tion permit tentative conclusions to be drawn as to causes.
The broad classes of models are {1} separate events, superposed
randomly produce the fluctuations, and the average of ali
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events gives the total Iuminosity 7; {2} a single coherent
object is involved which either has hot spets or ontbursts
on the surface; or {3} conditions near black holes release
energy by infalling material, but at a nonsteady rate.

The observations scem to rule out the simplist type of
the multiple-event model where the energy per event is nearly
constant, such as would be the case if all events were caused
by single “supernovae”. One would then expect that when
the absolute luminosity of the entire object is high {meaning
more events per unit time}, the fluctuation amplitude must
decrease by something like /%, and there should be a cor-
relation between the fluctuation amplitude and M. The
observations are contrary to this expectation. Two of the
most violent OVV’s arc 3C 345 and 3C 446, and these are
intrinsically Dbright even at minimum light. Using H = 75
km /sec Mpc gives absolufe magnitudes of M = — 24.4 for
3C 345 at minimum (V.. = 17.5), and M, = — 25.7 for
3G 446 (V;, = 18.0). These are considerably brighter than
{M,> = —21.5 (0 = 0.311 mag) for the brightest E galaxies,
and are Dbrighter than the faintest quasar (M , & — 22).
Similar results hold for the other OVV, many of which are

-~

much brighter (factor of 2 10) than quiescent quasars of the
Prnston and Cannon class 1.

Occultations of bright objects by dark bodies also seem
to fail as an expianation because the shape of the light curves
look much more random than can be produced by superposed
square pulses.

Rotation with hot spofs has been suggested (Morrison
166g), but here the evidence for periodicities, which once
seemed possible for 3C 345 (Kinman ef al. 1968) has become
less clear. The gencral subject of periodicity is complicated
and no clear decision exists, Fourler analysis of 3C 273 by
several groups have given conflicting results, and there is
no case where the evidence of periedic phencmenon is yet
convincing.
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(c) Change of Color and Speciral Line Intensities; Using
OVV objects, the opportunity exists to decide if the emission
lines and optical continuum vary together, or are uncoupled.
The Dbest case to date has been 3C 446 during its 3.3 mag
cutburst in June 1966, Spectral scans taken by Oxz 18 months
earlier in Octeber 1964 showed an intense broad emission line
of C 1V {(1550) with 230 A equivalent width, and the weaker
(ro A EW) line of C TIT at 2rgog. The magnitude and colors
at this phase were V=18.42, B ~— V=0.45, U — Bw=— 0.93.
Spectra taken during the outburst in June 1060 when V = 15.14,
B — TV = 057, U-— B = — 0.51 showed the r350 line
very weakly (ro &, EW), and the A1gog line had disappeared.
Analysis of the data (SAnDAGE, WEesTPHAL, and STRITTMATTER
1066), showed that both the change in equivalent width and
the pronounced color change could be understood if the absolute
intensity of the lines remained constant even though the con-
tinuum level rose by a factor of zo. A similar conclusion
was reached from different observations by Oxg. (Because
most guasars vary, and specira of many candidates appear
lineless on certain spectrograms, it may only be necessary
to wait until the continuum is faint to obtain a redshift). The
implication of the observation of 3C 446 is that the emission
lines are not coupled with the continuum variations, and are
likely to be formed in different regions. Data leading to the
same conclusion follows from the optical polarization.

(d) Polarization; Both Kivmay and VISVANATHAN have
studied polarization from quasars. VISVANATEAN has extended
the work to include the Seyfert nucleus of NGC 1068. Most
quasars show small ( = 10%) lnear polarization. VIsvawa-
THAN'S data on 3C 345 show that the percentage polarization
and the angle remain constant over long periods of time,
but do occasionally change by large factors suddenly, thereafter
returning to the original value in times of less than a month,
In his study of 3C 345 over three years from 1966 to 1969,
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VisvaNATHAN showed that 3C 345 remained quiescent in
polarization changes for most of the time (contrary to ob-
servations by Kinman over part of the same period). However,
during one well-documented interval, the polarization angle
rotated by 140° and the percentage polarization decreased by
a factor of two in one day, thereafier returning to the original
value when observations were secured one month later. The
change of magnitude when this accurred was only AV =2 0.2
mag. For at least this case the ecarlier belief (SANDaGE 1068)
is violated; namely, that at times of rapid intensity change,
the % polarization is high, and is highly variable in angle —
the rate of change 40/di being related to AV, This does not
appear to be the case for 3C 345 from VISVANATHAN'S results
where AV is very small but d0/dZ is large. However, because
of the disagreement with Kinman’'s earlier data, more data are
badly needed on this crucial point {sec paper by van DER Laan
in this volume).

Of high significance is VisvaNaTHAN'S result that the
emission lines are nof polarized, even in those quasars which
have appreciable continuum polarization. This again shows
that the lines and continium are produced in different ways,
and in particular that the lines suffer no electron scattering
within the plasma of the source. This may be the most direct
evidence for a “layered” guasar model.

The nucleus of NGC 1068 is polarized, with the % pola-
rization changing with wavelength, as discovered by M. F.
WALKER (1968}, Visvavaraan and Oxe (1968) interpret the
result as due to varying amounts of thermal contamination
(underlying, unpolarized galaxy starlight) with changing
wavelength.

{e) Are the Optical and Radio Variations Coupled? Tt
may be significant that many objects in Table 3 are also
radio variables, and this raises the possibility that they are
connected in some fashion, either directly through the same
radiation mechanisin or indirectly by secondary processes.
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That this might be so is further suggested by KELLERMANN'S
(1g66) discussion that a correlation exists between the flatness
of radio spectra and the OVV behavior. One cause of spectral
flatness is the presence of multiple components with different
low frequency cutoffs. The radio spectrum of each component
changes with time, and the net effect of adding several
components is to flalten the composite spectrum. Each
component seems to be a separate radio explosion of small
dimensions. The correlation between radio flatness and optical
variation may only be that the spectral slope is the signal
of multiple explosive aclivity (one explosion every several
years), and the generation process leading to the optical flux,
although not cennected through the same electron reservoir,
is nevertheless affected by the explosion,

That no direct connection exists is shown by the physical
separation of the regions of radio and optical activity. Two
good cases from Table 3 arve the N galaxies 3C 390.3 and 3C
10g where high-resolution radio data {Ryrk and LoNGair
1067} show the radio regions to be double, widely separated,
and nearly symmetrically placed on either side of the optical
blue nucleus (the seat of the optical variation). In 3C 3g0.3,
the radio components are Ior arc seconds and 167 seconds
on either side of the optical object (i.e., separations of
1.1 % 10° pc and 1.8 x 10° pe) and are themselves of small
size relative to their separation {cne is 20” in diameter and
the other <7 10", or d; = 22 kpc and 4, < 171 kpc) with no
detectable radio radiation along the ridge between the com-
ponents, and especially none at the optical object (the aptical
center is “radio quiet”). 3C 109 is a similar case where the
components are separated by 44” and 38" {i.e., 2.6 x 10° pc
and 2.2 x 10° pc) with component sizes of 22” and 20" (i.e.,
dy = d, & 1.2 x 10° pe), and the optically variable nucleus
sits between.  Another excellent case is the widely separated
radio double connected with the quasar MSH 14-121 (VERON

1665).
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These examples lead one to expect that no correlation
should exist between radio and optical light carves,

However, it is difficult to test the expectation observa-
tionally because phase shifts between the radio and optical
flux would be expected (due to dispersion) even if a connection
does exist. The shifts could be large and we have only meager
simultanecus radio and optical data at present, [Figure 3 shows
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1. 3 — Radio and optical flux for 30 273 as a {unction of time.

some of the available data on 3C 273. DinT (1468) observed
a large radio flare in 1g67. A corresponding frend in the
optical ¥ data is not convincing, since {random?) optical fluc-
tuations of ~ -- 0.1 mag are common in this quasar.

The cause of the optical radiation is stll obscure, and a
convincing case for optical synchrotron emission has not
been made.
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IV. Ansorurr MAGNITUDE DISTRIBUTIONS

Figures 4 and 5 show the observaticnal data now available
on the Hubble diagram for Seyferts, radio galaxies, radio

| | i | l E
3.8~ « RADIO GALAXIES ™
& RADIO QSO
+ QUIET QSO A
54 |- ® RED QUIET QSO -
X SEYFERT ( TOTAL)
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Fig, 4 — DHubble diagram {or radio galaxies, quasars, and Sevierts in blue

light. All magnitudes are photoelectric. Normal X corrections have been
applied to the galaxies. No K corrections are applied to guasars because
such corrections are small, and weuld be zero if I7() e 47", which is nearly
the case for S5 in the mean.
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Fra, 5 — Same as Figure 4 for 1,

Q8S, and radio quiet QSO's.
the Astrophysical Jouwrnal).

{Details are to be published in
All magnitudes have been deter-

mined photoelectrically, and the redshifts are generally from
the literature, except for about haif of the radio-quiet quasars.
These are from MAARTEN ScBMIDT'S special study of the BSO
survey fiolds (Sanpack and LUYTEN 196G},
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It is now crucial to emphasize an elementary and obvious
point concerning the use and misuse of Hubble diagrams. The
diagram can be interpreted only if one has some a prior
knowledge that the objects which are compared to a line of
slope 5 are of the same class. The closer one wishes to make
the comparison, the smaller the dispersion must be in intrinsic
absolute luminosity. It would be unreasonable fo connect
the open circles in Figure 4 (Seyfert nuclei alone), the radio
galaxies with log ¢z > 4 {dots), and the quasars (triangles)
by a line of very steep slope, and to conclude therefrom that
no evidence exists that the Hubble law applies for quasars,
or that a new redshift effect is operating. The analysis is
more subtle,

(1) Hubble’s linear law ¢z = D is the theoretical predic-
ion for all world models in the limit z - o. Observational
verification can be established only from objects of known
small dispersion in /.

(2) In the low redshift regime, cz = HD transforms to
(4) m, = 5logz + M—slog H + §

where m, is the apparent magnifude corrected for redshift
effects (K term), aperture effect, and galactic absorption, H
is the Hubble constant, and 2 = AX/%,.

For constant M, m = 5 log ¢ + C. A distribution in ¥
causes the same distribution in # if z has no dispersion at
a given distance. [This is known to be the case by the form
of the distribution function f (m), because it is independent
of £].

(3) Observations of first-ranked cluster galaxics show equa-
tion (4) to hold within the observed dispersion of ¢ (), =0. 30
mag, which is taken to be o (M},

frz1 II, 7o - Sandage T - p. 21
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(4) Because there is no reason to suspect a breakdown
of Hubble's law for N galaxics (SANDAGE 1g6ra, Fig. 2), and
because N galaxies and faint quasars overlap in many prop-
erties, there is every reason to believe that Figures 4 and 5
can be read to give M of quasars by the horizontal deviation
of each object from the line of slope 5. Absolute magnitudes
were determined by this method (i.e., solving equation 4 for
M using H = 75 km/sec 10° pc).

Before discussing the distribulions, several features of
Figures 4 and 5 are of interest. Solid dots represent radio
galaxies. Figure 6 shows the diagram for these objects alone.
The line has a slope of 5 as in equation (4} and the dispersion
in magnitude is ¢ = 0.45. Most of the galaxies are normal
ellipticals with »o optical evidence for abnormality. A few
are indced abnormal, such as NGC 1275 where the products
of the explosion can he seen: M 87 with its jet, NGC 1316
(Fornax Cluster) with a few inconspicious dust patches, Cygnus
A with a central dust lane, and a few others, but most are
normal.  However, the N galaxies are also plotted (but not
isolated by symbols as shown elsewhere) (44, J. 150, L 0,
1967), and there is no significant deviation of the N’s from
the others. This requires an explanation in view of the bright
nonthermal center as discussed in § V.

These data for radio galaxies are replotted in Figures 4
and 5 together with the line through them. The points to
note are:

(a) Scyfert nuclei {open circles in Figure 4) are fainter
than the radio galaxies by amounts up to 3.5 mag (consistent
with the final column of Table 2).

(b) The magnitude of the total Seyfert galaxy (crosses)
is about the same as the line.

{c} The small scatter of radio galaxics (o0 = 0.45) and
the closeness of the line to that of the brightest galaxies {first-
ranked cluster members) show that to form a radio galaxy

Lrr]) I, 1o - Sundage I - p. 22
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54 |— =
RADIO GALAXIES

tog CZ

16 18 20

Fig, 6 — Huobble diagram {or radio galaxies alone,  Abscissa is the photo-
electric ¥ magnitude corrected for K term, aperture effect, and a galactic
absorption of AV == .38 {cse b-1).  The lne has the expected slope of 5.

-

brighter than L, > 10* ergs/sec (between 10! hz ™ v > 10
hz) requires that the underlying parent must be amongst the
optically brightest (most massive) known.

7

{d) Radio quasars (triangles) are invariably to the left
of the line. This is consistent with the view that glant galaxies
underlie guasars {as they deo N’'s and Seyfert nuclei). The

[rr] H, 10 - Sandage T - p. 23
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optical (thermial) radiation from such galaxies will set the
faint limit to the distribution of m at a given redshift, that
limit being =~ 3 o fainter than the line through the galaxies.
The fact that no quasars arve known to the vight of the galaxy
line (fo within 1. 3 ¢) is taken as strong evidence that bright
galaxies do in fact exist “wnder” quasars, No such limit should
exist according to any of the “local” hypotheses, but is expected
if quasars are cssentially bright N’s with their nonthermal
rheostats turned up (§ V).

(e) Radio-quiet quasars (verfical crosses) become as bright
in M as radio SS and are indistinguishable from QSS, either
in color (Figure 2) or in their distribution of redshifts.

(f) There appears to be a “wall” to the distribution of
redshifts for QSO’s at z = 2.5 (although a few are known to
exist with larger redshifts, such as Lynns’ recent discovery,
and a second radioquiet quasar by ScHMIDT at z = 2.9).
Analysis of the statistical significance of the wall (TaMMANN
and SANDAGE, unpublished) suggests that it is real (especially
for the radio-quiet objects where selection effects are different
and easier). If so, the density of QSO may be dropping
rapidly at times in the past when 1 + 2 = 3.5, which is g0%
of the way in time to the Iriedmann singularity. The easiest
speculation for the existence of such a density decline is that
quasars were not turned on duving the first 10% of the
expansion (ro? years), but started forming only ~ ¢ x 10’
years ago when z = 3.

(g) If the wall is real, and if no quasars are to the right
of the line, then one expects few quasars to exist fainter than
7 =2 23.5 (the intersection of the line of slope 5 with the
horizontal line representing the wall drawn at z = 2.7), but
there should be many brighter than this limit., The possibility
of reaching back 'in time to the beginning of galaxies at
magnitudes within observational limits is challenging to ob-
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servers, because our present equipment may already be suf-
ficient to sec the “edge of matter”, or rather the “beginning
of time”. Number counts of quasars should give high dividends
on these problems during the next few years.

Some of the above points are summarized in Figures 7

I : i : ey ;
8 I~ BRIGHTEST CLUSTER g = - 21.51
GALAXY (37} o= 0.3
4 {— -
2 H
H
o )
& gi~ RADIC GALAXIES{56) {Mg>=-21.25
@ La 210%%erg/sec o=0.502
= 4 )
o}
=
¢]
RADIG QS0 {98)
8 & Mgy =-2497
6= 1.196
al-
o : , ]
QUIET QS0 [42) {Mgy=-25.04
- ; 0= 1,507

Fic. 7 — Mistograms of the apparent distribution of absolute B3 magnitudes
for objects in Figure 4. Symbols N and R on the bottom histogram denote
objects with N characteristics (fuzzy appearance or redder B-¥ color than

the statistical B-¥ = f(x) relation predicts). The (M) and g are for the
apparent distribution; and have no significance concerning the true lumi-
nosity function. The distance scale of A = 75 km/sec/Mpe is nsed.

and 8, which show the apparent distribution of absolute
magnitudes of the sample. TFor the quasars, the apparent
distribution differs from the luminosity function becaunse of
the selection effects. The diagrams are primarily useful in
showing (a) the small dispersion of first-ranked cluster mem-
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bers; (b) the larger dispersion in M for radio galaxies (but
the distribution tails toward fainter magnitudes, the upper
limit near # [, & — 22.5, M, & — 23.2 is the same as for
firts-ranked cluster members); (¢} the near lack of overlap in
M Dbetween QSO and radio galaxies; (d) those radio-quiet

H ' ' ' ! i i
6 |- BRIGHTEST CLUSTER M,>=-22.44
GALAXY (a1} ¢ =0.308
4 -
2 .....
0
RADIO GALAXIES {58) (M =-22.14
g Lg 21090 erg/sec T=0.458
G4t -
g m
3 o
< RADIO QS0 (98) {Myy =-25.24
gl o= 1225
4 .
My =~2522
at- o533
. /R R
-28 -26 -24 -2z -20
MV
Vi, 8 — Same as Figure 7 for V magnitades.
objects (bottom panel) which are fainter than M, & — 22,
M, = - 22.5 and which therefore overlap the radio galaxy

distribution have many characteristics of N galaxies, and some
have been so classified (B 264). They are either fuzzy at
large-telescope scale, or are redder than QSS at their redshifts
(see Figure 7 of Sanpace 1968). These are labeled either N,
R or NR in Figures 7 and 8. ' |

The case that galaxies may underlic QSO’s is consistent
with these data, and is developed further in the next section.

(44} 11, 10 - Sawdage I - . 20
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V. Ark THERE GaLaxiis Uxper QSO ann N's?
CONTAMINATION CALCULATIONS

Two coupled questions raised by the preceding sections
require explanation.  (a) In the presence of such obvious
nonthermal nuclei as in N galaxies, why do these objects
lie within the dispersion of normal radio galaxies in Figures
4-87  (b) Why are the N’s statistically separated from the
0SO’s in the U — B, B — V diagram (Figure 2)?

To gain feeling for the problem, calculations were made
of optical contamination in a composite model composed of
a galaxy plus varying amounts of nonthermal {quasarlike)
radiation.  The purpose was to sec how much nonthermal
light must be added to a typical J-galaxy spectral-energy
distribution to produce the trend in Figure 2, and thereby
to calculate the contamination AV {o N galaxies as a whole.

The energy distribution of the central regions of M 31
(Ore and SaNpack 1968) was adopted for the typical galaxy
spectrum.  TFour forms for the “average” (SS component
were initially carried so as to test the sensitivity of the results
to variations in the shape of 7 {A)ass, which is known to vary
amongst the quasars. It shouid be recognized that these
calzulations are illustrative only, and are not precise in any
given case due to variations in emission line strength and the
slope of 1 (Mass-  We consider the mode} to be satisfactory
if the general trend of Tigure 2 can be explained, consistent
with N galaxies following the yvelation of Figure 6.

The four QSS forms were:  (A) F (1) oc 279, or F (v)
o< v15 as given by 3C 48 between 32004 <] % < 70004
(Marruews and Sannace 1963; Oxe 1660); (B) the mean
compromise function given elsewhere (SaNDAGE 1966, Table
2) whose bread bwmps statistically fake into account the
emission lines, (C) F (1) oc 2=, or F (v) = constant as

(2} 1}, 10 - Sandage I - p. 27
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obtained by Visvanatuan and OKE {1968) for the nonthermal
component in NGC 1068, and (D) F (A) < 272, or F {v) oc v~1,
which represents the steepest spectrum toward the biue for any
observed QSS in the relevant optical region (3C 277.1 with
B -V = - o0.17 and &, = 4 I, SANDAGE 1966, Table 1).
These distributions bracket the known range of I (X) for non-
thermal sources in rest-frame optical wavelengths.

A first goal was to simulate the energy distribution of the
cenfral 10 arc seconds of 3C 3771 for which accurate spectrum-
scan data exist (OkE 1967). Here the H and K Ca II lines
and the G band were observed in absorption. The model must
be able to produce the appropriate absorption-depth of the
lines, at the same time explaining the large ultraviolet excess
in the continuum color (7 — B & — 0.35) and the moderately
red B — V of ~ 4 o0.70.

Figure g shows the result of adding various amounts of
0SS model B light (the mean compromise function) to M 31
in amounts given by a parameler a such that I (total) =
I (M 31) + al (QSS), defined at 2 (proper) = 55004. Note
that an excellent fit to the observed 3C 371 spectrum (heavy
line) is obtained with adding only 24% contamination to
M 31 (at &, = s55008). The H, K, and G-band dip is
reproduced, and the continuum spectrum is reproduced to
within 10% at all wavelengths. The QSS component provides
more than half of the total flux for all wavelengths shortward
of &, = 42004, but its contribution is only 24% at % = 55004,
and less than 159% of the combined light at %, = 6000A. The
calculated colors of the model are B - V = 0.6g, U — B =
— 0.3, which agree remarkably well with observed colors
of the inner 7.6 seconds of 3C 371 which vary between o.55 <
L — TV < onzand — 048 << U — B < — 0.35 (SANDAGE
1967b, Table 2).

The general conclusion is that, because the nonthermal
spectrum rises so steeply toward the blue and ultraviolet, only
a small amount of QSO energy need be added to a galaxy

[re] 11, 10 - Sandage I - p. 28
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1.G T F T T T
M3i+10 QSS
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¥i6. g — Eenergy distribution (per unit wavclength interval) of M 31 plus
varying amounts of (35S compenent (of type B according to text}), Heavy
line is the cbserved distribution of 3C 371 measured by Oxi when its
nuclear light was relatively faint.

under the V band (i.e., AV = 0.3 mag) to produce highly
negative U/ — B colors, at the same time retaining moderately
red B — V values. LEqually goed fits to 3C 371 were obtained
with energy distributions C and D where the parameter g
was 0.38 for type C quasars, and o.20 for type D.

It is of considerable interest to follow the change of color
of the composite system as more QSO light is added (i.e., as
a is varied from O to oo). Table 4 shows the result, calculated
in every case at rest wavelengths (i.e., zero redshift), using

[12} 11, 10 - Sandage I - p. 29



300 PONT. ACAD. SCIENT. SCRIPTA VARIA 335 - NUCLEL OF GALAXIES

precepts given elsewhere (MATTHEWS and SANDAGE 1903, ap-
pendix A).  The energy distribution of model B (the mean
compromise function} was used.

TABLE 4 — Change of Contamination and Colors For Various
Mixes (Zevo Redshift).

Mix BV B AV A

M 31 alone I.05 0.62 .00 0.00
M 31 + 0.1 SS 0.80 — 0.03 0.10 0.28
M 31 + 0.2 085 0.74 e 0.30 0.14 0.50
M 31 + 0.3 Q5SS 0.3 — 0.44 0.28 0.69
M 31 + 0.5 0SS 0.48 —0.01 0.43 0.08
M 31 + 1.0 Q85 0.28 — 0.77 0.73 1.50
Q55 alone — 019 — 1.09 o0 o0

Note how rapidly U — B becomes negative even for

very small contamination in ¥V magnitudes. These results offer
a possible solution to the two questions posed at the beginning
of this section.

An important additional consideration can be seen by
inspection of Figure 9. The model-colors and contamination
will be a strong function of redshift. If the detector is kept
at a fixed wavelength, the galaxy intensity decreases relative
to the QSO component as the redshift increases, giving larger
A mag contamination corrections and bluer colors. Approxi-
mate calculations of the effect (using effective wavelengths
instead of detailed integrations as was done for Table 4) are
listed in Table 5 and 6.

[2:] 17, 10 -~ Sandage I - p. 30
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TaBLe 5 — Effect of Redshifts on Colors for Given Mixes.
AN ¢ N ] 2 = 0.1 g o= 0.2
Mix BV U~ BV U—B B—V U—RB

M 31 alone 1.05
M 31 4+ 0.1 QS5 0.80
M 31 + 0.2 55 0.74
M 31 + 0.3 Q55 0.03
M 31 4+ 0.5 QS5 0.48
M 31 + 1.0 955 0.28
(255 alone —0.19

0.02
0,03
3,30

(.01

—0.77
——1,00

I.40
0.99
0.78
0.64
0.47
0.26

—Q. 1T

0.51
—0.23
—0.48
—0.58
—0.70
—-0.79
—0.92

1.65
1.18
0.88
071
0.52
0.31
—0.T0

TapLy 6 — Effect of Redshifts on Contamination Corrvections
For Given Mixes.

M 31 + 0.3 Q55

M3r + 1.0 S5

k4 Al AR AV Al
0.00 0.28 0.09 .75 I1.49
0.05 0.35 0.95 0.0 1.88
0.T0 0.41 1.75 1.04 2.15
0.15 0.47 1.65 I.IT 2.72
0.20 0.53 1.82 T1.20 2.40
0.30 0.go 2.08 1.84 3.28
0.40 T.47 2.36 2,56 3.57
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The color effects are shown in Figure 10, and illustrate
again that the scparation of the N galaxies and QS0’s in
Figure 2 is easily and reasonably explained by the presence
of a normal underlying galaxy which contributes most of the
light to the V band; the nonthermal component dominating
only in the ultraviolet.

oy , -
10—
-08 |-
m ~02 -
b
=
0.2}~
06 |-~
f i ! L ! r- i ! i b ]
-0,2 0.2 08 1.0 .4 1.8
B-v

Fic. 10 - Theoretical two-color diagram for a composite model composed
of a standard L galaxy plus varying amounts of QSS for redshifts of
%= 0, 0.1, 0.2, The parameter a {}5500) is shown along the top curve,
The contamination in ¥ magnitudes is shown along the botfom curve.
Triangles are observations of 3C 37r at various times, Hypothesis in the
text is that quasars have underlying galaxies, Lut that a is larger than
0.5. N systems are also composites, but with & < 0.3. Compare with Fig, 2.

Table 6 shows why N galaxies at large redshift will ap-
pear as quasars. The proper wavelength that is sampled by
fixed detector-bands is moved far enough blueward so that
the (SS component dominates, and the object will resemble
a (3SS in appearance and color (althoagh not in emission line
widths, a point which does make the present precepts less
attractive).

The crucial question now cemes not for N’s but for QSS,
Can bright elliptical galaxies be present under the objects we

{1r] 11, 10 - Sandage I - p. 32
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now call quasars (triangles and vertical crosses in Figures 4
and 35), and if so, should they betray themselves in the colors
of the faintest QSO which lie closest to the galaxy line? The
problem is complicated because the effect of the redshifts must
be considered. The contamination must be read at the proper
wavelength in Figure g. Table 6 shows how rapidly AV
increases with z. The observed AV values listed in the final
column of Table 4 refer to values from the already K cor-
vected line for galaxies in Figures 4 and 5, i.e., that which
applics if the observations of the QSO were to be made at
A (T} = (1 + 2) (5500)A. These proper wavelengths are
listed in column % of Table 7. The contamination at the
observed wavelengths of UBV 1s much greater (Table 6), and
no effect on these colors is expected from the underlying
galaxy. Tt would be most important to observe and to photo-
graph the objects in Table 7 at wavelengths at or redder than
the listed », {V}, where any underlying galaxy is expected to
show maximum contrast. It seems to me to be most significant
that the faintest objects in Table # (i.e., PHL 1070, LB 8891,
B 234, and B 264) are redder in B —- V than is expected at
their redshift (i.e., they violate Figures 1, 2, and 5 of Ap. J.,
146, p. 13, 1666), and that this betrays the underlying galaxy.
Direct photographs at » > A, (F) may be expected to show
some fuzz around the image for redshifts less than z = 0.2
(ellipticals of 10 Kpec diameter wilt have 3 arc seconds dia-
meter), but detection of fuzz arcund quasars observed at 4, (V)
for larger redshifts will be difficult.

The conclusion is, then, that lack of present evidence for
underlying galaxies in classical QSO is consistent with the
expectations of Tables 5 and 6, and the question is still open.
The most positive evidence for such underlying galaxies is (1)
the lack of quasars lo the vight of the galaxy line in TFigures
4 and 5, and {2) the definite N characteristics for those few
objects which are to the right of the line.
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VI, CoMMmeNT ON tHE Ejrcta :n M 82 ann NGC 1275

M 82 and NGC 1275 are the two best objects for studying
the nature of the optical ejecta of explosions from nuclei. The
interpretation of M 82, using data on spectra, polarization,
and continnum energy distributions has, to date, suggested
that ~ 10% solar masses of gas, mostly hydrogen, is moving
outward in a cone along the major axis at speeds of =~ 1000
kem/sec, and that recombination of hydrogen, aned de-excitation
of Si, oxygen, nitrogen, and other gases at distances of ~ 4000
pc gives rise to the spectral lines. Synchrotron radiation in
the halo was suspected by the high degree of optical lincar
polarization. However, very recent observations by Visva-
NATHAN and SANDAGE in March 1970 with the Hale reflector

main body) the Ha emission line is linearly polarized by the
same amount and al the same angle as the radiation in the
blue filaments.  This new result shows that our previous
model for M 82 needs modification.  One possibility is that
the emission lines and the blue filamentary radiation in the
halo are caused by scattering from elecirons high in the halo;
the scattered radiation would then be from a Seyfertlilce
nuclens embedded in the main body. This has some elements
of SoLmcer’s model {1gbga, b), with the exception that little
or no recombination can be taking place in the halo because
the % polarization of Ha is mot smaller than that of the
neighboring continuum radiation.  The kinematics of the
explosion would then differ by a factor of two from the model
proposed by Lywnps and myself because the electrons act as
a moving mirror giving twice the Doppler shift to the scattered
light.  Also our original cstimate of the mass in the exploded
gas would be incorrect. Aside from these obvious points, many
of the consequences of the new data have not yet been
warked out.

{103 11, o - Saadage I - p. 35
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TFor NGC 1275, improved knowledge of the explosion is
available from the spectacular M« photograph of the outer
filaments obtained by Lynps (1g70). To test for similarities
with M 82, T have searched for blue continnum filaments in
the outer regions of the system. Figure 11 shows the result
of superposed, sequential printing of four Dblue plates
(10320 + GG 13}, automasked to avoid high contrast. Some
filamentary structure is present which differs from the Ha
photograph.  Preliminary linear polarization measurements
of these exceedingly faint features by VisvANaTHAN and San-
paGE showed no detectable polarization, The six blue knots
shown Dby arrows in Figure 11 are themselves exceedingly
interesting.  They do not show in Lynps’ Ha photograph.
They are each of apparent magnitude V' = 20, are slightly
fuzzy, and, with m — M = 34.3, have M, & — 14, The
nature of these very bright knots is entirely unknown.

{14]) 1%, y0 - Sandage I - p. 30
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DISCUSSION

Chatrman; D.E., OSTERBROCK

E. M. BURBIDGE

I wanted to ask abeui 38 48. Some years ago you worked on
some wisps around this, and 3C 48 belongs in the QSO region from
the UBV colors. Can you say anything about the color of that
faint wispy stracture?

SANDAGE

It is somewhat red,

L. M. BURBIDGE
Then why doesn't it contzibute to the color like the background
of an N-type galaxy?

SANDAGE
The wisps are three magnitudes fainter than the star-like object.

G. R, Bursincr
There are two components, a thermal and a non-thermal one,
Were these both taken into account?

SANDAGE

The continunm that was used for the contamination calculations
was that derived from the colors themseives, It is surely an
approximation, because the emission lines vary from object to object,

{17 1, 10 - Sandage I - p. 41
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I should emphasise that the caleulation is an attempt to find the
sensitivity of varions parameters, but cannoi be strictly valid in any
individual case, because of deviations from the adopted mean
contimuum.

G. R. Bureipce

The basic peint is that it is not strictly a non-thermal component
which you add, but a compenent which includes both a synchroton-
type spectrum and a component from hot gas.

t. M. BURBIDGE

With regard to the lines in 3C 446 not having varied when the
continuum varied, I think an‘object that will be very interesting to
loole af i the object T mentioned yesterday, 5C 2.56. 1 hope people
will look af its continuum and lines because it varied quite a lot
in the last year or two, one magnitude or so, and now that it is
bright and easily observable again, the lines are really prelty strong,
sa T would very much like to know the intrinsic line strengths and
check whether they de vary or are constant,

Hovee

I would like to ask how sure the conclusion is that the lines
have not varied in objects like 3C 446 when the brightening occur-
red.  Suppose we made the bypothesis that the lines brightened
bat widened enormously, could one exclude this possibility?

SANDAGE

Yes, because the 21550 line in 3C 445 was still visihle at
maximum light with the same width (shape) but reduced intensity
relative to the continuum.

Fowrer
Whenever I lock at your diagrams in regard to the guestion

of periodicity, it always looks lo me as thougl there conld be sone
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periodicity, given quite a large variability in the amplitude. Has
anyone really made a careful enough study of this matler on which
rather dogmatic statements have been made twice today?

SANDAGE
Fourier analysis of the data of 3C 273 has been performed by
others, using SMitH’s values, with no convincing results.

Fowrer
Yes, butl two groups have done that and there was & difference
of opinicn,

Morrison

I think we periodicists will get equal time! Tomorrew 1 shall
show you a picture, I do not want to claim the object és periodic,
but [ want to show you the data, so that we ean talk about it,

Van DER Laan

Dr. Sanpack, you mentioned seme variability in polarization
and, one night, a change of position angle of 140°. Did that cor-
respond to violent activity in the total intensity as well, and did the
polarization infensity also change or just the polarization angle?

SANDAGE

VISvaNATHAN'S resull is that the visual magnitude changed only
by o™.2, while the position angle changed by 140°. The percentage
polarization decreased hy a factor of two, from 10% to 5%,

HovyLe
Is NGC 4151 unusually bhue?
SANDAGE
NGC 4r51 is not unusually blue for the nucleus of a Seyfert

galaxy, Bat s bluer than the N's. The difference between N galaxy
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and Seyfert nuclei colors can be explained by difference in the
percentage of the total galaxy included in the photometer measur-
ing diaphragm.

AMBARTSUMIAN

You have given the distribution of the absolute magnitude of
optical QSOs, but, of course, the distribution of the values cb-
served. This means that it is the distribution of absolute magnitudes
of objects observed in some interval cf the apparent magnitudes,
but of course it is quite different from the real luminosity function,
and therefore I think that the number of the weaker Q50s must
be much larger than it appears.

SANDAGE

If you restrict the radio power to greater than 10% crgs per
seccand, I think nature is restricting the mass of the system to
something betwen 5 % 10" and I0"? masses.

AMBARTSUMIAN
I am now speaking about the optical QSOs, radio quiet, 1
think that there is every indication that amongst them are also

many fainter objeets.

SANDAGE

Yes, if you now do not demand that the radio power be
greater than 10%, then the optical power can be anything. So
amongst those objects which are not radio sources, I also belicve
with yon, that the things like the Markarian objects and the other
blue things can he to the right of the optical Hubble line for bright
radio galaxies.

SCHMIDT

1 would like to further respond to Dr. AMBARTSUMIAN'S ques-
tion. 1 will speak tomorrow about the luminocsity functions of
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SANDAGE : OPTICAL PROPERTIES OF NUCLET 315

optical quasars. The numbers do increase steeply towards fainter
050s with no clear end to the distribution,

AMBARTSUMIAN

You speak only about radio-quiet objects?

SCHMIDT
This applies to both radio-quiet and radio non-quiet objects.

MorGan
How does the upper limit of optical luminosity of N type gal-
axies and the QSSs compare?

SANDAGE

The N types are intermingled with the radio galaxies which
means that they are ¢M» = — 22.4. All of the QSO0s are brighter.
The difference probably lies only in the observer’s definition of the
ohjects,
MorGaN

And the radio luinesity at the upper end, how do they compare
for the two groups?

SANDAGE
The range is from 16" to 10% ergs per second in the ohserved

sample,

MORGAN
[ mean the radic sources as compared to the Ns and the Q5Ss,
what is the upper Hmit?

SANDAGE

Amongst the 11 N3 that we had identifications for, T don’t

{rr] 1, vo - Sandage T - . 45
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think any got up to 10% ergs per second like 3C 295, but the sample

is small.

KELLERMANN

I weuld like to go back to the variations. It is unforiunate
that we did not get fogether a little bit to combine some of the
radio and optical data so that they could be compared a little better.
but T would like to make some general compariscns, You presented
a table of aptically violent variable QSS, Seyferts and N galaxies.
1f we use the same kind of definition of radio violent variables fo~
the oplically violent varjables, the four objects listed under the
quasi-stellar sonrces are all what we could call radio violent variabies,
and there is only one other object which weuld be incinded in this
group and that is 3C 273. These are the five most variable quasi-
stellar radio sources, In the second column, NGC 1275 and 3C 120
are the two most variable Seyfert galaxies as radio soucses
NGC 4151 is an extremely inconspicucus radio source as it is very
weak. It is optically thin and one has to Jook very hard even to
find it, and there is absolntely nothing wnusual about it.  In the
third column, none of these are violently variable. 3C 371 has varied
by some 20-25%, the other three, as far as 1 remember, have not

varied significantly.

AMBARTSUMIAN

Have 1 understood you correctly? You soy that almoest all
these objects, quasars and other things, if they are checked for
variability, they as a rule show variability?

SANDAGE

Yes.
SALPETER
1f you take, not quasars, but ordinary galaxies, let us say &b

or some other particular type, and then divide them into two groups,

(223 11, 10 - Sandage I - p. 46



SANDAGE ! OPTICAL PROPERTIES OF NUCLE) 317

ones that have bright nuclei and those thal do not, is there any
difference in the luminosity of the non-nuclens part?

SANDAGE

I don’t know the answer to that completely, but T would believe
not. The galaxy which Szyrrrr originally called the Seyfert galaxy
4258, looks quile the same as M 31 for example, so these are two
cases where, 1 think, there is no difference.

MORRISON
What was the g for the quiet 0S0s, do you remember that
from your slide?

SANDAGE

This is an artificial g in the sense that if one includes Markarian
objects and everything else, it is surely going to get larger, so this
is a small value. The mean M, is — 25.2 with a ¢ of 1. 53 mag.

ScHMIDY

May T say that is the ¢ for an apparent-magnitude limited
sample. Per unit volume there is no clear limit to the distribution,
50 no g can be specified,

OSTERBRGCK

The radial polarization of Hg is very convincing evidence that
it is electron-scattered, but I should think that the line profile
should be quite wide, of the order of several thousand kmi/sec.

I wonder if it is observed to be this wide?

SANDAGE

No, it is in the order of 300 km/scc wide.

L. M. Bursinge
Conld I ask what mass of electrons did SoLiNgER’s model
require?
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SANDAGE

A month ago, before the measurement of the He polarization,
we were so convinced that Sormscir’s model was not right that 1
did not read his paper with cnough care to remember that answer.
To compate il, you have to know, of course, the intensity of the
source in the nuclens to find the optical depth of the electrons in
the halo which are doing the scattering. One can put limits on
that, but I do not know what it is.

SPITZER

Since the Hf profile is really so narrow, shouldn’t one perhaps,
consider an alternative model in which the polarization is produced
by aligned dust grains?

SANDAGE

Well, the problem with thaf is that the pelarization is constant
with wavelength, VisvanaTHan has measured the polarization from
3,500 to 10,0004 and it is constant to within the measuring errors
of a few percent.

Qort

I haven't made any computation about the mass which would
be required if this would be electron-scattering, but I remember
when Soriwcer gave his colloquium in Leiden, 1 was very much
worried about the enormous mass that would be needed. T have
forgotten the numbers now, but it would have to be fremendous
and something quite difficult to understand.

FowiLER
Could someonce for my benefit just outline the SoLiNGir sug-

gestion briefly, because I am not familiar with it.

Qort

Tt is quite simple, 1 think. He just says that ail the polarization
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that you scc in these outer filuments of M 82 comes from electron
scattering. Then he tries to compute an optical absolute magnitude
for the nucleus which would be sufficient to give these intensities.
But with any reasonable value for the optical radiation of the
nucieus the mass needed would be fantastic for the electrons to be
able to scatter that much radiation. Iis idea at the time, T think,
was that this would not have been mass ejected from the initial
galaxy, but mass already present in the universe around it,

f21] 1T, 10 - Sandage I - p. 49



COMPOSITION AND ACTIVITY
OF THE NUCLEUS OF OUR GALAXY,
AND COMPARISON WITH M 31

J.H. QORT

Leiden Qbservatory

For a study of the nuclear region of our own Galaxy we
are at a considerable disadvantage compared to the study of
other galaxies because we are situated within an absorbing
layer which absorbs about 25 magnitudes over the distance
to the galactic centre. As a consequence, no very important
observations of the central region can be made at optical
wavelengths, This great disadvantage is offset by the possibil-
ities for observations at other wavelengths, of a kind which
cannot be made in other galaxies, due to their larger distances.

Let us first review briefly the different phenomena that
have been observed.

The bulk of the mass in the central region consists of stars.
For the Galaxy as a whole the interstellar gas forms only a
few percent of the mass. In the central region the gas is
relatively still less important, since the density of what in the
1957 Semaine d'Etude have been termed disk population II
stars, which are the principal constituents, increases strongly
towards the cenire, while the gas density remains almost
constant over the main part of the entire galactic disk.

The mass density in the nuclear region can be computed
from the rotation velocities measured in the so-called nuclear
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disk (cf. Roucoor and OorT, 1060), which can Dbe roughly
measured from the edge of the disk of 750 pec radivs down
to about 100 pc from the centre (cf. also Rovcoor, 1664).
Roucoor and Oorr showed that the retation velocities found
for the nuclear disk agreed well with the circnlar velocities
computed from the light-distribution in the nucleus of M 31
on the assumption that the mass-to-luminosity ratio in the
nuclear part is the same as for the bulk of the system.
Although there is evidently some absorption in M 31 the
circumstance that we observe it under an angle of some 12°
with its equatorial plane makes it possible to get a fair determi-
nation of the light-distribution, also in its central part, Rou-
coor and QorT used the apparent similarity between the central
regions of the two systems to derive provisional values for the
mass density in the Galaxy close to its centre.

The supposed resemblance between the mass-and light-
distribution of the two central regions has since been beautifully
demonstrated by measurements in the infrared. At a wave-
length of 2.2, at which Brcxrin and NEUGEBAULR (1G68)
made extensive observations, the interstellar absorption is so
much less than in the optical region that they could make
reliable measurements of the distribution of the surface intensity
in our own Galaxy. They found that within 50 pc of the centre
this distribution is practicalty identical with that in M 31 (cf.
their Fig. 10). Furthermore, Sanpace, Brcxrimv and NEuce-
pAUERR (1960) have shown that also the gbsolufe intensities of
the z.z v radiation are very nearly the same, These authors
showed, furthermore, that in the nucleus of the Andromeda
nebula the distribution of the 2.z | radiation is identical with
that at optical wavelengths. TFrom the spectra we know that
the latter comes from stars, so that in M 31 the 2.2 p radiation
is proportional to the star density (the authors further confirm
this by showing that the spectral intensity distribution, includ-
ing the infra-red, is identical with that of late-type dwarfs).
On these grounds it is plausible to suppose that the same holds
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for our Galaxy, and that the 2.2 p radiation as measured in
its nucleus can be used as a measwre for the density distribution
of the stars. An independent support for this assumption is
given by the rotation velecities in the nuclear disk which, as
was mentioned above, agree with the star densities obtained
if a reasonable M/L ratio is assumed (1),

~ The detailed comparison with M 31 is limifed to distances
beyond about 5 pe {or 17.5). Within this distance the M 31
nucleus cannot be adequately resolved, In our Galaxy,
however, the 2.2 | observations, made with a half-power heam
of 57 (corresponding with 0.24 pc), permit a resolution of 0.2
pc, so that the star density can be estimated down to much
smaller distances from the centre than in any other galaxy.
This involves, however, a new assumption, viz, that the propor-
tionality of star density and 2.z 4 radiation continues to hold
for this innermost part. It is not at once evident that this
would be so. For there is convincing cvidence that the nucleus
emits nen-thermal radiation at somewhat longer wavelengths
(cf. pp. 324 and 333). There are, however, two arguments which
seem to support our assumption: In the first place the distribu-
tion of the 2.2 u radiation from the nucleus is different from that
of the undoubtedly non-thermal radiation al wavelengths of
rop and longer, indicating that the former has a different origin.
The difference may be seen by comparing the upper and lower
parts of Fig, 1. TIn the second place the hypothesis that the
2.2 y radiation close to the nucleus is due to the same mechan-
ism as further out receives some support from the fact that
its surface density shows the same exponential variation with
distance from the centre (R) over the entire range from
R = o"0o5to R = 35 (0.15 to 15 pc). Over this whele range
it is proportional with R~%® (cf. BrckriNy and NEUGEBAUER,
Paper 1, 1668, Fig. 8. The variation of this surface bright-

(Y The argument may also be turned around, and be used as an
indication that the velocities measured in the nuclear disk are rotational
motions governed by the gravitational ficld.
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ness close to the centre is illustrated in the upper half of Fig. 1,
taken from BECKLIN and NEUGEBAUER'S Paper IT (196g). The
scan shown passed through the centre of what the authors
called the “dominant source”, avoiding the “point source”
situated about 57 North of this centre. The figure shows
that the density increases steeply down to at least R «~ o.1
pc.  The nucleus within this distance is unresolved.

‘Table 1 shows the mass densities calculafed with the aid
of the above data. They are based on the density of 7.1 x

T T ¥ T T T
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H I
] 1 ). 1 I
10E 5E 0 5W 1WOW arcseg
0.50 0.25 0 0.25 0.50 parsec
Fre. 1 — Right-ascension scans across the galactie-centre (Brorriw and

NeuGEBAUER, 1960). The scan passed 57 Sowth of the point-like source
found in a previous investigation {Brexriy and NRUGEBAUER, 1968); the
zero point of the right-ascension scale coincides with this point source.
Observations on the zoo-inch telescope, with a 57 aperture,
The upper half shows the distribution of the radiation at 2.2[, wave-
" length, which is assumed to be proportional to the star density, The 100t
radidtion, shown in the lower half, is non-stellar, and apparently has a
different distribution.
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107%g cm~?, or 105 Mepc™3, at R = 100 pc estimated by
Roucoor and Oorr (1960) from the rotation of the nuclear
disk, and on a variation proportional with R~!% corresponding
with the R~%€ variation of the surface density found by Brcrrin
and NEUGEBAUER. The star density at R = 0.1 pc estimated
in this manner is roughly 1o® times the density near the Sun.

TABLE 1 - Star densily, p(R), and mass within R, M(R), in
the nuclear region of our Galaxy.

R o (K M (1)
(pe) (M, pe™ M)

0.1 2.6 x 107 0.3 % 10
1.0 4.2 X 10° 4.4 % 10%
10. 6.6 x10° 70. x 10%
20. 1.9 % 10° 160. x 10°

The mass of 1.6 x 10® Mg within R = 20 pc may be
compared with the value of 2.3 x 10® Mo given by Brcrrin
and NEUGEBAUER in their Paper I for a cylinder of radius 20
pc.  This was derived from the 2.2p radiation assuming an
absorption of 2™.7, an intrinsic spectral distribution identical
with that in the nucleus of M 31, and a mass-to-light ratio of
10. The agreement between the two masses is rather better
than might have been expected in view of the various uncertain
factors involved.

The density distribution in the galactic nucleus differs
radically from that observed in globular clusters, where the
distribution follows an exponential law rather than a power
taw, and is quite flat within 1 pc from the centre. The total
mass in the galactic nucleus is about 1o® times higher than in
an equal volume of the cluster M 3.

{rz] 11, 17 - Oort - p. 5
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Let us now turn to a survey of the further phenomena
presented by the gas, and in the first place by the atomic hy-
drogen.  As already mentioned, the 21-cm line observations
indicate the existence of a disk-like structure which extends
from the nucleus out to a radius of 750 pe.  There it stops
abruptly, at least in the galactic plane. The thickness of this
“nuclear disk” between half-density surfaces is about 100 pc
within 300 pc from the centre, and about 250 pc in the outer
parts. It appears to rotate with a velocity wbich runs up to
about 230 km/s near the outer edge (Roucoor, 1g64). The
density in the central plane is approximately constant over the
entire disk, and averages about 0.3 H-atoms per cm’. The
total H I mass is roughly 4 x 10° Mo, Recent observations at
roop wavelength (Horrvann and FREDERICK, 1963) showed
an unexpectedly intense radiation coming from a source which
may have the same extent as the nuclear disk. This has been
interpreted as thermal radiation of dust particles (cf. LEQUEUX,
1970). On the supposition that the dust has the same extent
as the H I nuclear disk (viz. to R = 750 pc) LEQUEUX estim-
ated the lotal mass of the dust as about 2 x 10® Mg, The
total hydrogen mass must be at least 10? times that of the
dust, or 2 x 10* M. This is almost two orders of magnitude
larger than the H I mass found from the 21-cm line observations.
If the proposed dust mass is correct the hydrogen should there-
fore be almost entirely in molecular form. ()} This would not

{*) Since this zeport was prepared another estimate of the amount of
dust required to explain the 1oop observations was published by Oxuba
and Wickrasasinaun (1g70).  They obtained a rather lower mass, viz
1M within R = 100 pe, which would correspond with about ro® M when
extended to 750 pe.  With such an estimate of the dust mass there would
be ro convincing evidence for a large proportion of molecular hydrogen.
The {irue mass of the gas in the nuclear disk is therefore still unknown.
An attractive featurs of the model proposed by OxuUDa and WICKRAMASIN-
GHe s that it provides an explanation for the large difference between the
radius of the radiation at voop and that at rop wavelength. .

It should be noted that recent observations by Low and collaborators
suggest that the i1oop, radiation might possibly come from a few ‘diserete
small sources instead of frem a more or less homogencous medium as
considered above (cf. this velume, paper by Low),
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Absorption K

Depth of

QORT D COMPOSITION AND ACTIVITY O NUCLEUS OF OUR GALAXY... 327

be so surprising, because observations of OH and CH,0 had
already shown that in the nuclear region the relative abun-
dance of molecules must be of a higher order than elsewhere
in the Galaxy.

Extensive observations have been made of these molecular
lines, which are ohserved in absorption against the bright con-
tinuous radio-frequency radiation emitted by the nuclear region.
The observations are therefore mostly restricted to within 1°
from the cenire. They indicate a complicated structure (Fig,
2).  The strongest features are at v = - 130 km/s and at
v = + 40 km/s. The former extends over a broad interval

Redial  Velocity-Km/sec

0 -200 ~100
1 - PRk i
- Al
20F
s

40

60

50+
Fig. 2 — Absorption spectrum of Sagittarivs A (Borron, Garpwer, MeGai

and Romprvson, 1664). Full-drawn curve OH-absorption, dashed curve 1 T-
absorption,
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in longitude. It may be connected with an expanding arm
outside the disk to which I shall return later. The broad com-
ponent at + 40 km/s appears to be connected with the concen-
trated radio source Sgr A. A second inward stream at this
velocity is found near a second bright radio source close to
the nuclens at ¢ = + 0°.6. A full discussion has been given
by Ropinson and McGer (1967 and 1¢70).

Rather remarkably the observations give no clear evidence
of OH absorption in the fast-rotating disk itself, If there were
OH present in the nuclear disk one would have expected to
see it clearly in OH absorption in the region between - 1°
and + 1° longitude where the central source is sufficiently
strong, and where fairly strong H T emission is seen up to vel-
ocities of af least - 200 km/s. Maybe all molecules other than
H, have condensed on to solid particles in this inner region
of the disk.

In conmection with the nuclear disk attention should be
drawn to the fact that Mrs. RusiN and Forp (1970} have
found, from observations of a faint N II line, that on the North-
Eastern part of the major axis of the Andromeda nebula there
appears to be gas near the nucleus rotating at roughly the same
velocity as the nuclear disk in the Galactic System, and extend-
ing also to about 8oo pc from the centre, with a sudden drop
beyond (Fig. 3). While these observations suggested the exis-
tence of a nuclear disk in M 371, later observations on the op-
posite side of the nucleus have indicated that conditions are
more confused. The ionized gas in the nuclear region accord-
ing to these observations as well as to carlier observations by
MiyncH (1960) shows complicated motions, often with large
radial components.

In our Galaxy, however, the evidence for a rotating disk
appears rather strong (Figs. 4 and 5}. As mentioned, it breaks
off quite abruptly at 8oo pc. Beyond this one finds gas moving
in a totally different way; part of this gas has apparently large
radial motions, and only small velocities in the direction of
the rotation.

(127 II, vx - CQori - p. 8
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The most striking structure that one meets when going still
further out from the centre is the so-called 3-kpc arm. This
arm has a systematic outward radial velocity component of
53 kim/s. It is situated hetween us and the centre, at a distance
R of several kpc. Outward motions have similarly been found

in arm-like features on the far side of the centre, the principal

one having a radial component of 135 km/s. A sketch of the
possible arrangement of these arms in the central region is
given in Fig. 6 (IROUGOOR, 1g04).

Recently, Suane (1970; cf. also BUrron and SHANE,
1970) has found evidence for considerable radial motion away
from the centre in the so-called Scutum spiral arm up to
distances of about 4 kpc from the centre.

{r2] IL, 1x - Qort - p. g




¢ — Velocitv-longitude contours of neufral hydrogen in the galactic plane for the area arvound the centre.
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L 1
Vier ~708 -0 700 <200 Wfeac

Fig. 5 — Extension of Fig. 4 to lower longitndes, indicating the unigueness of the
wing ascribed to the negative-longitude half of the nuclear disk (Rouaoor, 19064).

So far, no satisfactory explanations have been found for
the expansion of these arms. In view of the evidence that has
accumulated on explosive events in the nuclei of galaxies, and
in particular the fact that such violent evenfs must be quite
common: at least two of the twenty or so nearest large galaxies,

[r2} 1L, 1y - Qo¥t - p. 11
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M 8z and NGC 5128, must recently have experienced bursts
of enormous compass, it is perhaps not too implausible to think
that the expanding motions in the galactic disk might be due
to explosive activity in the nucleus.

That some activity is going on in the galactic nucleus is
made probable by two sorts of observations.

In and around the nucleus there is a non-thermal radio
source, with half-power diameters of about g x 6 pe. It has
a central core, with a diameter of about 1 pc, or less. As non-
thermal radio sources are always connected with explosive
events this forms a direct confirmation of the occurrence of
such activity at the present time. This is further supported by
recent observations by BrckriN and NEUGEBAUER (1G60) and
by Low, KieiNManN, TFORBES and AUMANN {1969) showing
that there is a nuclear source of about 1 pc diameter, the far-
infrared spectrum spectrum of which is exactly like that of a
Seyfert nucleus (Fig. #). (}) The intensity of the radiation is,
however, a factor of approximately 3 x 10* less than that
emitted by the nucleus of NGC 1068, The distribution of the
4 - 20p radiation is markedly different from that at 2.2p
which is supposed to come from the concentration of sfars near
the centre (cf. Fig. 1).

The second kind of evidence comes from motions of gas
outside the nuclear disk. Here the Galactic System has a great
advantage over other galaxies in which large internal gas mo-
tions have been observed, viz. that it is seen exactly edge-on.
Because of this, one can distinguish clearly between motions
in the piane of the disk and motions at an angle with the plane.

In recent years a considerable effort has been made in
Leiden to observe neutral hydrogen outside the plane of the
nuclear disk. The presence of such gas, with velocities deviat-
ing strongly from the rotational motions in the disk, was discov-
ered by SHANE in 1965 (cf. Oort, 1066). IExtensive observa-

{(*} For the most recent data cf. ¥ig, 1 and Table 4 of the article by
Low in this volume,

[22] 11, 11 - Qart - p. 13
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Fig. 7 - Energy distributions of ihree infrared sources of radiation within 3

of the galactic centre and of the 2'.5 radio source Sgr A are shown, All the
infrared data have been corrected for 27 mag of visual absorption.  Flux
density in background annulus corresponds to the radiation of the extended
source within a r1o0”-diameter area less the energy in the 16" core source,
Curve drawn through backgreund data represents radiation expected f{rom
M- and K-type stars, Flux density in the 167 core source has the radiation
from the pointlike source subtracted. For comparison, infrared and radio
energy distributions of NGC 1068 are shown, Infrared points are from Low
and Kremaany {1008). (Brexniy and NEUGEBAUER, :106gG).

tions have since been made by Vawn peEr Kruir (rg7o). There
appears to be a considerable mass of gas above and below
the nuclear disk, and apparently well separated from it. The
bulk of this gas moves in a direction opposite to what one
would expect from the galactic rotation. It probably represents
material expelled with rather high velocity from the nuclear
region, at a considerable angle with the galactic plane in two
roughly opposite directions (Figs. 8a and b, and g). The
total H I mass is at least 10® M. Of the two strongest features
outside the plane the one at posilive longitude and negative
latitude (ne. XII in Van peEr Krurr’s article) has a velocity
of - 130 km/s near £ = 0°; its mean latitude is - 2.°5 (Fig.

frzd 15, 7y - Qorl - poox4
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ﬂﬂ I B
0° —
-5° :
10° 5° ' 0°
Frz, 10 -- Equidensity contours of the high-velocity feature at negative

latitude indicated in Figures 8a and 8b. Contours show surface densitics
of 10, zo and 30 x 10" atoms per cm?, Velocities are indicated by encircled
numbers (Van per Krurr, unpublished).

10). The velocity coincides with that of a rather weak, but
very wide, 21-cm absorption dip in the spectrum of Sgr A
{cf. dashed curve in Fig. 2} which may well be due to a
thin outskirt of XII. If this is so, the very strong OH
absorption at — 130 km/s in Sgr A would in all probability
likewise be caused by this same outskirt,  That the OH
feature lies Scuth of the galactic plane is clearly shown by the
absorption contours (cf. Ropinson and McGEE, 1967, Fig. 2;
also Ropinson and McGEE, 1970). The feature even seems to
end completely hefore it reaches the concentrated central scurce,
as is indicated by the total absence of CH,O absorption in
Sgr A. As suggested by SANDQVIST (1970) the probable explana-
tion of this is that the much narrower beam at the CH,0O
frequency lies entirely outside the feature concerned. If the

Fazd A1, 13 - Qorl - p. 18
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connection Dbetween Van pEr Krulr's feature XII and the
OH abhsorption is real it would indicatc that the gas in the
expanding cloud is largely in molecular form, and that its
total mass may therefore be much larger than the H I mass
(which was estimated by Van per Krumr as 2 x 10° Mo).
Tt is extremely interesting that a feature can apparently have
acquired a large radial motion, and yet contain a large fraction
of molecules.

An intriguing detail is that in the same opposite quadrants
of £. b where the abnormal-velocity hydrogen is observed KERR
and SINCLAIR (1066) have found, at zo-cm wavelength, secon-
dary ridges of emission seeming to make a similar angle with
the galactic equator as the gas expulsion (Fig. 11a),

As T pointed out at the Byurakan symposium, it is con-
ceivable that gas expelled from the nucleus under an angle
with the galactic plane, and falling back inte the galactic layer
at larger R, might be responsible for the outward motions of
the expanding arms in the plane. Such a mechanism would
not greatly affect the gas in the nuclear disk, whose more per-
manent existence could thus be ensured.

It is of interest to find out what conditions would be re-
quired for the expanding arms to be explained in such a
nanner.

By the considerations given in the first part of my intro-
duction we have sufficient knowledge about the gravitational
field in the central part of the Galaxy to compute the orhits
of clouds expelled from the nuclear region. Such computations
have recently been made by Van per Kruir. He finds that
the location and motion of the 3-kpc arm could be explained
if about 13 million years ago gas was expelled from the nucleus
at angles between 25° and 30° with the galactic plane, with
velocities which at R = 100 pc were about 500 km/s. A
considerable part of this gas would at the present time have
fallen back to the galactic plane between 3 and 4 kpc from
the centre, and have been decelerated by the original quiescent

[z2% I1, ¢x - Qori - p. 19
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Fig, 12 — Possible orbits of gas clouds expeled from the nucleus under an angle

with the galactic plane. Ordinates are distances from the plane, abscissae distances
from the nucleus in the plane, both in kpe (Vax prr Krurr, unpublished).

gas layer, so that the outward radial component has become
about 50 km/s (Figs. 12 and 11a). In this very schematical
model it was assumed that once they are outside the sphere of
radiug 100 pc the motions of the clouds would be governed
solely by the gravitational field up to the time when they fall
into the galactic layer. The clouds were supposed to expand
laterally in proportion to the distance travelled from the nucleus.

The expulsion velocity required is of the order of the cloud
velocities observed in the nuclei of Seyfert galaxies. The mass
which would have had to be expelled in order to explain the
present outward momentum of the 3-kpe arm is several million
solar masses. As only a fraction of the expelied mass will have
collected in the 3-kpe arm the total required mass should have
been at least 107 Mo, This is of the same order as the present
total quantity of gas in the nuclear disk, from which, presum-
ably, it should ultimately have come. For comparison, the
mass of the high-velocity ionized hydrogen within a sphere of
200 pc radius around the centre of NGC 1068 is of the order of

{72} H, 1x - Qori - p. 22
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10° Me. If the activity is continuous a mass of 10% M, would
be expelled by this system in a time of the order of a few
million years. The fotal quantity of gas thrown out of the
nucleus of NGC 1068 is, however, likely to be considerably
larger, as there is evidence that much neutral gas exisis in ad-
dition to the observed ionized hydrogen.

The general conclusion is that the expanding arms can
only be explained by the mechanism suggested if some 13 mil-
lion years ago the nucleus of the Galaxy was similar to a Sey-
fert nucleus, and, therefore, enormously more active than at
present, This stage should have lasted about a million years.
The corresponding total kinetic energy produced by the nucleus
should have been between 10% and 10% ergs.

[rz] 11, 15y - Qarl - p. 23
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DISCUSSION

Chairman: D.IE, OSTERBROCK

FowLER
Why were the angles of the expalsions confined to the ones
that you showed?

QOort

There are essentially two parameters of which you can dispose,
viz. the initial velocity and the angle under which the gas is
expelied. The range in angle indicated is that in which the clouds
come down to the plane at the right place, The angles do not
seem unreasonable.

FowLER

What kind of an expulsive phencmenon would that have been?

OoRT

Our vague ideas would he that it might have something to do
with the magnetic field in the nucleus, but we don’t know. The
presumably non-thermal secondary ridges of radio frequency radia-
tion near the centre found by Kerr and SiNcrLaIR, and indicated in
the picture, lie in the same quadrant as the direction in which the
clouds are being expelied.

E. M. BURBIDGE

I have always been very interested in this work and I just

frz] 11, 11z « Qort - p, 25
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thought I'd mention another galaxy where 1 think there is alse pretty
good evidence for ejection of matter in a cone not axially symmet-
rical in the centrat region. Of course one only sees one side of the
galaxy, one only sees one direction of ejection, and it is ionised
gas not neutral gas. The galaxy is NGC 253, which Mademoiselle
Dimourin and I have studied.

Oorr
Yes, and there you can also see that it goes at an angle to the
equatorial plane,

¥, M. BursinGeE

Yes, there are large non-circalar motions in the central region
of that galaxy and the appreach velocities extend in a bright column
of gas which you see on the far side of the centre.

Oorr

One of the advanfages of the Galactic System over others is
that you can distinguish so clearly between things in the plane of
the disk and outside the plane, which is, of course, more difficult in
galaxies which you see only projected on the sky.

Hovie

I have the impression of a similar kind of rotating disc in M 31
where you can see the dust lanes are curved in the sense of a spiral
structure — the duost lanes come right out of the central part with
typical spiral curvature.

Qort

I am not implying at all that the nuclear disk in our
galaxy would be a smooth feature. It may wel! have a structure
like a spiral, or even more complicated. It would probably have
that. In M 31, as I said before, Rusin and Forp found a striking
asymmetry indicating rotation on one side, while on the other side
the motions are quite irregnlar.

[#2} 11, 11 - Qori - p. 26
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HoyLe

The presence of the dust lanes does scem lo suggest that there
is dust in these central regions.

SALPETER

I wanted to comment on the possibility of there being a lot of
molecular hydrogen in the 800 pe disk, even though the atomic hy-
drogen does not have a particularly high density. Purely theoret-
ically, once you have efficient formation on dust grains of molecular
hydrogen there is indeed rather little correlation between the atomic
and the melecular density., For instance, take a particularly simple
picture where you increase the density of bright stars in proportion
to the density of the dust grains, You then find that the density
expected of atomic hydrogen is completely independent of the
density expected of molecular hydrogen which then makes up most
of the gas. Unfortunately the 2rem studies alone then do not tell
one very much about the folal amount of hydrogen.

One other point: the efficiency of molecule formation on dust
graing depends rather strongly on the temperature of the dust
grains: if the grain temperature is below about 50 degrees, then we
are fairly sure that molecule formation is efficient. We don’t know
yel what it 1s if the temperature {s above 50 degrees.

Oort

But one wonders how a feature like the suggested arm at — 135
km/sec, which has obtained such a high velocity, and presumably
had a still higher velocity when it started, could conserve its mol-
ecular constituents; maybe the molecules formed afterwards, but
they would have had to be formed rather quickly in that case,

SALPETER
Yes, you would probably need a density of well over 100

atoms per cc for the recombination time to be as short as 107 years.

Ir2} 11, ax ~ Qort - p. 27
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Qort

There would be no objection to that,

Low

May I clarify the statement I made about the re-radiation
from the dust, The argument against dust which I gave in my
talk applied only to the nucleus. It was not meant {o apply to the
Hoffmann source which may be dust,

Qonrt

Then I didn't quite understand what you meant: As I under-
stood this morning, your point was that, if you have a very large
dust cloud like this having at two microns an optical depth of, say,
5 in front of the small nucleus, the fine strocture which you see at
two micrens would be obliferated by the obscuring dust in front of
it. Wasn’t that your point?

Low

No, the point was that dust inside the cenfral 1oo micron
source of diameter 1 parsec would shicld and/or redden the 2.2
micron light from the stars in the same volume. An additional point
that should be considered fallows from your suggestion that a large
amount of H, may be present in the volume occupied by the Hoff-
mann scurce. HOFEMaNN may have observed line emission from the
H,, rather than a continuum.

Oorr

Would it emit radiation in the 100 micron range?

Low
I am not sure which of several lines would be strongest.

SCHMIDT
I understood Dr. Low this morning to say that he could not

{12] I, 11 - Oert - p. 28
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canfirm the Frederick-Hoffmann disk — could we have a clari-
fication?

Low

Horrmany and 1 looked carefully at the two conflicling exper-
iments and have not been able to find an explanation. My results
are in conflict with his by a factor 3 to 10 depending on assumptions
about the size, shape and temperature of the source. If the H, line
emission is what Horramann has seen, it may be possible to under
stand why we do not see it. Qur observaiions at 50,000 {t. are more
affected by narrow H;O absorptions than Hoffmann’s at 100,000 fi.

AMBARTSUMIAN
Is this figure of 130 km/sec the radial velocity of the cloud?
What is the velocity referred to the nucleus?

Oort
This is the velocity relative to the nucleus; at least in the radial
direction at a peint near zere longitude it would have this velocity.

AMBARTSUMIAN
Yes, but if there is an angle between the line of sight and the
direction of ejection the two velocities must be Qifferent,

QoRrT

Yes, then the velocity would be a little higher, but not g0 very
much; the angle cannof be large.

frz] II, 11 ~ Qo¥t - p. 29
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I. InTrODUCTION

The virial theorem was first applied to a cluster of galaxies
-— the Coma cluster ~ by Zwicky (1g33). If the cluster is in
a stationary state, the kinetic energy, K.E., and the potential
energy, £, satisfy the equation

(1) 2 KE. +Q=0,

and in principle the average masses of galaxies can be obtained
by measuring the line-of-sight vclocities and positions relative
to the cluster center for a suitable sample of galaxies. Later,
the same method was applied to other clusters and to small

{131 1%, 12 - Burbidge and Sargeni - p. v
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groups of galaxies. The kinetic energies have consistently been
found to be so large that equation (1) could only be satisfied if
the masses of the galaxies were much larger than masses found
for individual galaxies by other means.

These results have been interpreted in two ways. Either
the excessive kinetic energies have been assumed to be compen-
sated by gravitational potential energy provided by matter
having an unusually large mass-to-light ratio, or else it has
been postulated that the clusters and groups are in fact not in
a stationary state, and are perhaps even in a state of positive
total energy. In the latfer case, the configurations are not
stable and will dissipate in time scales given by the ratio of
the characteristic velocity of the cluster members fo the di-
mension of a typical cluster or group. It has been the short
time scales — from x0% years for some small groups to ~ z0°
years for clusters — which have prevented general acceptance
of the idea of positive energies, first put forward by AmMBaRrT-
SUMIAN (1058).

The observational evidence which had been collected by
1661 was reviewed at the Santa Barbara conference on Sta-
bility of Groups and Clusters (NgyMaN, PaGE and ScoTT 1661),
and at that time the general consensus was that rich clusters
were probably stabilized by unscen matter. This should have
a lumpy distribution since a smooth homogeneouns distribution
of matter would not provide the necessary potential energy.
The small dimensions of the groups, however, made it dif-
ficult to postulate unseen matter as a stabilizing mecha-
nism, because so much matter paclked into the given volume
would have to be at average galactic densities, and it was
difficult to see why it should not condense into stars and be-
come luminous, like the galaxies themselves. And the config-
urations of many of these small groups are similar to AMBART-
SUMIAN’S trapezium configurations of hot young stars in short-
lived stellar associations, as was pointed ont by AMBARTSUMIAN
(1961). Yet there was not general acceptance of the idea that

[r3] 11, 12 - Burbidge and Sargent - p, z
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these configurations were actually groups in the process of
dissolution and therefore only 10® - 10% years old. The reasons
for this were {(a) the galaxies in the groups often looked like
“ordinary” galaxies, for which it had become customary to
accept ages = 10'" years, i.e., the time scale for the expansion
of the Universe, and (&) it was difficull to see how an unbound
group could form in the first place, in an expanding Universe
in which all galaxics were conventionally presumed to have
formed from proto-galaxies of lower densities and larger vol-
umes than present-day galaxies.

Karacuentsev (1966) sumimarized the sifeation for groups
and clusters by pointing ouf that the mean value of {f) = M/L
{in units of solar mass and solar (photographic) luminosity)
required to bind gravitationally a group or cluster of galaxies
is a steadily increasing function of the size of the system. Al-
though the statistics are not yet good in some of the -cases,
the results, shown in Table 1, are interesting; the correlation
with size of group is quite strong.

TABLE T — Mean Mass-to-Fight vatios, in solar units, taken
from Karachenisev (1g66}.

Type of System H
11 triple systems . . . . . ( 854 28 f,
29 small groups . . . . (331 £ 96} fe
g poor clusters . . . . . {446 + 102) T

6 rich clusters . . . . (841 1 168) 1o

We turn now to the small groups, to recapitulate briefly
the older data and to discuss new evidence. Then we briefly
describe some work by Arr and HorMBsrre concerning distri-
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butions and discrepant velocities.  IFinally, we describe ob-
servations of large velocity differences in some single galaxies
or in multiple-nuclel objects, which may be related to the
problem,

I1. GROUPS OF GALAXIES

VoroNtsov-VELYAMINOV (1950) collected many examples
of close groups of galaxies in his Atlas of Interacting Galaxies.
Several examples of groups, most of them not extremely close
together but plainly physically connected, can be found in the
redshift lists by Humason, MAvarLL and Sanpace (tgs6). Fur-
ther examples of close groups have been published by Zwicky
{1957} and by Arr (1966) in his Atlas of Peculiar Galaxies.

1. Application of Virial Equation

When Eq. (1) is applied to groups containing only a few
members, uncertainties arise because of the unknown pro-
jection factors in the separations and velocity vectors (LIMBER
and Marnews 1g6c). Stalistically, however, these can be
taken into account and there are data now on a large enongh
number of groups for the average projection factors used by
most workers to give valid average results.

The masses and mass-to-light ratios obtained for groups
are to be compared with the results for single galaxies, obtained
from rotation curves or, for ellipticals, from velocity dispersions
of stars in the nuclei. Mass-to-light (photographic) ratios for
these usually fall in the following ranges: spirals, 1 - 15; I£ and
So, 10 - 50; Sc galaxies have lower values than the Sa and
Sb types, and giant ellipticals have higher values than E and
So galaxies of lower luminesity. In analyzing groups of gal-
axies that are near enough to be classified, some workers have
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assumed that mass-to-light ratios for the ellipticals ave larger
by some fixed factor than for the spirals; others have made
no separation.

Zwicky and Humason (1960, 1961, 1964) published their
observations and analyses for several groups. BURBIDGE and
Bureice (1961a) gave their observations and analyses for
various groups in the VORONTSOV-VELYAMINOV (1950) cata-
togue, and applied Equation (1) to further groups where the
redshift data came from other sources. KARACHENTSEV (1066)
made a comprehensive tabulation, including aimost all of the
results listed carlier by Bursinge and Bursmce (1g6ia) to-
gether with many more cases, in a compilation that includes
doubles, triples, compact small groups, open small groups, and
clusters of varying richness. New data recently obtained by
SARGENT (1g70) are shown in Table 2; we discuss some of
these systems in Section IT (2). Two groups not included in
KARACHENTSEV'S tables or in Table 2 are the NGC 55 group
(DE VAUCOULEURS 1950) and the NGC 6469 triple, with redshifts
by Evans and WavymMan (1958) and analysis by BURBIDGE and
Bursinge (1g61a). The virial equation gives high mass-to-
light ratios for both these groups, in line with the average
results shown in Table 1.

What is remarkable is the small number of groups, par-
ticularly among those containing spiral galaxies, which have
low mass-to-light ratios. One good example of such a group
is VV 116 (Burpmee and Bureinge 1961Dh), for which the
virial theorem gives masses of 5 x 10Y M, for the 3 spirals
and 5 x 710! My for the 2 ellipticals, on the assumption that
My = 10 M, whereas a direct mass from the spectral line
inclination in one of the spirals gave 3 % 10" Mg. This group
thus appears to be bound with normal galactic masses, The
NGC 3395 group (KARACHENTSEV 1066) and the NGC 833 group
in Table 2 are further examples.

A particularly inferesting form of group is the chain. The
instability of such a configuration was discussed by BURBIDGE,
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BursmcE and Hovie {1963). VV 172 (SARGENT 1968) is an
especially interesting case, which we discuss individually be-
low. Other cases are the chain at a=ol 45", &= ~ 20", near
NGC 247, MARKARIAR'S chain in the Virgo Cluster (MARKARTAN
1061), and there ave several more in Table z. Al of these have
proved to have large kinetic energies. The time scales for
dissolution if the values of M/L are actually in the normally
accepted range are only ~ 10® years,

TABLE 2 —— Groups and chains observed by Sargent.

‘ Scale; Me_zm pe )
Name oML Ve TN e s o L
of arc (kpc) ' "
NGC 833 group G 3885 248 89 4x1cll 10
VV 161 C 8444 540 — - —
VV 169 C qo8y 026 39.5 4.0x10% Qo
VV 144 c 6365 402 - 1.2x101 {29)
VV 150 C 8o8o 525 34 1.3x1012 38
VV 282 G 9074 582 141 gxrol? 74
VV 165 C 12742 812 70 2.4x101% 42
VV 159 C 10475 074 —_ _ —
Seyfert’s Sextet G 4282 278 17 5.2x10! 49
AIp 330 C 8oz 553 g0 2.3x101% 35560
VV 197 G 11861 755 60 5.8x1012 211
‘VV 101 G Brs 510 104 1.2x108 &7
VV 208 C 7632 504 61 2.5x1012 3b

(*) G = Group; € = Chain,

£73] 11, 12 - Burbidge and Surgenl - p. 6
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2. Recent Observalions

SARGENT (Ig70) has recenfly applied the virial theorem
to 13 groups and chains; most of them are illustrated in Arp’s
(1966) Atlas. These systems are lsted in Table 2. The total
mass and the mass-fo-light ratios deduced from the virial theorem
are shown in the last two columns of the table. Two of the
systermns have members with discrepant redshifts. One of these,
SEYFERT'S Sextet, is discussed in Section II (3}, The other,
VYV 150, is illustrated schematically in Figure 1. It is No. 324
in Arr’s Atlas where it is described as a chain of three elliptical
galaxies which are clongated along the line joining them. The
measured redshifts are rogo2 km/sec for A, 13242 km/sec for
B and 10548 km/sec for C. Galaxy B is clearly not bound to
A and C. However, in this case the discrepant object may well
be a background galaxy since the surrounding field is rich in
nebulae.

Most of the remaining systems in Table 2 have deduced
M/L ratios which comfortably exceed those of normal galaxies.
An exception is the NGC 833 group (No. 318 in ARP's Atlas)
which is composed of four spiral galaxies. The virial theorem
mass-to-light ratio of 10 for this system is quite reasonable.
Among the “unbound” systems, ARP 330, which is shown
schematically in Figure 2, is particularly interesting. This is
a chain of galaxies discovered by MarxariaN (1g63); redshifts
and absolute magnitudes for the six brightest components are
given in Table 3. ARrp 330 is a well defined system: in a field
that is only sparscly populated by nebulae. Table 3 shows
that the six galaxies have a range in redshift of 1200 km/sec.
This is too large for the system to be gravitationally bound;
however, there is no systematic trend of redshift with position
along the chain and no reascn to dismiss one or more of the
galaxies as non-members. As is frequently the case with such
systems, the luminous galaxy in the chain falls at its center
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N VV 959

L 1 ]
100 kpc

MG, 1 — Sketeh of VV 150 (Arp 324); see Arp {1g66) for photograph.

(for other examples see the photographs of VV 172 (No. 320)
and the NGC 833 chain (No. 331 in ArP’s Atlas). The virial
theorem value of = 5560 given in Table 2 has been calculated
on the assumption that the position and velocity vectors of the
member galaxies are randomly distributed in three dimensions.
If it is supposed that they lie in a plane containing the line of

U731 1T, 12 - Burbidge and Sargeal - p. 8
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Arp 330

=

SR L ]
2 60kpc

Fira, 2 - Sketch of Arp 330; see Arp (1966} for photograph.

sight, the value of f required for stability is about 2o00. It is
hard to escape the conclusion that this system is disrupting
on a time scale of about 2 x 10% years. However, there is no
indication from their spectra that the member galaxies are as
young as this. Only one of them, B, has an emission line -
[O 11] 23727, which is commonly found in the spectra of spiral
nebulac in the field.

{73} I, 12 - Burbidge and Sargeni - D, o
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TABLE 3 — Redshifts and magnitudes for Avrp 330.

Galaxy (%) (l{m.\ ?gec.'i] Type i, M,
A 4093 D (16) {-1g%}
B B3y Sba (x0) (-19%)
C 8948 E 15.5 -20.0
D 9170 E? (x7) (-183)
E 8831 E? (17) {-18%)
13 7934 k2 {173) {18 )

{*) The galaxies are identified in Figure 2.

Finally, we mention the case of VV 282, shown schema-
tically in Figure 3. This is object No. 320 in ArP’s Atlas. Itis
a particularly convincing case of an unbound system because
it has a virial mass-to-light ratio of 74 despite the fact that all
the bright members are spiral galaxies. As Figure 3 shows, the
galaxies are in two main groups — in fact VV 282 as defined
by VORONTSOV-VELYAMINOV consists only of E, F and G. How-
ever, the northern group A, B and C does not have a system-
atically different redshift from the southern group E, I and G
so they evidently form a single system. The dissolution time-
scale of VV 282 is about 3 x 10* years. However, the galaxies’
colours, given in the last two columns of Table 4, are again
not unuswual for their morphological types.

We now turn to a discussion of a few groups in which a
single very discrepant velocity has been found.

[73] 11, 12 - Burbidge and Swrgent - p, 0
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N VV 282

L1 I

I’ 30kpc

Fr6. 3 — Sketch of VV 282 (Arp 320); see Arp (1966) for photograph.
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TABLE 4 — Redshifts and magnitudes for VV 282,

Gal, Vi

axy(#; (km, sec.)) Typs ", M, B-Vv U-B
A 8g13 Sa 15.2 -20.4 L.0X 0.49
B 0337 So? 15.5 -20.1 0.88 0.30
C o161 SBhb 15.3 -20.3 I.00 0.40
D —_ Sc 10.5 ~Ig.1 — —_
L 0c48 507 15.4 -20.2 0.82 -0.10
I 8608 SBa? I5.1 -20.5 I.I0 0.40
G B3z E 15.2 ~20.4 1.05 .48
H 9515 I 15.9 -19.5 1.03 0.46

(*) The galaxies are identified in Figure 3.

3. Single Discrepant Velocities

V'V 17z - This chain was discussed by BURBIDGE and BUr-
BIDGE (1960) and Bursmee, Bursince, and HovLe (rgb3}, on
the basis of redshifts for two outl of the total of five galaxies.
A surprising discovery was made by SArGENT (1968) when he
measured the remaining three objects and found that one of
the galaxies has v=36,880 km/sec whercas the mean velocity
of the other four is near 16,000 km/sec. There are three possi-
bilities for explaining this strongly discordant velocity: ecither
this is a case of the chance coincidence of a background object

[73] 1¥, 12 - Burbidge and Savgent - p. 12
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with a higher intrinsic luminosity, fitting into a convenient gap
between the neighboring galaxies in the chain, as seen projected
on the celestial sphere, or there is a non-velocity component
in the redshift of the discordant object, or, thirdly, this object
is being ejected with explosive violence out of the group. The
probability of the first was estimated by SarGENT to be 1 in
5000; its is not possible to assign probabilities to the latter
two options.

Zwicky’s Triple around IC 3481 - Zwicky (1g957) discuss-
ed this group, in which the discrepant velocity is smaller by
some 7000 km/sec than the other two. IC 34871 and a fainfer
galaxy have velocities +%011 and +%229 km/sec, while IC
3483 has +33 km/sec. A luminous bridge connects the first
two, and a long luminous structure extends from the fainter
galaxy and appears to connect with IC 3483. The question of
the probability of these luminous arms extending into free space
and ending by chance near some foreground or background gal-
axy is obviously difficult to evaluate, since the production of
such arms is not understood. They also figure in some of the
evidence presented by Arp. A study of the frequency of lu-
minous arms that end in clear space, with no nearby galaxy,
should be undertaken.

Stephan’s Quintet - When four velocities were known in
this group, from the list of redshifts by Humason, MAvALL, and
SANDAGE (1950), it was already apparent that a large value of
f would be required to bind the group (AMBARTSUMIAN 1g58;
BuremeE and BURBIDGE 1¢5¢; Liverr and MATHEWS 1g6o).
The surprise here came with the measurement by BUrsmGE
and BURBIDGE (1g61c) of the fifth redshift, that of NGC #7320,
which was found to be some 5000 km/sec smaller than the
others. An estimate of the probability of chance coiucidence
of a foreground galaxy indicated that this was small but not
impossibly so; again, the probability of the alternative expla-
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304 PONT. ACAD. SCIENT, SCRIPTA VARIA 35 - NUCLEL OF GALAXIES

nation — explosive ejection of the fifth galaxy from the group —
could not he evaluated.

However, examination of the location of Stephan’s Quin-
tet on the Palomar 48-inch Sky Swrvey Atlas reveals that if
lies quite near NGC 7331, a large, well-studied Sb galaxy
(RUBIN ¢t al. 1965). The velocities of NGC 7320, the discre-
pant member of Stephan’s Quintet, and NGC 7331 are so similar
as to suggest that the two galaxies may be physically related.
Corrected for a rotation of our Galaxy of 250 km/sec, the ve-
locity of NGC %320 is + 1oz7 km/sec, and that of NGC 7331
is + 1082 km/sec. Figure 4 shows this area of the sky on the
Palomar Atlas. A stndy of the H II regions in the two objects
has not been made but would be well worthwhile, because if
the two galaxies are in fact at the same distance, this should
be apparent from a study of the distribution of angular dia-
meters of their H II regions.

Seyfert’s Sextet - This group of galaxies around NGC 6027
is shown in Figure 5 which is copied from a 2co-inch plate
taken by W. Baape. It was discovered by SEYFERT {1g51) on
a Harvard Schmidt plate. The individual galaxies are identi-
fied in Figure 6, using SEYFERT’S notafion. Recent measure-
ments by SARGENT which are summarized in Table 5 show that
galaxy “d” has a discrepant redshift, differing by 15,000
km/sec from the mean defined by the other four objects meas-
ured, Galaxy “d” is 16.0 mag. and appears to be an Sc.
Before any redshifts had been measured, Baapg, in a letter to
SEYFERT, expressed the view that “c” and “d” were not
members of the group on the grounds that, unlike the other
components, they were not tidally distorted. SeyeErT (1951)
disagreed with Baape. He stated “From a statistical view the
probability of two members being field nebulae seems extre-
mely remote since the entire group occupies a circular area of
approximately three square minutes of arc, whereas the general
field nebulae brighter than magnitude 17 on the rest of the
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16, 4 — NGC 7331 (),
National Geographic Scciety - Palomar Observatory Sky Survey, O print.

and NGC 7320 in Stephan’s Quintet (b). Reproduced from
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»
»
&
& »
.
Fie, 5 — Seylert’s Sextet; photograph by W. DBaapi with zoo-inch Iale
telescope.

Schmidt plate (25 square degrees) average one galaxy per 160
square minutes. As a matter of fact, the nearest galaxy to
the group brighter than the 17.0 mag. is 18 away. On the

[23] 11, 22 - Burbidge and Sargeni - p. 106
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L] N
30" 10 kpc

Fie. 6 — Sketch of Seyfert’s Sextet, showing scale and identification of
members,

other hand, if the Sc spirals are members of the group, they
arc statistically abnormal because of their extremely small

size”.
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TABLE 5 —— Redshifts and magnitudes for Seyfert’s Sextet.

VR

(km. sec.-l) Type i, M,

NGC Ooz27 4408 Sa or So 14.7 -1G.4
a 4141 Sa I5.1 -10.0

b 4430 Sa or So 15.3 -18.8

¢ 4581 She 15.0 -18.5

d 10930 Sc 10.0 (*) -21.3

e — {(**} Irr, 10.5 -17.0

(*) Absclute magnitude caleulated on the assnmption that “d” bas
the distance corresponding to its redshift.

{(¥*) Component “c* is probably not a separate galaxy but matter
tidally displaced from NGC Goz7.

If galaxy “d” is a member of Sryrurt’s Sextet its ab-

solute magnitude is M,= ~ 18.1. If it is at the distance corre-
sponding to its redshift, then M, = - 2r.3. Such a luminosity

is unusual but not unprecedented for an Sc galaxy. It lies near
the upper limit of the range quoted by vAN DEN BErRGH (1960).
An independent way to estimate the distance of galaxy “d”
is provided by vaN pEN BErGH'S (1g60) system of luminosity
classification for Sc's.  Unfortunately, the image of galaxy
“d” on Baapr’s plate does not resembie any of vaN DEN
BereH's standards. This may be due to the fact that the
image is small with too few information elements for conve-
nient classification,

If we ignore galaxy “d”, SEYFERT'S sextet is a remark-
able system. The mean three-dimensional separation of the
remaining members is only 17 kpc, even smaller than the mean
separation of the components of STEPHAN'S Quintet. Tt is re-
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markable that such a high proportion of the groups with very
small physical scparations between the members — VV 172,
STEPHAN'S Quintet and SevrErT'S Sextet are ail in this cate-
gory — have discrepant redshifts associated with them,

I1IT. COMPANIONS AROUND GALAXIES; CHAINS AND LINES OF
GALAXIES OR RADIO SOURCES

The large velocity dispersions in small groups, and the
few cases of single very discrepant velocities, might imply that
the material out of which galaxies form could be ejected from
existing galaxies, or that in some cases the measured wave-
length shift might not be due to Doppler shift. It is therefore
worthwhile to consider any other evidence which might have
a bearing on this possibility. We first mention work on distri-
butions of galaxies.

ARP (1967, 1968a) suggested that, in a statistically sig-
nificant number of cases, radio sources occur in pairs lined
up on cither side of galaxies falling into a certain category in
his Atlas of Peculiar Galaxics (Arp 1966). The radio sources
can be cither radio galaxies, SOs, or optically unidentified
sources. The type of central peculiar galaxy is that categorized
by ARP as having very disturbed, “eruptive”, forms. He
suggested that the radic sources have been ejected in opposite
directions by the central object and, since the radio sources
often have much larger redshifts than the cenfral object, he
has conciuded that redshifts can contain a component not doe
to Doppler shift. He also (Arr 1968b) drew attention to distri-
butions of galaxies about certain bright radio galaxies, in chains
or lines through them, locking as though they or their progen-
itors had been thrown out of the radio galaxy in preferential
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directions. MARKARIAN (1961, 1063) had earlier discussed some
of these lines or chains.

There has been considerable criticism of the stafistics in-
volved in discussion of the pairs of radio sources, and the gen-
eral consensus has been that the conclusions drawn by Arre
are so far-reaching that firmer evidence is needed for their
acceptance, The ball has therefore been returned to the ob-
servers.

Two further statistical studies have a bearing on the ques-
tion. In a study of 174 physical groups of galaxies centered
on prominent spiral galaxics, HormsErG (1969) has looked
into the distribution of satellite galaxies about the primary.
After careful estimation of the coniribution to the numbers of
safellites by background or foreground galaxies, he found some
interesting effects. Spiral galaxies with an edgewise orienta-
tation (ratio of apparent diameters <Z 0.53) have a majority of
their satellites distributed around the elongation of the minor
axis of the spiral, i.e., in high local latitudes with respect to
the cquatorial plane of the central galaxy. The predominantly
face-on spiral galaxies, with ratics of apparent diameters
<< 0.53, showed a distribution nearly independent of local lat-
itude. HoLMBERG'S diagrams illustrating this are shown in Fig-
ure 7. Further, the number of satellites around a spiral gal-
axy appears to be larger for spirals with exceptionally blue
nuclei and for spivals with large hydrogen masses. HOLMBERG
concluded that the results favor the hypothesis that the satel-
lites are produced by matter ejected from the nuclear regions
of the spirals, ejection being much easier out of the galactic
plane, but that the statistical evidence was not conclusive.

ARP (1g970a, b, ¢) has also considered the companions or
satellites of galaxies. Compact safellites around the active var-
iable N-type radio galaxy 3C 3771, itself a very compact object,
arc connected to it by low-luminosity bridges. Redshifts of two
of the companions have not been measured, but there is no
discrepancy between the redshift of 3C 371 itself and those of
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the other two companions. In the case of NGC 772, however,
where similar luminous arms or Dbridges appear to connect
nearby small galaxies to it, there are considerable differences
between the redshifts. Low-luminosity arms of this type were
referred to in Section IT; it is desiderable to investigate the

60—
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0 ! ! | ) j | ; 1 ]
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60—
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40 /\/Q
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0 i ) | I 1 l L ! ]
[0} 30° ‘# 60° q0°
Fig., 7 -— Distribution of position angles, ¢. of satellite galaxies with
respect to the major axis of the primary galaxy, from HoLMBERG {1969).
N = number of galaxies with ¢ in r5¢ ranges about plotted value, A:

~¢dge-on primaries, Tatio of minor to major axis < 053 B: face-on
primaries, ratio > 0.53.
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frequency with which they occur without connecting to a nearby
galaxy. Finally, ArRr (1970Db) looked into the distribution of
redshifts among 19 companions or satellites of larger galaxies,
and found that in 16 of the cases the redshift of the companion
was larger than that of the primary galaxy, by amounts of
order 100-z00 km/sec, the average difference being +42
km/sec. This suggested to him the existence of a non-velocity
component in the redshifts of the companions. Clearly, further
observations of redshifts of galaxies with companions are de-
sirable, and considerabie care will be needed in evaluating the
contributions from background galaxies, Perhaps the method
of diameters of H IT regions can be applied, as we suggested
for the case of StePHAN'S Cuintet.

IV. LARGE VELOCITY DIFFERENCES IN SINGLE GALAXIES OR
MULTIPLE-NUCLEI OB[ECTS

The velocity dispersions in the groups are usually in the
range of several hundred up to about 10® km/sec. It is worth
noting that velocities in this range, exceeding the central escape
velocity and reaching even a few thousand km/sec, have been
found in some of the active single galaxies being discussed at
this Study Week, and that multipie-nuclei cbjects, e.g. NGC
0166, a complex radio galaxy, can also exhibit large velocity
differences.  Since these observations may be related to the
phenomenon of large velocity dispersions in groups, we briefly
consider some cases. [Fuller discussion and references have
been given by BURBIDGE (1¢70).

NGC 1275 and other Seyfert Galaxies

The gas cloud in NGC 1275 has a velocity 3000 km/sec
greater than the galaxy itself (Minxowski 1957, BURBIDGE

Fe3} M, 12 - Burbidge and Sargenl - p. 22



BURBIDGE AND SARGENT ! VELOCITY DISPERSIONS... 373

and BURBIDGE 1965, LyNps 1970). This is very similar to the
velocity difference in the group VV 159 (Table 2), in which
the velocities are -+ 10,402, + 10,548, and +13,242 km/sec.
The emission-line profiles of other Seyfert galaxies, e.g. NGC
1068 (WALKER 1966, 1968), show that there are gaseous cloud
complexes moving at velocities of several hundred km/sec in
the nuclear region, in addition to the larger velocity spread in-
dicated by the outer wings of the lines. The absorbing clouds
detected by Anperson and KRAFT (1969) in the nucleus of
NGC 4151 have velocities up to 970 km/sec relative to the
nucleus itself.

M 82 and M 87

The gascous filaments extending along the minor axis of
M 82 were deduced by Lynns and SaNDAGE (1963) to be moving
outward from the nucleus at velocities of about 1oco km/sec.
WarLker and Hayrs (1967) found that the nucleus of M 8y
contains gaseous clouds moving at discrete velocities of hun-
dreds of km/sec, as in the Seyfert nuclei.

3C 390.3, a Move Distant Radio Galaxy

LyNps (1067) drew attention to the very great widths of
the Balmer lines of hydrogen in 3C 3g0.3, an N-type radio
galaxy. He cstimated the total widths to correspond to a vel-
ocity spread of 17,000 km/sec, fully as great as the net red-
shift of the object. Figure 8 shows an image-tube spectrogram
of this galaxy, obtained at the prime focus of the Lick r2o0-inch
telescope. It may be seen that both Ha and HB are double;
Hy is also and its longward component is blended with [O TIT]
%4363. The forbidden lines are not double, The mean veloe-
ity of the longward components of Ha and Hf is 16,800
km/sec, in agreement with the mean velocity of the forbidden
lines; the mean velocity of the shortward components of He,

{731 11, 12 - Burbidge and Savgenl - p. 23
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Hf, and Hy is 12,250 km/sec. Thus there is a velocity differ-
ence of 4550 km/sec between the two components, quite apart
from the great total width of the Ha wings. The absence of

3889  [0m}4363 |

t

H

Fis. 8 — Spectrum of N-type radio galaxy 3C 390.3, pheotographed with
Carnegie image-tube spectrograph at prime focus of Lick 120-inch telescope.
Note very great width of He and M, and double maxima.

a shortward component in the forbidden lines may indicate
that the gas producing this comporent has a high electron
density.

Mudtiple-Nuclei QObjects

The complex ¢D+E radio galaxy NGC 6166 is a quad-
ruple object with a common envelope. MINKOWSKI (196T)
measured redshifts of three of the four components and ob-
tained velocities of 40480, + %960, and + 10,050 km/sec, from
stellar absorption lines and [O IT] %372% in the ¢D component.
Thus the total spread in velocity here exceeds 2000 km/sec,
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and there is no question but that these three components form
a physical system. The mass of the system obtained by Min-
KOWSKI from the virial theorem was 1.4 x 10" Mg; even with
the extensive outer envelope of the ¢D and the great total lu-
minosity of the system, this gave a large mass-to-light ratio
of f=14g, and it seems likely that the system has positive
total encrgy.

A very large spread in velocities was measured by SERSIC
{(19606) in NGC 6438, a peculiar galaxy necar the S. pole. He
found + 6300 km/sec in the Se component and + 2680, + 4300
km/sec in two parts of the irregular component, and suggested
that the object was the aftermath of a galactic explosion.

Nuclei with Smaller Velocity Differences

The apparently normal spiral galaxy NGC 4939 was found
by Bureinge and DimoULIN (1g6g) to have in its nuclear
region a gas cloud with a velocity 700 km/scc different from
the galaxy as a whole. For a normal galactic mass, this is
we