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INTRODUCTION

Research into the origins and evolution of the universe, of matter and
of life belongs to the focal topics of the natural sciences. The Pontifical
Academy of Sciences has repeatedly paid attention to these questions both
in plenary sessions and in specialised meetings. In recent years relevant
basic scientific knowledge has been considerably enriched, in particular by
the introduction of novel and powerful research strategies. Cosmic investi-
gations can reach ever greater distances, while particle physics and the
nanosciences allow scientists to explore structures of ever smaller dimen-
sions. The results of these largely interdisciplinary studies considerably
enrich our knowledge about natural reality and they also raise new ques-
tions. These concern, for example, a postulated multiverse or dark matter
and, more generally, cosmic evolution. In the life sciences more precise
structural knowledge on genetic information and on gene products pro-
vides insights not only into functional characteristics but also into molec-
ular mechanisms that contribute to the occasional generation of genetic
variants — the drivers of biological evolution.

By definition, evolution implies a changing reality. This is what the sci-
ences have postulated as holding both for the inanimate cosmos and for the
living world. Ever more powerful research strategies continue to strengthen
the validity of these postulates.

The Council of the Pontifical Academy invites the Academicians to
present in the forthcoming Plenary Session any scientific contributions
that may validate or falsify evolutionary theories and can provide a deep-
er insight into the evolutionary processes of the living and of the non-liv-
ing world. This might allow our Academy to update its own knowledge
base and to transmit this knowledge to human society to bring its science-
based worldview up to date. In addition to traditional wisdom, religious
beliefs and educational values, scientific knowledge forms an essential
part of the guiding knowledge that we need to make individual and socio-
political decisions.



In these scientific debates the Council of the Academy proposes to focus
more on the evolutionary process as such than on the postulated origins of
things which, however, shall also be discussed. It is our intention to
strengthen our knowledge on the dynamics of evolution in its historical
dimensions and also to provide prospective views on upcoming develop-
ments into the distant future. Contributions on the specific impact that
human activities may have on evolutionary processes will also be welcome.
The Council also expects to be able to draw from the Plenary Session con-
clusions that are of relevance to the subject of the creation of something out
of nothing and the various forms - also of an evolutionary kind — in which
this participation in being, caused by the Being in essence, is realised.
Indeed, for Thomas Aquinas, from a philosophical perspective, everything
that is by participation is (or is caused) by the Being in essence. Thus not
even the evolutionary processes of the universe and of life can be excluded
from emanation from the universal principle of being.

Werner Arber & Nicola Cabibbo
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ADDRESS OF THE PRESIDENT TO THE HOLY FATHER

Holy Father,

We are very grateful to you for this audience on the opening day of the
Plenary Session of the Pontifical Academy of Sciences which has as its
subject ‘Scientific Insights into the Evolution of the Universe and of Life’.
It is a great honour for us today to introduce to you the eight new mem-
bers of the Academy.

The Academy has decided to devote this Plenary Session to the study
of evolution, a concept that has enhanced our understanding not only of
life but also of the past history of the universe.

The investigations of the particles that are the ultimate building blocks
of all kinds of matter, and improved observational techniques, have in
recent years enormously extended our understanding of the universe.
Cosmologists are now starting to peer beyond the limits posed by the Big
Bang. The results of these largely interdisciplinary scientific studies con-
siderably enrich our knowledge about natural reality and they also raise
new questions. These concern, for example, a postulated ‘multiverse’, or
the nature of dark matter, or the dark energy that causes the recently dis-
covered acceleration in the expansion of the universe. We look forward to
the forthcoming results of the Large Hadron Collider in the Geneva
Laboratories of CERN which may clarify some of these new issues.

In the life sciences more precise knowledge of the information con-
tained in genetic material, and the recent advances in analysing and com-
paring the genomes of different species, have enhanced our understand-
ing of the processes that underlie the evolution of life. In this case, as well,
many questions remain open, and these, together with those mentioned
above, will be discussed during our meeting.

In this scientific debate the Academy proposes to focus more on the
evolutionary process as such than on the transcendent origins of beings,
or the creation of the world, which will, however, also be indirectly dis-
cussed.
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We are conscious that the subject of this meeting is one that you have
often addressed in your teaching, and Cardinal Schénborn kindly agreed
to present to the Academy your reflections on this important subject. We
await your words with great interest and they will certainly illuminate our
discussions.

Aware of the many duties that your high office places upon you, we may
think here of the recent Synod of Bishops, we are especially grateful to you
for granting this audience to us today.

Nicola Cabibbo
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TO THE MEMBERS OF THE PONTIFICAL
ACADEMY OF SCIENCES

Friday, 31 October 2008

Distinguished Ladies and Gentlemen,

I am happy to greet you, the members of the Pontifical Academy of
Sciences, on the occasion of your Plenary Assembly, and I thank Professor
Nicola Cabibbo for the words he has kindly addressed to me on your behalf.

In choosing the topic Scientific Insight into the Evolution of the Universe
and of Life, you seek to focus on an area of enquiry which elicits much inter-
est. In fact, many of our contemporaries today wish to reflect upon the ulti-
mate origin of beings, their cause and their end, and the meaning of human
history and the universe.

In this context, questions concerning the relationship between sci-
ence’s reading of the world and the reading offered by Christian
Revelation naturally arise. My predecessors Pope Pius XII and Pope John
Paul II noted that there is no opposition between faith’s understanding of
creation and the evidence of the empirical sciences. Philosophy in its
early stages had proposed images to explain the origin of the cosmos on
the basis of one or more elements of the material world. This genesis was
not seen as a creation, but rather a mutation or transformation; it
involved a somewhat horizontal interpretation of the origin of the world.
A decisive advance in understanding the origin of the cosmos was the
consideration of being gua being and the concern of metaphysics with the
most basic question of the first or transcendent origin of participated
being. In order to develop and evolve, the world must first be, and thus
have come from nothing into being. It must be created, in other words,
by the first Being who is such by essence.

To state that the foundation of the cosmos and its developments is the
provident wisdom of the Creator is not to say that creation has only to do
with the beginning of the history of the world and of life. It implies, rather,
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that the Creator founds these developments and supports them, underpins
them and sustains them continuously. Thomas Aquinas taught that the
notion of creation must transcend the horizontal origin of the unfolding of
events, which is history, and consequently all our purely naturalistic ways
of thinking and speaking about the evolution of the world. Thomas
observed that creation is neither a movement nor a mutation. It is instead
the foundational and continuing relationship that links the creature to the
Creator, for he is the cause of every being and all becoming (cf. Summa
Theologiae, 1, q. 45, a. 3).

To ‘evolve’ literally means ‘to unroll a scroll’, that is, to read a book. The
imagery of nature as a book has its roots in Christianity and has been held
dear by many scientists. Galileo saw nature as a book whose author is God
in the same way that Scripture has God as its author. It is a book whose his-
tory, whose evolution, whose ‘writing’ and meaning, we ‘read’ according to
the different approaches of the sciences, while all the time presupposing the
foundational presence of the author who has wished to reveal himself
therein. This image also helps us to understand that the world, far from
originating out of chaos, resembles an ordered book; it is a cosmos.
Notwithstanding elements of the irrational, chaotic and the destructive in
the long processes of change in the cosmos, matter as such is ‘legible’. It has
an inbuilt ‘mathematics’. The human mind therefore can engage not only
in a ‘cosmography’ studying measurable phenomena but also in a ‘cosmol-
ogy’ discerning the visible inner logic of the cosmos. We may not at first be
able to see the harmony both of the whole and of the relations of the indi-
vidual parts, or their relationship to the whole. Yet, there always remains a
broad range of intelligible events, and the process is rational in that it
reveals an order of evident correspondences and undeniable finalities: in
the inorganic world, between microstructure and macrostructure; in the
organic and animal world, between structure and function; and in the spir-
itual world, between knowledge of the truth and the aspiration to freedom.
Experimental and philosophical inquiry gradually discovers these orders; it
perceives them working to maintain themselves in being, defending them-
selves against imbalances, and overcoming obstacles. And thanks to the
natural sciences we have greatly increased our understanding of the
uniqueness of humanity’s place in the cosmos.

The distinction between a simple living being and a spiritual being that
is capax Dei, points to the existence of the intellective soul of a free tran-
scendent subject. Thus the Magisterium of the Church has constantly
affirmed that ‘every spiritual soul is created immediately by God - it is not
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‘produced’ by the parents — and also that it is immortal’ (Catechism of the
Catholic Church, 366). This points to the distinctiveness of anthropology,
and invites exploration of it by modern thought.

Distinguished Academicians, I wish to conclude by recalling the words
addressed to you by my predecessor Pope John Paul IT in November 2003:
‘scientific truth, which is itself a participation in divine Truth, can help
philosophy and theology to understand ever more fully the human person
and God’s Revelation about man, a Revelation that is completed and per-
fected in Jesus Christ. For this important mutual enrichment in the search
for the truth and the benefit of mankind, I am, with the whole Church,
profoundly grateful’.

Upon you and your families, and all those associated with the work of
the Pontifical Academy of Sciences, I cordially invoke God’s blessings of
wisdom and peace.
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GIAMPIETRO PuppI ( 25.XI1.06)

Giampietro Puppi was one of the great masters of Italian Physics after
the second world war, that had led to the dispersal of the great schools in
Rome, Florence and Padua. In Padua he had been a student of Bruno Rossi
and Giancarlo Wick. He became Professor of Theoretical Physics in Naples
in 1950 and from 1951 in Bologna where he remained, except for short
periods in Padua and in Venice, until his retirement in 1989.

Puppi will be remembered in the history of physics for his fundamental
contribution to the theory of weak interactions. Puppi was the first to recog-
nise that the beta radioactivity theorised by Fermi in 1934, the nuclear cap-
ture of muons, and the decay of muons were effects of a single interaction
that acts equally in the three processes — the Puppi triangle. Puppi can thus
be considered as the founder of weak interaction theory, and his work is a
major contribution to the modern unified theories of particle interactions.

Giampietro Puppi had a leading role in the lauching of modern Italian
physics. Turning his interest from theoretical to experimental physics he
obtained significant results such as the first proof of parity violation in the
decay of strange particles. He had major roles in the birth of Italian radioas-
tronomy, nuclear energy research and space research. He also played a
major role in the launching of environmental and earth studies where he
realised important collaborations with Italian industry.

The list of the many important positions he covered in many European
and Italian institutions, that range from the CERN laboratories to the Euro-
pean and Italian space agencies, to the Italian CNR and in many Italian
industries, some of which he founded, and of the many honors he received,
is too long to recall here. I would however like to remember his unflagging
dedication to our Academy where he served for many years as a member of
the council, until the very last years of his life, when failing health forced
him to retire. His wisdom and generosity will not be forgotten.

Nicola Cabibbo
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TE-Tzu CHANG (F 24.I11.06)

Over the span of his highly productive life, Te-Tzu Chang made major
contributions to the alleviation of hunger through the development of
improved varieties of rice, the most important food crop in the world. His
contributions led to the development of a substantially elevated food sup-
ply and thus to the improved well-being of hundreds of millions of people
throughout the world. With almost half of the world’s people depending
on rice as their major source of food, the great importance of Dr. Chang’s
efforts is easy to understand.

For 30 years, Dr. Chang was principal geneticist and head of the Inter-
national Rice Germplasm Center at the International Rice Research Insti-
tute (IRRI) in the Philippines. His research and the research of the unit he
headed on evolution and variation in rice led to advances in the productiv-
ity of a number of strains and their resistance to disease. His development
of a new variety of dwarf rice, introduced in 1962, let to the possibility of
producing an extensive series of semi-dwarf, sturdy rice varieties that great-
ly improved rice productivity in southern China and in tropical areas
throughout the world. He played a major role in the development of the
institutions and programs that we count on today to protect the overall
diversity of cultivated rice and its wild relatives, with his institute alone
arranging for the collection of some 44,000 samples in Asia and Africa, now
conserved in IRRI for the benefit of the entire world — an incredible asset
for improving the characteristics of cultivated rice varieties for the future.
Overall, the rice germplasm collection at IRRI holds some 85,000 samples
and receives hundreds of thousands of requests for seeds to use in rice
breeding and selection programs throughout the world. In 2007, IRRI ded-
icated its Genetic Resources Center (GRC), based in part on the IRGC that
he founded, to his memory as the T.T. Chang Genetic Resources Center, an
indispensible resource for rice breeders throughout the world. The impor-
tance of IRRT’s collection of rice varieties was demonstrated clearly after
the Asian tsunami of December 26, 2004, when the Institute was able to
send salt-resistant varieties of rice they had developed to the areas that had
been rendered salty by the flooding. With an annual contribution from the
Global Crop Diversity Trust unlocked by private contributions to the sup-
port of the GRC, the future of these unique and indispensible rice collec-
tions will be assured permanently.

Born April 3, 1927, in Shanghai, China, he attended Nanking Univer-
sity and St. John’s University and went on to work as an apprentice in
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agronomy in Canton before completing his graduate work at Cornell Uni-
versity and the University of Minnesota, where he earned his Ph.D. degree
in 1959. Working for a couple of years in Taiwan, he moved to IRRI in
1961, developing rice varieties that formed part of the foundation of the
Green Revolution. The important semi-dwarf rice variety IRS, adopted
widely all over Southeast Asia, and its productivity and resistance to dis-
eased played a major role in ending the famine of 1966-8 and alleviating
a second predicted famine four years later. Professor Chang retired from
IRRI in 1991 and returned to Taiwan, where had made further contribu-
tions to rice breeding and germplasm collection through the National
Crop Germplasm Center. He died accidentally falling from a ladder on
March 26, 2006, just short of his 79th birthday.

Throughout his career, Te-Tzu Chang published on his basic and
applied research prolifically and mentored hundreds of rice researchers
and breeders, who have made and are making important contributions
throughout the world. He was appointed to the Pontifical Academy of Sci-
ences in 1997 and was a member or foreign member of several other
academies, including the U.S. National Academy of Sciences, the Ameri-
can Academy of Arts and Sciences, and the Third World Academy of Sci-
ences. He received many prizes and awards during his long and distin-
guished career, including the Tyler Prize for Environmental Achievement,
the award for International Service in Agronomy, and the Frank Meyer
Award and Medal on Plant Germplasm. He was a strongly collaborative
scientist whose distinguished life offered a great deal to the advancement
of his field of study, so important for human welfare, and to the fellow-
ship of our Academy.

Peter H. Raven

KA1 MANNE BORJE SIEGBAHN (f 20.VIL.07)

We remember with deepest respect the memory of a very distin-
guished scientist, who was our colleague, Prof. Kai M. Siegbahn. He was
born on 20th April 1918 in Lund, Sweden. He passed away on 20th July,
2007 at the age of 89 at his summer home in Angelholm, in southern Swe-
den. He became a Member of our Academy on 14th December 1985.

Kai Siegbahn was the son of another great Swedish physicist, Manne
Siegbahn, who won the Nobel Prize in 1924. Kai Siegbahn himself won
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the Nobel Prize in 1981; he received half the prize for the new approach
to chemical analysis based on photoelectron spectroscopy; the other half
was shared by Arther Schalow and Nicolaas Bloembergen for their con-
tributions to laser spectroscopy. Both these areas owe their origin to the
conceptual discoveries of Einstein, earlier in the century, of the photo-
electric effect and of coherence.

Kai Siegbahn always acknowledged his father’s influence on him; he
remarked to the New York Times: ‘Conversations in early life with the
Nobelist at the breakfast table gave him an advantage unanticipated at that
time’. By winning a Nobel Prize that his father had also won earlier, Kai M.
Siegbahn joined several other families in this respect: the Thompsons (J.J
and G.P.); the Braggs (William and Lawrence); the Curie family (Marie and
Pierre Curie, Irene and Fredrick Joliot Curie); the Bohrs (Neils and Aage);
and most recently the Kornbergs (Arthur & Roger).

Kai M. Siegbahn was a student at Uppsala University (1936-1942).
From 1942-1951, he carried out research in Stockholm; he took his Ph.D.
in Physics from the University of Stockholm in 1944,

Kai Siegbahn'’s primary contribution was in the field of photo electron
spectroscopy. He was the inventor of ESCA (Electron Spectroscopy for
Chemical Analysis). This was essentially based on the bombardment of
any given material with a beam of X-rays as a result of which electrons
would be released. The energies of these electrons could be measured
with a spectrometer and was characteristic of the electronic binding ener-
gies in the atoms from which they came; this was to some extent depend-
ent on the chemical environment of the atom. As a result, one could reli-
ably tell the composition of the material being tested.

The photoelectric effect, which relates to the emission of electrons from
a metal surface irradiated by photons had been explained by Einstein in
1905; and X-rays were used for such experiments in the second decade of
the last century. But it was through the work of Kai Siegbahn and his col-
laborators, who developed sophisticated instruments for studying the ener-
gy spectrum of the emitted electrons, that it became the method it is today,
for widest application for chemical analysis. ESCA was based on Kai Sieg-
bahn’s deep understanding of nuclear spectroscopy. One should recall the
classic works edited by him ‘Beta- and Gamma-Ray Spectroscopy’ (1955)
and ‘Alpha-, Beta- and Gamma-Ray Spectroscopy’ (1965). Throughout the
1970s there were innumerable surveys on ESCA. They had their roots in his
books ‘ESCA: Atomic, Molecular and Solid- State Structure Studied by
Means of Electron Spectroscopy’ (1967) and ‘ESCA applied to Free Mole-
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cules’ (1969). He was editor for the journal ‘Nuclear Instruments and Meth-
ods in Physics Research’ since it started in 1957.

The Nobel lecture that Kai M. Siegbahn gave on 8th December 1981,
when he received the Nobel Prize, was on ‘Electron Spectroscopy for
Atoms, Molecules and Condensed Matter’.

ESCA is now used routinely for studies of surface reactions such as
those that occur in corrosion and catalytic reactions; for testing the sur-
faces of semi conductors etc. These are vital in many process industries.
Later Nobel Prizes have been awarded for a deep understanding of process-
es at surfaces. ESCA is an extremely sensitive technique, and particularly
with the rapid development of computers, become fairly all-pervasive.

Kai Siegbahn was deeply committed to science and its applications.
He was a simple person and a good friend.

M.G.K. Menon

CARLO BALDOVINO DI ROVASENDA (F 15.X11.2007)

Carlo Baldovino di Rovasenda € nato a Torino il 17 giugno 1906. Dopo gli
studi liceali, nel 1923 s'iscrive al Politecnico di Torino (Regia Scuola d'Inge-
gneria). Nel 1923-1924 diventa membro dell’Azione Cattolica. Frequenta il
circolo “Cesare Balbo” della FUCI, del quale sara eletto presidente nel 1925.
In questo ambito, svolge una grande attivita al livello piemontese e naziona-
le. Incontra l'assistente ecclesiastico della FUCI, il futuro Paolo VI, Giovanni-
Battista Montini. Termina questa attivita nel 1928-1929. 11 23 novembre 1928,
si laurea in Ingegneria Industriale Meccanica presso il Politecnico.

Nel 1929, entra nell’Ordine Domenicano, dove si dedica allo studio della
filosofia e della teologia. Sara consacrato sacerdote nel 1933. Nel 1936, pren-
de la licenza di filosofia presso I'Istituto Cattolico di Parigi e sara incaricato
di un ministero di predicazione e d'insegnamento nel suo Ordine. Occupera
anche diversi posti di responsabilita, prima a Torino e poi a Genova.

Nel mese di novembre 1972, la Segreteria di Stato lo nomina Diretto-
re aggiunto della Cancelleria della Pontificia Accademia delle Scienze
dove collabora con il Presidente Carlos Chagas.

Nel 1972, Papa Paolo VI, lo nomina Direttore, sara confermato nel 1978.

Nel 1975, sara incaricato di presentare proposte concrete per definire
la situazione dell’Accademia rispetto alla Santa Sede. Lapprovazione del
progetto permette al Presidente di prendere iniziative. Sara il rappresen-
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tante della Santa Sede presso diverse organizzazioni e partecipera a con-
ferenze internazionali.

Il 3-7 ottobre 1981, ’Accademia pubblica una Dichiarazione sulle con-
seguenze dell'impiego delle armi nucleari. Il documento sara affidato a
cinque delegazioni di scienziati che lo rimettono ai governi delle cinque
principali potenze nucleari. La partecipazione di Padre di Rovasenda a
questa iniziativa sara di prima importanza.

Padre di Rovasenda lascia il suo incarico nel 1986. Nel 1987 sara
nominato Accademico onorario.

Il 23 novembre 1992 I'Universita di Genova gli conferisce la laurea
Honoris Causa in Architettura quale promotore del primo restauro di un
importante monumento nel centro storico devastato durante la seconda
guerra mondiale.

Il 17 giugno 2006 aveva festeggiato il suo centesimo compleanno con
i suoi fratelli domenicani del Convento di Santa Maria di Castello di
Genova e con molti amici.

+ Georges Card. Cottier, OP

JOSHUA LEDERBERG (T 2.I1.08)

The geneticist and microbiologist Joshua Lederberg was without any
doubt one of the leading scientists of the 20th century. He was a pioneer of
modern microbiology, one of the founders of molecular biology, and a leader
in the development of biotechnology. He participated in laying the founda-
tions for genetic engineering and the genetic approaches to medicine.

When he was a young professor of genetics at the University of Wiscon-
sin, he published important papers describing his discovery of viral trans-
duction which consists in the ability of viruses that infect bacteria to trans-
fer fragments of DNA from one infected bacteria to another and to insert
them into the bacterial genome. Transduction has important applications
in bacterial genetics and biotechnology and the use of viruses to manipulate
bacterial genomes became the basis of genetic engineering in the 1970s.

Already for his thesis work, he discovered important notions. He
showed that a sort of sexual reproduction occurs in E coli, so revealing both
an unexpected feature of microbial reproduction and providing an essen-
tial tool for genetic research.

For these achievements, Joshua Lederberg was awarded the Nobel
Prize, at the remarkably young age of 33.
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But his talents and inventiveness were not confined to genetics and
microbiology. Lederberg was also interested in Space exploration because of
its promises of the discovery of new secrets about nature of the universe
and about the origin of life. He helped to design equipment used by the
NASA on Space Mission and was one of the founding members of the
Space Science Board set up by the US National Academy in 1958.

In 1976, with his colleagues at the Instrumentation Research Laboratory
at Stanford University, Joshua Lederberg designed instruments for soil analy-
ses used on US Viking Spacecrafts during exploration of the planet Mars.

He was also a very competent applied mathematician and was one of
the first to realise the potential of computers and artificial intelligence for
the future of biomedical research and molecular biology. With a colleague
he created some of the first computers.

Another of his numerous talents was in Science Communication.
Between 1966 and 1971, he wrote a weekly column on Science, Society and
Public Policy in the Washington Post called Science and Man. He firmly
believed that governments, with the help of the scientific community could
improve social welfare, bring about a just and lasting peace and protect the
environment.

Joshua Lederberg died on February 2 of this year. He was born in Mont-
clair New Jersey, in 1925. His father was an Orthodox rabbi and his moth-
er descended from a long line of rabbinical scholars. His parents immigrat-
ed to America from Palestine in 1924 and the family moved to New York
when he was 6 months old. He was attracted to Science at an early age. It
is said that he declared at the age of 7 that his ambition was to be like Ein-
stein and to discover a few theories in Science.

His life was rich in great achievements. The community of humans has
lost one of its most brilliant and productive minds.

Nicole M. Le Douarin
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AARON J. CIECHANOVER

Aaron Ciechanover was born in Haifa, Israel in 1947. His parents,
Yitzhak and Bluma, immigrated to Israel as children from Poland in the
1920s. He obtained his elementary and high school education in Haifa, and
moved to Jerusalem where he obtained his M.Sc. in Biochemistry (1970)
and M.D. (1973) degrees from ‘Hadassah’ and the Hebrew University
School of Medicine. Following military service as a physician in the Israeli
Defense Forces (1973-1976), Ciechanover pursued a career in biological
research and obtained a doctoral (D.Sc.) degree from the Faculty of Medi-
cine of the Technion (Israel Institute of Technology) in Haifa (1981). Dur-
ing that period, along with his thesis advisor Professor Avram Hershko, and
in collaboration with Professor Irwin A. Rose in the Fox Chase Cancer Cen-
ter in Philadelphia, Pennsylvania, USA, he discovered the ubiquitin prote-
olytic system.

Following graduation, Ciechanover continued his training as a post-doc-
toral fellow at M.I.T. and the Whitehead Institute in Cambridge, Massachu-
setts (1981-1984) in the laboratory of Professor Harvey Lodish. There he
worked on receptor-mediated endocytosis, but mostly continued independ-
ently his studies on the ubiquitin system. He also collaborated with Profes-
sor Alexander Varshavsky and his graduate student at the time, now Profes-
sor Daniel Finley, demonstrating the universality of the system in eukaryotes
and its first biological role in cells — removal of short-lived proteins. In 1984
Ciechanover returned to Israel and joined the Faculty of Medicine of the
Technion where he is currently a Distinguished Research Professor.

The discovery of the ubiquitin system added yet another layer to our
understanding of regulation of gene expression. From a scavenger, unregu-
lated and non-specific end process, it has become clear that proteolysis of
cellular proteins is a highly complex, temporally controlled and tightly reg-
ulated machinery that plays major roles in a broad array of basic biological
processes. Among these are cell cycle, development, differentiation, regula-
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tion of transcription, antigen presentation, signal transduction, receptor-
mediated endocytosis, quality control, and modulation of diverse metabol-
ic pathways. The discovery of the complex ubiquitin system and its diverse
functions has changed the paradigm that regulation of cellular processes
occurs mostly at the transcriptional and translational levels, and has set
regulated protein degradation in an equally important position. The discov-
ery of modification by ubiquitin-like proteins and the diverse non-prote-
olytic functions it serves, along with the unraveling of non-destructive roles
of ubiquitination, have broadened the scope of this novel mode of post-
translational modification beyond degradation, and set it as a broad, yet
highly specific mechanism of post-translational regulation of gene expres-
sion. With the multitude of substrates targeted and processes involved, it
has not been surprising to discover that aberrations in the pathway are
implicated in the pathogenesis of many diseases, among them certain
malignancies, neurodegenerative disorders, and pathologies of the immune
and inflammatory system. As a result, the system has become a platform
for drug targeting, and mechanism-based drugs are currently developed,
one of them is already on the market.

Professor Ciechanover has received numerous awards for his achieve-
ments. Among them are the 2000 Albert Lasker Award for Basic Medical
Research (shared with Professors Avram Hershko and Alexander Var-
shavsky), the 2003 Israel Prize for Biological Research, and the 2004 Nobel
Prize in Chemistry (shared with Professors Avram Hershko and Irwin A.
Rose). He is a member of many esteemed bodies, among them the Nation-
al Academy of Sciences of the USA (Foreign Member), and the Israeli
National Academy of Sciences and Humanities.
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STANISLAS DEHAENE

My field of scientific research is the domain of cognitive neuroscience
— understanding how the architecture of the brain gives rise to cognitive
functions such as action, decision, language, or mathematics.

My initial training, at the Ecole Normale Supérieure in Paris, was
indeed in mathematics, but I quickly switched to a PhD in psychology,
with my mentor the psycholinguist Jacques Mehler. With him, I studied
how language comprehension, and especially the understanding of num-
bers, is represented in the human brain. My second mentor is the molec-
ular neurobiologist Jean-Pierre Changeux — with him, I developed models
of how neural networks operate and can learn to perform sophisticated
cognitive tasks under conscious control.

In the early 1990s, brain imaging, first with positron emission tomog-
raphy, then with functional magnetic resonance imaging, began to emerge
as a major new technique to study the organization of the human brain in
a totally non-invasive manner. With the help of Michael Posner, with whom
I worked at the University of Oregon from 1992 to 1994, I began to devel-
op neuroimaging paradigms to study reading, calculation, and even con-
sciousness in the human brain. We made several discoveries — for instance,
a region of the parietal lobe which is systematically involved in number
processing and calculation. We also found another region, now in the ven-
tral temporal cortex, which holds an orthographic code for written words.
Finally, my team was among the first to study the depth of non-conscious
processing of words in the human brain — we discovered that so-called sub-
liminal presentations, where a word is flash but is not consciously seen, suf-
ficed to activate semantic representations in the brain. We also found that
the ability to consciously perceive the same stimuli is associated with
extended activation, notably in the prefrontal cortex, which coincides with
our ability to report what we see to us and to others.

In 2005, I was elected a member of the French Academy of Sciences,
and on the same year I became a professor at the College de France in
Paris, in the chair of Experimental Cognitive Psychology. My laboratory,
however, is not at the College de France itself, but just south of Paris, in
Saclay, at the French Atomic Energy Commission, in a building called
NeuroSpin which is one of France’s advanced neuroimaging research
centers. My laboratory receives funding from INSERM, the French
National Institute of Health and Medical Research. Indeed, my research
continues to focus on higher cognitive functions of the human brain, but
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with a focus on two more recent topics of broader interest for the educa-
tion and medical communities. First, how does schooling, for instance in
the domains of reading or mathematics, affect our brain organization,
and can we use this knowledge to improve the organization of our schools
or the rehabilitation techniques that are used to help dyslexic or dyscal-
culic children. Secondly, can we measure consciousness in the human
brain, and can we use this knowledge to improve the understanding and
treatment of patients in a coma, vegetative state, locked in, or with other
non-communicative disorders.

Issues of the relation between mind and brain used to belong to pure
philosophy, yet are increasingly submitted to an experimental analysis,
thanks to the new tools of neuroscience and imaging. Although these
results fascinate scientists and non-scientists alike, I am well aware that
they remain controversial and also create anxiety for those who fear that
we are opening Pandora’s box by questioning issues of responsibility or
self ownership. Nevertheless, I am convinced that understanding the con-
stitution of our minds is not only an important intellectual challenge, but
also an essential practical issue that will quickly lead to beneficial
advances in the domains of medicine and education. I therefore look for-
ward to debating these issues with other Academy members, and am very
grateful to the Pontifical Academy for its hospitality and openness in
organizing discussions on these matters.

Jost G. FuNEs, S.J.

It is a great honor and responsibility to be the Director of the Vatican
Observatory. When I was asked if I would agree in being appointed Director
of the Vatican Observatory, the item in the job description that scared me the
most was to be part of the Pontifical Academy of Sciences. I am aware that
I do not have the academic credentials; I am a ‘Perdurante Munere’ member.
However, I hope to be helpful to the Academy in any way I can.

TAakASHI GOJOBORI

I am Takashi Gojobori, the Vice-Director and Professor of the National
Institute of Genetics, Mishima, Japan. I am also the Director of the Center
for Information Biology and DNA Data Bank of Japan (DDBJ) in this Insti-
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tute. It is my great honor to be an Academician of such a world-oldest and
prestigious academy as the Pontifical Academy of Sciences.

After finishing my Ph.D. (1979) at Kyushu University, Japan, I was
Research Associate and Research Assistant Professor at the University of
Texas at Houston for 4 years (1979-1983). I also experienced a Visiting Assis-
tant Professorship at Washington University Medical School in St. Louis
(1985, 1986) and a Visiting Research Fellowship at Imperial Cancer
Research Fund (ICRF) in London (1989).

I started my evolutionary work from comparisons of the viral
genomes about 25 years ago, because at that time the only available
genome data were from viruses. I then found that retroviral RNA genes
evolve a million times faster than their DNA counterparts in the human
genome. I believe my evolutionary works of this kind on viral genomes
pioneered the now-called ‘evolutionary genomics’ or ‘comparative
genomics’. I then extended my evolutionary work to the genomes of
prokaryotes including bacteria, discovering that about one seventh, on
average, of all the genes in bacterial genomes have undergone horizontal
gene transfer from other species in the studies of pair-wise comparisons
of more than 150 complete genomes then available.

As the complete genomes of eukaryotes including humans have
become available, I finally got started working on evolutionary genomics
of the nervous system. In particular, I am very interested in the evolution-
ary origin and process of the central nervous system and the brain. In
this line of my study, I found that a substantial number of human genes
specifically expressed in the brain are also expressed, as homologues, in
the neural system of primitive organisms such as a planarian brain and
the hydra neural cells.

Finally, I would like to express my sincere gratitude and deepest respect
to the Pontifical Academy of Sciences for selecting me as an evolutionary
scientist to be an Academician of this outstanding Academy. I hope I can try
to do my best to make contributions to this Academy.

KRISHNASWAMY KASTURIRANGAN

I took my Bachelor of Science with Honours (1961) and Master of Sci-
ence degrees (1963) in Physics from Bombay University and received my
Doctorate Degree in Experimental High Energy Astronomy (1971) from
the Physical Research Laboratory, Ahmedabad, under the guidance of
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Prof. Vikram Sarabhai, a well-known Cosmic Ray Physicist and India’s
pioneer in the space programme.

In the early phase of my research career, I made wide-ranging contribu-
tions to the design and development of sensors and telescope systems for
astronomy research in optical, ultraviolet, x-ray and gamma-ray radiation
domains. They have been successfully flown in the last three decades in bal-
loons, rockets and satellites. In the early phase of my research career I was
one of the earliest to determine the spectrum of diffuse cosmic x-rays in the
20-200 Kev range, investigate the time variabilities of some of the strong x-
ray sources such as ScoX-1, Cyg X-I and HerX-1 and hard X-ray spectral
behavior of HerX-1.123456 Further, I also studied super luminal source GRS
1915 + 105 relating to quasi-regular bursts and detection of x-ray dips as
well as relating these with accretion models.”* T also worked on the concep-
tualization and implementation of an experiment to search for a possible
unique ring structure around the Sun and placing useful upper limits to its
mass.’ I contributed to the discovery of an interesting phenomenon of
enhanced ionization, resulting from the transit of ScoX-1, in the night time
low latitude D-region of the earth’s ionosphere through its perturbation on
the VLF propagation in this region, including the estimation of the related
quantitative effects.'o!!

Moving over to India’s Space programme, (1974-1989) my subsequent
major efforts focused on the design and development of world class remote
sensing satellites, one of the key element of India’s space capability for
earth resource survey. These efforts have led to an impressive set of seven
world class remote sensing satellites, operating in a variety of spatial, spec-
tral and temporal resolution domains.!?

As the Director of India’s premier Centre for design and development of
satellites (1990-1994), I directed a major programme of building satellites for
communication/broadcasting, earth observation including ocean observa-
tion and scientific exploration. Subsequently for nearly a decade (1994-2003)
I headed the Indian Space Programme where I oversaw a multi-dimensional
and multi-disciplinary space endeavour encompassing development and
operationization of new application satellites, launch vehicles for launching
Polar Orbiting Satellites, Geosynchronous Satellites as well as a variety of
space applications relating to earth resources survey, communication, mete-
orology, broadcasting including education and health care as well as space
science. In this context I should also mention that I led a national science
group to define a unique astronomy satellite which is India’s first dedicated
multi-wavelength high energy observatory called ASTROSAT. In this time
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frame, I also lead the planning and decision making process to undertake an
ambitious scientific mission for the exploration of the moon. All these efforts,
have caused India to be recognized as one of the leading space-faring nations
among the handful of seven countries across the world.!341516

Currently I head a unique institution called the National Institute of
Advanced Studies which is devoted to interdisciplinary studies in areas like
education, cognitive science, urban studies, conflict resolutions and so on
by bringing in the knowledge base in social science, humanities and natu-
ral sciences.

I am a Fellow of the Indian Academy of Sciences (FASc), Indian Nation-
al Science Academy (FNA), National Academy of Sciences of India
(FNASc), and Indian National Academy of Engineering (FNAE). Also I am
a Member of the International Astronomical Union, the International Acad-
emy of Astronautics, Fellow of the Third World Academy of Sciences and
Honorary Fellow, Cardiff University, UK.

Among the several awards I have won, some of the important ones
include the Shanti Swarup Bhatnagar Award in Engineering Sciences
(1983), TSPRS Brock Medal’ instituted jointly by ISPRS and ASPRS (2004),
Allan D. Emil Memorial Award of the International Astronautical Federa-
tion (IAF) (2004), ‘Lifetime Achievement Award’ of the Asia-Pacific Satellite
Communications Council (2005), Theodore Von Karman Award by Interna-
tional Academy of Astronautics (IAA) (2007), ‘Officer of the Légion d’hon-
neur’ by the President of the French Republic (2002), and top National
Civilian Awards of Padmashri, Padmabhushan and Padma Vibhushan.
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KraAus voN KLITZING

I was surprised when I received a letter with the information that His

Holiness Benedict XVI appointed me as a member of the Pontifical Acad-
emy of Sciences. At this time I did not know anything about this Acade-
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my but after some research on the Internet I discovered that even 5 Pon-
tifical Academies exist like the Pontificial Academy for Life and the Acad-
emy of Social Sciences founded in 1994. However, the Academy of Sci-
ences seems to be the most important one with roots back to 1603.

Just like many of the academicians here in this room I am member of
many national academies in different countries like the National Acade-
my of Science in the US, the Russian Academy of Science, the Chinese
Academy of Science and the Royal Society but the Pontifical Academy of
Sciences is worldwide the only one with a supranational character. Since
scientists think more globally than nationally, I immediately identified
myself with the Pontifical Academy of Sciences, especially when I read
the mission statement which says that the Academy ‘pays honour to pure
science and to assure its freedom and to promote its research’.

I have the feeling that one reason for my membership here in this
group of 80 academicians is the fact that in 1985 I received the Nobel
Prize in Physics so that the total number of past and present Nobel Prize
Winners in this Academy could be increased to 46 if I include the next
speaker, Prof. Lee, Nobel Prize Winner in Chemistry 1986. At present
more than 35% of the academicians here are Nobel Prize Winners and 1
hope that we can fulfill the expectations. However one should be careful
and keep in mind that Nobel Prize Winners are primarily specialists in
certain fields but do not know everything. The subject of this meeting, the
evolution of the universe and of life, is for example beyond my own field
of research and I hope I can learn something. One important privilege of
Nobel Prize Winners is the fact that they have more freedom in their
research and are more independent than ‘normal’ scientists so that they
can be lobbyists just for the truth.

I think, I should explain a little bit my own research. As a director of
a Max Planck Research Center I am absolutely free to choose the research
direction at the forefront of basic research. All my life I was involved in
basic research in material science. We know that everything in the world
consists of atoms as building blocks; just about 100 different building
blocks are able to construct everything we know. The different colours of
materials, the different properties like liquid, solid or gas, metallic, mag-
netic or insulating are just determined by the arrangement of atoms. In
the laboratories we are able to construct materials not available in nature
with new functions. Normally, all materials are part of our 3-dimension-
al world but scientists are able to construct for example two-dimensional
systems like a single sheet of carbon with a thickness of one atom. This is
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the thinnest material; one cannot construct a material with a thickness
less than the atomic extension. On such a two-dimensional system I dis-
covered a new effect for the electrical resistance which finally led to the
definition of a new fundamental constant, the von-Klitzing constant. The
unexpected experimental finding was that one can measure with a rela-
tively simple arrangement this new fundamental constant with extremely
high accuracy. It seems that everywhere in our universe, the von-Klitzing
constant has the same value, similar to the constant value of the velocity
of light. For me, the worldwide introduction of the von-Klitzing constant
in 1990 was the highlight of my scientific career, much more honourable
than the Nobel Prize. Interestingly, my constant is more or less identical
to the inverse fine structure constant which is just a number without any
dimension. This number is 137.035999070 and nobody can explain the
reason for exactly this number and not a slightly different one. Funda-
mental constants are really fascinating and the founder of quantum
mechanics, Max Planck — who was also a member of the Pontifical Acad-
emy of Sciences — was more impressed by his fundamental constant, the
Planck constant, than by quantum physics. In one of his first publications
Max Planck made the following statement:

‘... with the help of fundamental constants we have the possibility of
establishing units of length, time and mass, which necessarily retain their
significance for all cultures, even unearthly and nonhuman ones’.

This vision of Max Planck will be realized in the near future. There is
worldwide agreement that fundamental constants are the most stable
quantities, so that all measurements should be based on fundamental
constants like the Planck constant, the von-Klitzing constant and the
velocity of light. This corresponds to a transition from the geocentric view
(where properties of the earth determined the units of time, length and
mass) to the cosmic view where universal constants of nature are the base
of science and measurements. All of you know for example the prototype
of the unit of mass, the kilogram kept in a safe in Sévre close to Paris. This
will be replaced in the near future by a fundamental constant and my
research has contributed to this development.

At the end some personal remarks: The starting time of the Pontifical
Academy of Sciences, the year 1603, is nearly identical with the construc-
tion of the first manor house of our family, a renaissance castle close to
Berlin. My great-grandfather left this region and in 1853 settled in a
region which today is Polish territory and I was born in a city close to
Poznan. At the end of World War II we escaped to the west. I grew up in
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Northern Germany and moved to the south for my university studies in
Braunschweig and Wiirzburg and my positions as a teacher and scientist
in Munich and Stuttgart. Some of my research work was done at foreign
research centers like IBM in the United States, the University of Oxford
in England or the high magnetic field facility in Grenoble, France where
I made my discovery which lead to the Nobel Prize. Today I am the head
of a research group of about 30-40 scientists from more than 10 coun-
tries. The internationality of science is really wonderful. Scientists from
different countries and different religious backgrounds speak the same
scientific language since scientific research follows well defined rules
which do not allow arbitrary interpretations. In science we have always
open questions and normally I have more questions than answers. How-
ever the past has shown that we are able to answer more and more open
questions and if at the end of the meeting of our Academy fundamental
open questions remain, we have to ask ourselves whether we asked the
correct questions and which type of research is able to deliver new
answers. I believe in the power of science.

YUAN-TSEH LEE

Born in a small city on the island of Taiwan, I left home for an extend-
ed period after completing my early education. I pursued a doctorate at
University of California at Berkeley, went on to Harvard as a postdoctoral
fellow, and in 1968 joined the University of Chicago. I returned to UC-
Berkeley in 1974 as Professor of Chemistry and in 1991 was appointed Uni-
versity Professor.

In 1994, after 32 years in the United States, I returned to my home
country to become the President of the Academy of Sciences located in
Taipei, China, the leading research institution on the island. During the
period of my presidency of the academy, in addition to raising our academ-
ic standing to the world class, I spearheaded our education reform and
established several new foundations to help promote higher education and
scientific research.

As some of you may know, in 1986 I was awarded the Nobel Prize in
Chemistry, along with Prof. Dudley Herschbach and Prof. John C. Polanyi,
for our finding in the dynamics of chemical reactions. My work involves the
development of the universal crossed molecular beams technique for the
observations of chemical reactions under single collision conditions. As a
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scientist, I received many honors, in addition to various prizes, medals and
awards, I am also a member of 12 Academies and have received 35 hon-
orary degrees in various countries.

Over the years, I have been very active in the international scientific
activities for the advancement of science, scientific collaboration, science
education, and sustainable development of human society.

During the 20th century the population of the world increased from 1.5
billion to 6 billion. One of the biggest challenges we now face is the fact that
we live in a ‘limited’ world and that human society is living beyond its
means. We have gone through this transition during the last century. In oth-
er words, we have to realize that the world in its entirety has already
become ‘overdeveloped’ in terms of the excessive consumption of natural
resources and the damage done to our ecosystem and living environment,
and there is no reason for not yet overdeveloped countries to follow the
footsteps of the overdeveloped countries. We must then strive to find solu-
tions to make sure that economic development is not incompatible with a
sustainable environment for the entire world.

Last week, during the 29th General Assembly of the International Coun-
cil of Science (ICSU) which was held in Maputo, Mozambique, I was elect-
ed to become the next President of ICSU. This is a great honor and also car-
ries a great responsibility. I will do my best to serve the scientific commu-
nities and the human society with this capacity in the coming years.

CESARE PAsINI

My name is Cesare Pasini and I have been member of the Academy
perdurante munere in my capacity as Prefect of the Vatican Library since
June 25, 2007.

After being ordained a priest in 1974 for the Diocese of Milan, where
I was born, I studied at the Pontifical Oriental Institute in Rome, receiv-
ing my doctorate in Eastern Ecclesiology in 1979 writing a critical edition
of an Italo-Greek hagiographic text as my dissertation.

After teaching Patrology for some years at the Milanese Seminary, in
1986 I became a member of the College of Doctors in the Ambrosiana
Library in Milan, where I was Vice Prefect from 1995 until last year.

I cultivate Byzantine Hagiography and Greek Paleography, to which I
have dedicated my major publications. I am also dedicated to the figure of
St. Ambrose of Milan, being a member of the Academy of Saint Ambrose in
Milan since its foundation in 2003.
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Having been in the Ambrosiana Library for more then twenty years, 1
also cultivated its history, hoping now —if I find some free time - to devote
myself to the history and manuscripts of the Vatican Library.

I would like to take this opportunity to give to the Academy the most
recent fruit of our activity, a copy of the facsimile of two folios from the
Bodmer XIV-XV papyrus. The papyrus contains the Gospel according to
Luke and John, and the two folios in facsimile are reproductions of the
Prologue of John and of the Our Father of Luke. Last week Pope Benedict
XVI gave this facsimile as a gift to all who attended the Synod of Bishops,
and now I am very happy to give you this copy.

IGNACIO RODRIGUEZ-ITURBE

I am the James S. McDonnell Distinguished University Professor of
Civil and Environmental Engineering at Princeton University. Born in
Caracas, Venezuela, my academic life has taken place between Venezuela
and the USA. Before coming to Princeton 10 years ago, I was also a pro-
fessor at Universidad Simon Bolivar in Caracas, MIT, and Texas A&M
University. My field of research is Hydrology, the science of water on
earth. I have been involved in the space-time modelling of precipitation,
soil moisture, and river flows. My research has placed special emphasis
on the study of the fractal structure of drainage networks, the universali-
ty of many probabilistic features of their 3-dimensional structure, as well
as the geomorphological structure of basin response to precipitation. I
have also been deeply involved in Ecohydrology, the hydrologic dynamics
responsible for many ecological patterns and processes where my
research group has developed general theories regarding the impact of
hydrologic dynamics in the type and structure of vegetation in semiarid
regions as well as the hydrologic controls of fish and vegetation biodiver-
sity in river basins.

I received the Stockholm Water Prize in 2002 as well as the Horton, and
Macelwane Medals of the American Geophysical Union; the Huber Prize
and the Chow Award of the American Society of Civil Engineers; the
Venezuelan National Science Prize in 1991, and the Mexico Prize for Sci-
ence and Technology in 1994. T am also a member of the US National Acad-
emy of Engineering, Spain’s Royal Academy of Sciences, the Mexican Acad-
emy of Engineering, and the Third World Academy of Sciences. Mercedes,
my wife, and myself have 5 children and 11 grandchildren.
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GOVIND SWARUP

I was born in Thakurdwara, India in 1929. I received M.Sc. in Physics
from Allahabad University in 1950 and Ph.D. from Stanford University in
1961. 1T was awarded the Doctorate in Engineering (Honoris Causa) by
Roorkee University in 1987 and Doctorate in Science (Honoris Causa) by
the Banaras Hindu University in1996.

I was at the National Physical Laboratory, New Delhi during 1950-53
and 1955-56, CSIRO, Australia 1953-55, and Harvard University as a
Research Associate 1956-57; Research Assistant 1957-1960 and Assistant
Professor 1961-63 at Stanford University. I joined the Tata Institute of
Fundamental Research (TIFR) in 1963 as a Reader, Professor in 1970 and
Professor of Eminence in 1990. I was Director of the Giant Metrewave
Radio Telescope project during 1987-96, Professor Emeritus at TIFR dur-
ing 1996-2000; Homi Bhabha Senior Fellow during 1999-2001; INSA
Honorary Scientist, 2001-05. During 1980-1981 I was visiting Professor at
the Universities of Maryland, Groningen and Leiden for 6 months each.

I have made pioneering contributions in the fields of solar radio
astronomy, radio galaxies, quasars, cosmology and radio astronomy
instrumentation. During 1963-70 I conceived, designed and directed con-
struction of a 530 m long and 30 m wide cylindrical radio telescope of a
unique design at Ooty in South India. During 1987-97 I completed the
design and construction of the Giant Metrewave Radio Telescope (GMRT)
proposed by myself. GMRT is the world’s largest radio telescope operat-
ing in the frequency range of about 130 MHz to 1430 MHz.

I am Fellow of the Royal Society of London, Fellow of the Third World
Academy of Sciences, Academician of the International Academy of Astro-
nautics and Fellow of all the National Science Academies in India. I have
received numerous honours and awards of which some may be cited: S.S.
Bhatnagar Award (1972); Padmashri (1973); P.C. Mahalanobis Medal of
INSA (1984); Tskolovosky Medal of the Federation of Cosmonautics, USSR
(1987); Meghnad Saha Medal of the National Academy of Science (1987);
Third World Academy of Sciences Award in Physics (1988); John Howard
Delinger Gold Medal of the International Radio Scientific Union (1990); C.
V. Raman Medal of INSA (1993); William Herschel Medal of the Royal
Astronomical Society, UK (2005); Grote Reber Medal, Australia (2007).
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EDpWARD WITTEN

My scientific interests are in elementary particle physics, quantum field
theory, and string theory.

Along with the theory of relativity, which is much better known to the
general public, and nonrelativistic quantum mechanics, which describes
ordinary atoms and molecules, quantum field theory is one of the prime
achievements of twentieth century physics. Quantum field theory is the
framework in which we understand the known elementary particle forces; it
synthesizes nonrelativistic quantum mechanics with Einstein’s special rela-
tivity, and is used to describe all of the observed phenomena in physics
except gravity. A more complete synthesis that would include also the theo-
ry of gravity — that is, Einstein’s general theory of relativity — has not yet been
achieved. I will return to this question later, in discussing string theory.

I was a graduate student in the mid-1970s, just when what is now the
standard model of particle physics was reaching its final form. In fact, an
important experimental breakthrough, the discovery of the J/{s particle, was
made in the fall of 1974, just when I had barely learned enough to under-
stand what was going on. The emergence of the standard model changed
the landscape. Some of the questions had been answered, but meanwhile
there were new questions. For example, the question that fascinated me the
most as a graduate student, and for some years afterwards, was the prob-
lem of ‘quark confinement’. Given that the theory of strong interactions is
based on quarks and that the proton, for instance, is made of three quarks,
why is it that we never see an isolated quark?

I would have to say that we have become familiar with this phenome-
non, but I am not sure that I would claim that we understand it fully, even
today. To me, it still evokes a feeling of amazement. Still, in grappling with
this question, and similar ones, the landscape changed in theoretical
physics. New ideas and tools were brought to bear.

One important set of tools, previously unfamiliar to most particle physi-
cists, came from condensed matter physics and statistical mechanics.
These ideas were applied to particle physics in lattice gauge theory (and
eventually, elsewhere). I found this fascinating and for some years it was a
major influence in my work.

But another new direction became even more important for my career
in the long run. This involved the interaction of physics with geometry. The
standard model of particle physics was based on something called non-
abelian gauge theory. This had a counterpart in the world of pure mathe-
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matics. As a result, mathematicians became curious about what physicists
were doing, and a new interaction between physics and mathematics
began. This was getting under way just around the time that I finished my
graduate studies. At first, I found it hard to believe that what the mathe-
maticians could say would really help, since the questions that the mathe-
maticians focused on seemed rather far removed from those of physical
interest. But over time, the interaction between math and physics led to
many new ideas and new opportunities.

Some of the new opportunities were tied with attempts by physicists to
go beyond the standard model of particle physics and make a more com-
plete theory. One of the interesting ideas was supersymmetry — a new sym-
metry between the different kinds of particles in nature of different spin
(bosons and fermions). I became very interested in supersymmetry, origi-
nally from a physical point of view. There are some good hints that super-
symmetry may be relevant to nature, and if we are lucky, physicists may be
able to prove this at the LHC (the new particle accelerator that is being built
at the European laboratory CERN) in the next few years. One day in the
summer of 1982, pondering some of the unusual properties of supersym-
metric theories, I suddenly realized that the questions I was puzzled over
had a natural interpretation in a mathematical theory known as Morse the-
ory. (I was just slightly familiar with Morse theory, having once heard a lec-
ture on the subject by the celebrated mathematician Raoul Bott). Ever
since that day, linking up supersymmetry with geometry has been an
important theme in my work.

Supersymmetry is a very ambitious extension of the standard model. If
it is correct, this really implies that Einstein’s general theory of relativity
needs to be extended to supergravity, which is also a fascinating theory to
which I and many of my colleagues have devoted much attention. During
the period that I have been in the field, physicists have developed one the-
ory that is more ambitious still. This is string theory.

String theory has its roots in ideas of the late 1960s and early 1970s,
though at that time the goal (describing the nuclear force) was different than
it is today. The subject was in eclipse when I was a graduate student; it had
gone into eclipse because the goal of describing the nuclear force had been
achieved in another way, via the standard model. As a graduate student, I
heard about string theory slightly, but did not much appreciate what I heard.

Later, I heard more about string theory from Michael Green, who was
starting to work with John Schwarz (and a few others, such as Lars Brink)
in reviving the theory. Their goal in reviving string theory was to use it as
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an extension of quantum field theory to incorporate gravity and unify the
particles and forces of nature. I can remember hearing something about
their work during a visit to CERN, probably in the late 1970’s. I was fasci-
nated, but it was pretty hard to understand what was going on. I finally
learned about the theory in (I think) the summer of 1982, by studying inten-
sively a review article written by Schwarz. The results described in this
review were dazzling. They depended on a whole series of remarkable
ideas, some of them dating back to the late 1960s. But I was reticent about
committing myself to such an ambitious theory.

I remained ambivalent — dazzled but reticent, and working on string the-
ory only in a rather part time way — until the summer of 1984, when Green
and Schwarz made another breakthrough (this time involving anomaly can-
cellation). From this point on, my reticence was gone. I felt that if the theory
were on the wrong track, it would not have led to this most recent in a remark-
able series of advances. This continues to be the way I look at it today. My feel-
ings about the subject and especially the confidence I have that it must be on
the right track have a lot to do with the experience of those ambivalent years,
in which I watched the subject develop largely as an outsider.

From 1984 on, my work has mostly involved string theory in one way
or another. I have worked on physical aspects of string theory when I have
felt able to make progress. When I have felt stymied, and this happens to
every researcher now and then, I have usually worked on problems in quan-
tum field theory or mathematical problems somehow related to or suggest-
ed by string theory. Many new ideas have emerged while I have been in the
field, and I have had the privilege of contributing to some of them.
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JUAN A. LARRAIN

Brief Account of Scientific Activity

Since the beginning of my scientific career I was attracted by Develop-
mental Biology, an area dedicated to understanding how an animal is con-
structed from a simple egg. After finishing my PhD and during the last ten
years I have been working in this field, first as a postdoctoral fellow in Dr.
Edward De Robertis’ laboratory (Howard Hughes Medical Institute, UCLA,
Los Angeles, USA) and, since September 2002, as an independent resear-
cher at the P. Universidad Catdélica de Chile. Here I will briefly summarize
my scientific activities and contributions during this period of time.

One of the key questions in developmental biology is to understand in
molecular and cellular terms how an apparently homogeneous cellular ter-
ritory can acquire specific patterning during the early steps of embryonic
development. In 1924 Spemann and Mangold performed transplantation
experiments in salamander embryos and found that a small group of cells
found in the gastrula stage embryo, later named Spemann’s organizer, con-
tain all the information necessary to organize and pattern the surrounding
cells into a completely normal embryo. Many of the genes responsible of
Spemann’s organizer activity have been identified (11).

Chordin, one of Spemann’s organizer genes, was isolated in the De
Robertis laboratory. Chordin is a secreted protein that binds the morpho-
gen BMP4 in the extracellular space and regulates dorso-ventral patterning
during early embryonic development. During my postdoctoral fellowship I
focused on understanding the biochemical properties of chordin and how
it regulates BMP signaling together with other extracellular components.
We identified chordin domains as new protein modules that bind and regu-
late BMP4 signaling. We found that these protein modules are present in
other proteins and define a new model for extracellular regulation of
growth factor signaling (9, 12). In addition, together with other colleagues,
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we studied the role of twisted gastrulation (tsg), a gene first identified in
Drosophila because of its role in dorso-ventral patterning. I demonstrated
biochemically that tsg binds BMP and chordin forming ternary complexes.
These results led us to propose that tsg modulates Chordin activity and is a
key player in establishing a BMP signaling gradient in dorso-ventral patter-
ning (10, 15, 18). In short, during my postdoctoral fellowship I contributed
to understanding the biochemical mechanism involved in extracellular
regulation of morphogen gradients.

In September 2002 I started my own independent laboratory. During
these years as an independent investigator we have focused on understan-
ding the role of Proteoglycans in the early development of the vertebrate
embryo. First we identified biglycan as a novel player in dorso-ventral pat-
terning. Biochemical experiments showed that biglycan regulates BMP
signalling in the extracellular space though a Chordin-dependent mechani-
sm (19). The importance of this finding is twofold. On the one hand we
demonstrated for the first time that biglican, a component of bone extracel-
lular matrix, can regulate BMP activity. In addition, we introduced biglican
as a further step in the fine tuning of chordin activity.

We have also studied syndecan4, a cell-surface heparan sulphate pro-
teoglycan. We have demonstrated through gain and loss of function experi-
ments that syndecan-4 regulates gastrulation and neural tube closure in
Xenopus embryos. In addition, biochemical experiments showed that syn-
decan4 binds dishevelled and regulates non-canonical Wnt signalling. The-
se findings are conceptually important because syndecan4 is a component
of focal adhesion sites and links Wnt signalling with cell adhesion, an area
that has not been completely explored. We have proposed a novel mechani-
sm whereby the presence of syndecan4 and its ability to bring information
from the extracellular matrix (fibronectin) could be instrumental for speci-
fic activation of the non-canonical Wnt branch (21). The discovery that syn-
decan4 regulates neural tube closure also has some biomedical implica-
tions. Neural tube closure defects are one of the most common malforma-
tions in newborns, particularly spina bifida. Understanding how the neural
tube closes at the cellular and molecular levels could provide important
information in order to approach this medical problem. For those reasons
we are currently starting to study the role of syndecan4 in neural tube clo-
sure in mouse embryos.

Most of the genes involved in the establishment and function of the Spe-
mann Organizer were identified using pre-genomic era approaches. In the
post-genomic era, global analyses of the transciptome using high-through-



THE PIUS XI MEDAL AWARD LXIIT

put techniques have arrived at the unexpected conclusion that almost 70%
of the transcriptome is active in transcription. To have a more comprehen-
sive knowledge of the transcripts involved in Spemann’s organizer function
we performed a global analysis of the Xenopus transcriptome. For this we
took advantage of the availability of the Xenopus tropicalis genomic sequen-
ce and carried out a high-throughput analysis using the technique denomi-
nated Serial Analysis of Gene Expression (SAGE). Through this approach
we have identified completely novel transcripts expressed differentially at
the gastrula stage (26). We are currently studying the function of these tran-
scripts in the early development of the vertebrate embryo.

More recently we started research on Regenerative Biology, a field dedi-
cated to understanding the molecular and cellular mechanisms of regenera-
tion in model organisms. Particularly we are working on understanding the
molecular and cellular mechanism of spinal cord regeneration in Xenopus
tadpoles. Damage to the central nervous system (CNS) in mammals is deva-
stating because of the poor capacity of central neurons to regenerate. In con-
trast amphibians, including Xenopus tadpoles, have a great ability to regene-
rate parts of their CNS such as the spinal cord. Understanding how spinal
cord regeneration takes place in amphibians could provide new pathways to
stimulate endogenous regeneration in mammalian CNS. We have found that
hyaluronic acid, an extracellular matrix component, is required for proper
tail and spinal cord regeneration in Xenopus tadpoles (24).



THE SUBJECT OF THE MEETING

WERNER ARBER

Let me start with the Council’s warm thanks to all those members of
our Academy and invited experts that responded positively to our call for
papers and that are now present. We have good reasons to look forward
to a few days of fruitful debates on ‘Scientific Insights into the Evolution
of the Universe and of Life’. While the intention of the Pontifical Acade-
my of Sciences is, indeed, to update the available scientific knowledge, we
can also spend some time to build up bridges to other fields of informa-
tion with the aim of incorporating advanced scientific data into the ori-
entating knowledge that represents an important basis for the life activi-
ties of all human beings.

Essential motives and expectations for our plenary session have
already been outlined in the one-page Introduction that is included in the
programme. I will therefore use my time to comment on some addition-
al aspects of scientific research and on the public perception and the cul-
tural values of scientific knowledge.

Extent and quality of newly acquired scientific knowledge depend large-
ly on the available research strategies (Fig. 1). At the historical roots of sci-
ence, a few thousand years ago, human beings just perceived and observed
natural reality with their senses. In more recent times, experimental
research strategies were introduced. These are often invasive and may
cause a perturbation of the observed system. This allows one to search for
insights into functional and dynamic aspects of natural processes.

As it is schematically shown in Fig. 1, the acquired scientific knowl-
edge has cultural values with two ramifications. On the one hand, scien-
tific knowledge represents an important component of our worldview,
which is fundamental for our orientating information, representing the
basis for decisions affecting our personal and social life activities. On the
other hand, practical, technological applications of scientific knowledge
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Figure 1. Schematic outline of the acquisition of scientific knowledge and of its cultural
values that can lead to innovative applications contributing to the shaping of the future
(from W. Arber: The impact of Science and Technology on Civilization, Biotech. Adv., sub-
mitted, 2009).

can lead to innovations that can contribute to facilitate our lives, as well
as to provide environmental benefits. Note from the outline in Fig. 1, that
the two cultural ramifications can (and should) interconnect by sharing
co-responsibility of the civil society with science and economy, for intro-
ducing technological innovations that contribute to the shaping of the
future. We touch here the interphase between cosmic and life evolution,
on the one hand, and cultural evolution, on the other.

This leads me to say a few words on the three pillars of biological evo-
lution. These pillars are genetic variation, natural selection and geograph-
ic and reproductive isolation. Without the occasional generation of a
genetic variation, a spontaneous mutation, in an individual of a popula-
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tion of organisms, there would be no biological evolution. Clearly, genet-
ic variation is the driving force of biological evolution. Populations of
parental forms and available genetic variants are steadily submitted to
natural selection. This means that those phenotypes which can better deal
with their encountered living conditions, will be given a selective advan-
tage with the chance to overgrow, in the long run, less well adapted forms.
Therefore, it is natural selection, together with the available genetic vari-
ants, which determines the directions that biological evolution will take,
the directions in which the branches on the tree of evolution will grow.
The isolation phenomena modulate the process of biological evolution.

Obviously, the impact that human, cultural activities (including the
introduction of technological innovations) have on natural biological evo-
lution can be exerted on any of the three pillars of biological evolution.
However, the human society is not unique in this respect. Other living
beings can also influence biological, as well as planetary, evolution. We
can look forward to the report in our programme on an interesting illus-
tration to my statement: At some time in the evolution of life, a particu-
lar kind of microorganisms, and at some later time also green plants,
became able to undertake photosynthesis. This reaction produces the gas
0, that is thereby released into the atmosphere. This then opened the pos-
sibility for aerobic life, on which humans, and more generally mammals
strongly depend. In the next few days we will have good occasions to dis-
cuss on this kind of evolutionary processes that are at the interphase
between planetary and biological evolution.

For the remaining time of my intervention, allow me to make some
personal remarks on the interphase between our actual scientific knowl-
edge with some contents of biblical scripts. As we know, philosophy and
natural sciences have common roots. What I can perceive in reading the
Old Testament must reflect aspects of the orientational knowledge of peo-
ple who lived about 3000 years ago. I call this traditional wisdom. Some
of the statements are directly relevant to cosmic and to biological evolu-
tion. According to Genesis 1, creation was a stepwise process with an evo-
lutionary sequence of events: creation of our planet, building up of living
conditions and only then, appearance of living organisms. Since the
authors could not perceive microorganisms, they reported that plants
were created first. These could later provide feed for animals, and human
beings were introduced lastly.

Today’s scientific knowledge principally agrees with this narration of
creation. This clearly corresponds to an evolutionary process, although the
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details, of course, do not correspond precisely to today’s scientific knowl-
edge on cosmic and biological evolution.

An attentive reading of the chapters on the genealogy of biblical key
persons reveals many differences in their characters and their behavior.
These descendants of Adam and Eve are, by far, not identical, they are not
clones. From today’s scientific point of view, this testifies that genetic
variation must have contributed, at least to some extent, to the observed
and described differences between individual persons.

I am fully aware that conventional interpretations of biblical texts
may differ from my conclusions. However, as a scientist, I am accustomed
to know that more than one interpretation of experimental data is some-
times possible and also meaningful. More than one meaning may also be
hidden in texts of traditional wisdom. Under this assumption, I can guess
some possible references to creation and evolution behind two of the Ten
Commandments in the Exodus. We are reminded to work for six days and
to take a rest on the seventh day as God did after creating the inanimate
and the living worlds. This can remind us to honour creation and evolu-
tion. Another reminder to honour evolution as a basis for permanent cre-
ation may be found in the commandment in which we are told to honour
our parents, with the promise of a long, wealthy life in the land that God
intends to give to us. If our parents represent the long series of our ances-
tors and the promised land future living conditions, we can interpret this
commandment also as a reminder to honour biological evolution: We owe
our own lives to past evolution, and we can count on the future evolution-
ary process that will offer to our descendants possibilities to adapt to
changing living conditions.

Please take these remarks as a reflection on possible impacts that the
archaic scientific knowledge might have had in antiquity for building up
orientating knowledge. This source of information must have influenced
the biblical reports on the history of our planet and of the various forms
of life, i.e., the narration on cosmic and biological evolution. I consider it
as an urgent need that scientists and religious believers strengthen their
efforts to harmonize their views and knowledge on fundamental ques-
tions concerning life and the world in which we live. I hope that my
reflections on scientific knowledge and its possible consistency with bib-
lical scripts can contribute to the requested harmonization.
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PAPST BENEDIKT XVI.
UBER ,SCHOPFUNG UND EVOLUTION*

KARDINAL DR. CHRISTOPH SCHONBORN

Verehrter Herr Prisident!
Eminenzen! Exzellenzen! Meine Damen und Herren!

Ich danke fiir die ehrenvolle Aufgabe, Thnen ein wenig das Denken von
Papst Benedikt XVI., von Professor Joseph Ratzinger iiber das Thema
,Evolution und Schopfung” vorzustellen. Der grofe Theologe auf dem
Stuhl Petri hat sich von friih an oft zu diesem Thema geiduRert. In meiner
Einfithrung in die Akten des Kolloquiums seines Schiilerkreises, das im
Herbst 2006 in Castel Gandolfo stattfand, habe ich bereits einige der wich-
tigsten Wortmeldungen des heutigen Papstes in chronologischer Folge
zusammengestellt (Schopfung und Evolution. Eine Tagung mit Papst Bene-
dikt XVI. in Castel Gandolfo, Augsburg 2007, 7-22). Heute geht es darum,
diese Aussagen ein wenig systematisch zu ordnen und thematisch zu glie-
dern. Dadurch soll ihre Tragweite deutlicher sichtbar werden, die weit iiber
die Einzelfrage der Evolutionstheorie hinausgeht.

1. DIE REGENSBURGER VORLESUNG UND IHRE BLEIBENDE HERAUSFORDERUNG

Einen Tag nach , September Eleven“ des Jahres 2006 hielt Papst Bene-
dikt in seiner ehemaligen akademischen Wirkungsstitte, an der Universitit
Regensburg, eine Vorlesung, einen Vortrag, der weitreichende Folgen hat-
te. Zuerst die heftigen Aufregungen in groRen Teilen der islamischen Welt,
mit Ausschreitungen bis hin zu Morden an Christen. Dann aber eine bis
heute anhaltende positive Welle der Dialogbereitschaft in bestimmten Krei-
sen des Islam, besonders artikuliert in dem Brief der 138 islamischen
Gelehrten an den Papst und die Oberhiupter der christlichen Kirchen iiber
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die gemeinsame Verantwortung von Christen und Muslimen fiir Frieden
und Gerechtigkeit in der Welt.

Inzwischen hat es sich aber herumgesprochen, dass die Regensburger
Vorlesung nicht primir dem Thema Islam galt, sondern der Frage, wie Reli-
gion und Vernunft sich zueinander verhalten. Das beriihmt gewordene
Zitat des byzantinischen Kaisers Manuel II. besagt, es sei ,vernunftwidrig®,
es sei nicht ,syn log6“, einen Andersglaubigen mit Gewalt zum eigenen
Glauben zu nétigen. Durch Gewalt zu bekehren, sei gegen die Vernunft und
daher dem Wesen Gottes zuwider.

Mit dieser Aussage des Kaisers sei die Frage nach dem Verhéltnis von
Vernunft und Religion angesprochen. Um diese Frage ging es dem Papst in
seiner Regensburger Vorlesung. Und damit ist auch das Thema meiner Dar-
legung genannt. Fiir Papst Benedikt steht die Debatte um Evolutionstheorie
und Evolutionismus ganz in diesem Horizont. Wie wir sehen werden ist fiir
ihn die entscheidende Frage, ob am Anfang der Logos oder die Un-Vernunft
steht. Mit Berufung auf den Prolog des Johannesevangeliums sagt der Papst:

,Im Anfang war der Logos. Dies ist genau das Wort, das der Kaiser
gebraucht: Gott handelt syn logd, mit Logos. Logos ist Vernunft und Wort
zugleich — eine Vernunft, die schopferisch ist und sich mitteilen kann,
aber eben als Vernunft (Glaube und Vernunft. Die Regensburger Rede,
Freiburg 2006, 18).

Teilt sich eine schopferische Vernunft mit, als Vernunft? Und ist sie als
Vernunft von unserer Vernunft erkennbar? Und das nicht nur im engen
Rahmen einer bestimmten Kultur, etwa der westlich-abendlandischen, son-
dern so, dass uiber kulturelle und religiose Grenzen hinweg ein Dialog mog-
lich ist. Einen Dialog der Kulturen kann es ernsthaft nur geben, wenn die
Vernunft jene Weite hat, durch die sie iiber die Grenzen hinausreicht, in
denen wir alle unweigerlich leben und denken. Ein wesentliches Anliegen
der Regensburger Vorlesung war es, die Bedingungen der Moéglichkeit eines
echten interkulturellen und interreligiosen Dialogs auszuloten. Ich habe
den Eindruck, dass manche islamische Gelehrte diese Herausforderung
deutlicher verstanden haben als westliche Kommentatoren.

Doch was hat das mit unserem Thema ,,Evolution und Schépfung” zu
tun? Die Auseinandersetzung mit dem Vernunftbegriff fithrt Papst Bene-
dikt auch zum Vernunftbegriff, wie er in den Naturwissenschaften
gebraucht bzw. vorausgesetzt wird. In der Regensburger Rede geht es dem
Papst um eine Art ,Selbstkritik der modernen Vernunft“, nicht um , wieder
hinter die Aufklarung zuriick(zu)gehen, sondern ,,um Ausweitung unseres
Vernunftbegriffs und —gebrauchs geht es“ (a.a.0., S. 29).
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Diese Selbstkritik der modernen Vernunft enthilt auch eine Kritik an
einem positivistischen Vernunftverstandnis, das weitgehend die westliche
Welt beherrscht und auch oft als das spezifisch naturwissenschaftliche Ver-
nunftverstindnis gilt. Dem gegeniiber versucht Papst Benedikt in den Vor-
aussetzungen der naturwissenschaftlichen Rationalitit gerade die Spuren
des von ihm gesuchten weiteren Vernunftverstindnisses zu orten.

Ich bin mir bewusst, dass diese Uberlegungen nicht die des naturwis-
senschaftlichen Alltags sind, und dass es eine gewisse Abneigung gegen die-
se grundlegenden, gewissermallen metaphysischen Fragen gibt, die hier
zur Sprache kommen. Aber Papst Benedikt sagt, Sokrates zitierend, dass
diese Fragen nicht zu stellen groRen Schaden bringe. Wagen wir also, sie zu
stellen. Es lohnt sich sicher!

2. DIE VERENGUNG DES VERNUNFTBEGRIFFES

Der Hauptteil der Regensburger Vorlesung ist dieser Frage gewidmet:
Wie kam es zur Verengung des Vernunftbegriffs, die Papst Benedikt als Sig-
natur der Neuzeit sieht?

Die erste Verengung sei durch den Nominalismus gekommen. Dieser riickt
die Transzendenz Gottes in solch unnahbare Ferne, ,dass auch unsere Ver-
nunft, unser Sinn fiir das Wahre und Gute kein wirklicher Spiegel Gottes mehr
sind, dessen abgriindige Moglichkeiten hinter seinen tatsichlichen Entschei-
dungen fiir uns ewig unzuginglich und verborgen bleiben® (a.a.0., S. 21). Gott-
es schopferische Vernunft spricht nicht mehr aus seinen Werken. Diese sind
willkiirliche Setzungen, die nicht Gottes Weisheit und Vernunft widerspiegeln,
sie sind unergriindbar willkiirliche Setzungen der géttlichen Allmacht.

In der Reformation werden dann konsequenterweise Glauben und Ver-
nunft entkoppelt. Der Glaube stiitzt sich alleine auf die Schrift (sola scrip-
tura), die Vernunft wird ,siakularisiert. Sie wird immer mehr auf das
beschrinkt, was als ,streng wissenschaftlich® gilt, was dem Kanon moder-
ner Wissenschaftlichkeit entspricht. ,Die eigentlich menschlichen Fragen,
die nach unserem Woher und Wohin, die Fragen der Religion und des
Ethos“ finden daher im Raum der ,wissenschaftlichen“ Vernunft keinen
Platz mehr ,und miissen ins Subjektive verlegt werden“ (a.a.O., S. 27).

Papst Benedikt sieht in dieser Verengung eine echte Gefahr fiir beide
Seiten; die Religion ist bedroht von irrationalen ,Pathologien” (a.a.0., S.
27); die Wissenschaft leidet Schaden, wenn ,ihr die Fragen der Religion
und des Ethos nicht mehr zugehoren” (a.a.O., S. 28).
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Die Antwort auf diese ,Pathologien der Religion und der Vernunft”
(a.a.0., 27f) liegt nicht in der Riicknahme der Vernunft, sondern in der schon
zitierten ,,Ausweitung unseres Vernunftbegriffs und —gebrauchs” (a.a.O., S.
29). Das erfordert die Uberwindung der ,selbstverfiigte(n) Beschrinkung der
Vernunft auf das im Experiment Falsifizierbare” (a.a.0., S. 29f).

Den Weg zu dieser Offnung der Vernunft auf ,ihre ganze Weite“ hin
sieht Papst Benedikt als eine Moglichkeit, die die moderne naturwissen-
schaftliche Vernunft in sich selber tragt (vgl. a.a.O., S. 30). Es geht um die
Riickfrage nach den Voraussetzungen naturwissenschaftlichen Arbeitens.
Dazu der Papst:

,Sie (i.e. die naturwissenschaftliche Vernunft) muss die rationale Struk-
tur der Materie wie die Korrespondenz zwischen unserem Geist und den in
der Natur waltenden rationalen Strukturen ganz einfach als Gegebenheit
annehmen, auf der ihr methodischer Weg beruht. Aber die Frage, warum
dies so ist, die besteht doch und muss von der Naturwissenschaft weiterge-
geben werden an andere Ebenen und Weisen des Denkens — an Philosophie
und Theologie“ (a.a.0. S. 30f). Besonders die Theologie schépft aus einer
Erkenntnisquelle, ,der sich zu verweigern eine unzuldssige Verengung
unseres Horens und Antwortens wire“ (a.a.O., S. 31).

3. WEGE INS WEITE DER VERNUNFT

Zehn Tage vor der Regensburger Vorlesung traf sich in Castel Gandolfo
der ,Schiilerkreis“ mit seinem Meister und Lehrer zum jihrlichen Aus-
tausch. Papst Benedikt hatte sich selber das Thema ,,Schopfung und Evo-
lution“ gewiinscht. Die Debatten, die mein ,,opinion editorial“ in der New
York Times ausgelost hatte, sah er als providentiell, um das Thema wieder
verstarkt offentlich zu machen (vgl. Schopfung und Evolution, S. 149). Vier
Referate wurden in seiner Anwesenheit gehalten: die Referenten waren
Prof. Peter Schuster, Prof. P. Paul Erbrich, Prof. Robert Spaemann und ich
selber. Die personlichen Stellungnahmen von Papst Benedikt sind im Sym-
posiumsband dokumentiert und geben uns einen lebhaften Einblick in sein
Denken iiber unser Thema. Einige wichtige Punkte dieser Stellungnahme
muss ich hier referieren.

Da ist zuerst die klare Abgrenzung gegen den sogenannten ,Kreationis-
mus*“, ,der sich der Wissenschaft grundsatzlich verschlieft“ (a.a.0., S. 150).
Es muss klar sein, dass fiir die katholische Sicht keine wissenschaftlichen
Erkenntnisse ein Hindernis fiir den Glauben darstellen.
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Papst Benedikt erinnert aber auch daran, dass die Evolutionstheorie
ihre Liicken hat, die sie nicht iiberspielen darf, und dass sie sich nicht Fra-
gen verschlieRen darf, die iiber ihre methodischen Méglichkeiten hinausge-
hen. Denn die Evolutionstheorie impliziert Fragen, ,die der Philosophie
zugeordnet werden miissen und von sich aus iiber den Innenbereich der
Naturwissenschaften hinausfithren (a.a.0., S. 150).

Ich erlaube mir, Thnen hier ein lingeres Zitat aus dem Diskussionsbei-
trag von Papst Benedikt wiederzugeben. Wie wir es so oft mit ihm erlebt
haben, sind seine frei gesprochenen Wortmeldungen immer wieder von fas-
zinierender Klarheit, druckreif und sprachlich formvollendet. Ich zitiere:

,Die Naturwissenschaft hat groRe Dimensionen der Vernunft erschlos-
sen, die bisher nicht geéffnet waren, und uns dadurch neue Erkenntnisse
vermittelt. Aber in der Freude iiber die GroRe ihrer Entdeckung tendiert sie
dazu, uns Dimensionen der Vernunft wegzunehmen, die wir weiterhin
brauchen. Thre Ergebnisse fithren zu Fragen, die iiber ihren methodischen
Kanon hinausreichen, sich darin nicht beantworten lassen. Dennoch sind
es Fragen, die die Vernunft stellen muss und die nicht einfach dem religio-
sen Gefiihl iiberlassen werden diirfen. Man muss sie als verniinftige Fragen
sehen und dafiir auch verniinftige Weisen des Behandelns finden.

Es sind die groRen Urfragen der Philosophie, die auf neue Weise vor uns
stehen: die Frage nach dem Woher und Wohin des Menschen und der Welt.
Dabei ist mir zweierlei neuerlich bewusst geworden, was auch die drei fol-
genden Referate verdeutlicht haben: Es gibt zum einen eine Rationalitit
der Materie selbst. Man kann sie lesen. Sie hat eine Mathematik in sich, sie
ist selbst verniinftig, selbst wenn es auf dem langen Weg der Evolution Irra-
tionales, Chaotisches und Zerstorerisches gibt. Aber als solche ist Materie
lesbar. Zum anderen scheint mir, dass auch der Prozess als Ganzes eine
Rationalitit hat. Trotz seiner Irrungen und Wirrungen durch den schmalen
Korridor hindurch, in der Auswahl der wenigen positiven Mutationen und
in der Ausnutzung der geringen Wahrscheinlichkeit, ist der Prozess als sol-
cher etwas Rationales. Diese doppelte Rationalitit, die sich wiederum
unserer menschlichen Vernunft korrespondierend erschlief3t, fithrt zwangs-
laufig zu einer Frage, die iiber die Wissenschaft hinausgeht, aber doch eine
Vernunftfrage ist: Woher stammt diese Rationalitit? Gibt es eine ursprung-
gebende Rationalitit, die sich in diesen beiden Zonen und Dimensionen
von Rationalitit spiegelt. Die Naturwissenschaft kann und darf darauf
nicht direkt antworten, aber wir miissen die Frage als eine verniinftige
anerkennen und es wagen, der schopferischen Vernunft zu glauben und
uns ihr anzuvertrauen“ (Schopfung und Evolution, S. 151f).
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Ich denke, hier hat Papst Benedikt in wenigen Satzen das Wesentliche
zusammengefasst, was es zur Debatte, die uns beschéftigt, zu sagen gibt.

Wieso ist die Materie ,lesbar“? Wieso hat der ganze Prozess der Evolu-
tion etwas Rationales? Woher stammt diese Rationalitit? Diesen Fragen
darf die Vernunft nicht ausweichen, will sie sich nicht selber aufgeben, wie
ich, Papst Johannes Paul II. zitierend, in meinem New York Times-Artikel
sagte. Es wire aber ein Fehler, zu erwarten, dass die Naturwissenschaften
mit ihrer Methode auf diese Fragen selber Antworten geben wollten. Das ist
wohl der methodische Fehler der ,Intelligent-Design-Schule®. Sie stellen
die richtige Frage: Woher kommt das evidente design in der Natur? ,Fin-
ding design in nature” war der Titel meines umstrittenen ,,op-eds”. Nicht die
naturwissenschaftlich arbeitende Forschung findet das design in der Natur.
Wohl aber der iiber seine Forschung nachdenkende Mensch, der sich fragt,
was es bedeutet, dass die Materie ihm ,verniinftig“ auf seine Fragen ant-
wortet, und der dartiber nachsinnt, warum seine Vernunft diese Antworten
vernehmen kann.

4. DIE EVOLUTIONSTHEORIE ALS , ERSTE PHILOSOPHIE“

Im Jahre 1999 hielt Kardinal Ratzinger eine vielbeachtete Vorlesung an
der Sorbonne in Paris. Sie gehort zweifellos zu den grofRen Reden seiner lan-
gen Laufbahn. Thr Thema hat auf den ersten Blick gar nichts mit unserem
Thema zu tun. Der Kardinal wagte es, sozusagen im ,Tempel der Auf-
klarung®, der Sorbonne, die Frage nach der Wahrheit des Christentums zu
stellen: ,Das Christentum — die wahre Religion?“ (in: Glaube, Wahrheit, Tole-
ranz. Das Christentum und die Weltreligionen, Freiburg 2003, S. 131 — 147).

Als ein Beispiel fiir die Skepsis gegeniiber dem Wahrheitsanspruch des
Christentums nennt Kardinal Ratzinger die Evolutionstheorie, die, so
scheint es, die Schopfungslehre als tiberholt erscheinen 14Rt (S. 132). Der
allgemeine Relativismus scheint fiir die christliche Glaubenslehre von einer
geschaffenen, von Gott gedachten und gewollten Welt nur mehr symboli-
sche Bedeutung iibrigzulassen. Das Christentum hat sich nicht damit abge-
funden, ein symbolischer Ausdruck neben anderen fiir den — nie erreichba-
ren — Sinn der Welt zu sein, sozusagen ein Mythos unter anderen, ohne
besonderen Wahrheitsanspruch. Das Christentum verstand sich als ver-
niinftig, und Kraft seiner Verniinftigkeit allen Menschen zugénglich.

»Riickschauend kénnen wir sagen, dass die Kraft des Christentums, die
es zur Weltreligion werden lieR, in seiner Synthese von Vernunft, Glaube
und Leben bestand”, so fasst der Kardinal den Riickblick auf die weltweite
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Ausbreitung des Christentums zusammen, um dann zur kritischen Frage
zu kommen: ,,Warum iiberzeugt diese Synthese heute nicht mehr? Warum
gelten heute im Gegenteil Aufklarung und Christentum als einander wider-
sprechend, ja, ausschlieRend?” (a.a.0., S. 141).

Ich denke, dass die nun folgenden Ausfithrungen des Kardinals gerade
im Blick auf das bevorstehende Darwin-Jubildum (2009) von groer Bedeu-
tung sind, da sie den groRen geistesgeschichtlichen Rahmen abstecken, in
dem die heutigen Debatten stattfinden. Kardinal Ratzinger sieht den
judisch-christlichen Schopfungsglauben als ein grofes Potential der Auf-
klarung, als Emanzipation vom Mythos. Gott ist nicht die Natur, sondern
der Schopfer der Natur. Da sie geschaffen ist, spricht sie vom Schopfer,
spricht der Schopfer durch sie. Durch die Schépfung spricht er den Men-
schen, sein Geschopf an, gibt er ihm Wegweisung, zeigt ihm, was er tun
soll. In der Neuzeit verblasst der metaphysische Horizont der Welt. Joseph
Ratzinger sieht die Evolutionstheorie als einen Teil jener geistesgeschicht-
lichen Bewegung, die ,die durch das christliche Denken vollzogene Tren-
nung von Physik und Metaphysik“ immer mehr zurticknehmen will. ,Alles
soll wieder ,Physik’ werden®.

L~Immer mehr hat sich die Evolutionstheorie als der Weg herauskristal-
lisiert, um Metaphysik endlich verschwinden, die ,Hypothese Gott* (Lapla-
ce) uberfliissig werden zu lassen und eine streng ,wissenschaftliche’
Erklarung der Welt zu formulieren” (a.a.0., S. 143f).

Kardinal Ratzinger hatte bereits 1985, anlésslich des rémischen Sym-
posiums tiber ,,Evolutionismus und Christentum® (Weinheim 1986) darauf
hingewiesen, dass , Evolution” heute, ,iiber ihren naturwissenschaftlichen
Gehalt hinaus zu einem Denkmodell erhoben worden ist, das mit dem
Anspruch auf Erklarung des Ganzen der Wirklichkeit auftritt und so zu
einer Art von ,ersten Philosophie’ geworden ist” (a.a.O., S. VII). Alles, auch
Erkenntnis, Ethos, Religion, sollen aus dem Generalschema Evolution
abgeleitet werden. Im Grunde gehe es um ,,die Riickfithrung aller Realitit
auf Materie“ (a.a.0., S. VIII).

Im Rahmen dieses Totalititsanspruchs des Erklirungsmodells , Evolu-
tion“ ,muss der christliche Gottesgedanke als unwissenschaftlich
gelten“(Sorbonne-Rede, a.a.0., S. 144).

Im Symposium von 1985 stellte Kardinal Ratzinger unmissverstandlich
fest: ,Auf keinen Fall sollte der Anschein eines neuen Streits zwischen
Naturwissenschaft und Glaube entstehen, um den es in der Tat in diesem
Gesprich in keiner Weise geht“ (a.a.0., S. VIII). Es macht dem Glauben kei-
ne Schwierigkeit, ,die naturwissenschaftliche Hypothese Evolution sich
gemil ihren eigenen Methoden ruhig entfalten zu lassen” (ebd.).
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Nicht die exakte wissenschaftliche Arbeit an der Evolutionstheorie ist
das Problem, sondern deren ,Umfunktionierung” in ein philosophisches
Erklarungsmodell mit Totalanspruch. Und der Kardinal fiigt hinzu: ,Die
eigentliche Gesprichsebene ist die des philosophischen Denkens: Wo
Naturwissenschaft zur Philosophie wird, ist es die Philosophie, die sich mit
ihr auseinandersetzen muss. Nur so stehen die Gesprachsfronten richtig;
nur so bleibt deutlich, worum es sich handelt: um einen rationalen philoso-
phischen Disput, der auf die Sachlichkeit rationaler Erkenntnis abzielt,
nicht um einen Einspruch von Glaube gegen Vernunft” (a.a.O., S. VIII).

Ahnlich ist die Schlussfolgerung der Rede an der Sorbonne: , Jedenfalls
fithrt an dem Disput iiber die Reichweite der Evolutionslehre als erster Phi-
losophie und tiber die Ausschlieflichkeit positiver Methode als einziger
Weise von Wissenschaft und Rationalitiat kein Weg vorbei. Dieser Disput
muss daher von beiden Seiten sachlich und hérbereit in Angriff genommen
werden, was bisher nur in geringem MaR geschehen ist“ (a.a.0., S. 144).

Papst Benedikt bringt hier zum Ausdruck, was wohl in der 6ffentlichen
Debatte meist iibersehen wird: Die Alternative lautet doch nicht: entweder
Kreationismus oder Evolutionismus! Sie heilt auch nicht: Entweder Glau-
be oder Wissenschaft! Es geht vielmehr um die philosophische Frage, was
denn Reichweite und Grenzen der streng quantitativen Methode der Natur-
wissenschaften sei: Zwischen Glauben und Naturwissenschaften bedarf es
als vermittelnder Instanz der Philosophie. Die Philosophie ist gefragt, um
Grenzen der naturwissenschaftlichen Methoden und ihrer Reichweite zu
formulieren, um Grenziiberschreitungen aufzudecken, um Verengungen
des Vernunftbegriffs zu 6ffnen. Eine gute Philosophie der Natur kann hel-
fen, die heute auf beiden Seiten drohenden Fundamentalismen zu vermei-
den, den religiésen und den wissenschaftlichen.

5. IM ANFANG WAR DAS WORT

Aber auch Philosophien haben ihre Grenzen, gerade wenn es um die
letzten Fragen geht. Papst Benedikt hat das oft angesprochen. In der Sor-
bonne-Rede sagt er: ,Letzten Endes geht es um eine Alternative, die sich
bloR naturwissenschaftlich und im Grunde auch philosophisch nicht mehr
auflosen lasst. Es geht um die Frage, ob die Vernunft bzw. das Verniinftige
am Anfang aller Dinge und auf ihrem Grunde steht oder nicht. Es geht um
die Frage, ob das Wirkliche aufgrund von Zufall und Notwendigkeit (...),
also aus dem Vernunftlosen entstanden ist, ob also die Vernunft ein zufalli-
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ges Nebenprodukt des Unverniinftigen und im Ozean des Unverniinftigen
letztlich auch bedeutungslos ist, oder ob wahr bleibt, was die Grundiiber-
zeugung des christlichen Glaubens und seiner Philosophie bildet: In prin-
cipio erat Verbum — am Anfang aller Dinge steht die schopferische Kraft der
Vernunft. Der christliche Glaube ist heute wie damals die Option fiir die
Prioritit der Vernunft und des Verniinftigen. Diese Letztfrage kann nicht
mehr, wie schon gesagt, durch naturwissenschaftliche Argumente entschie-
den werden, und auch das philosophische Denken st6Rt hier an seine Gren-
zen. In diesem Sinn gibt es eine letzte Beweisbarkeit der christlichen Grun-
doption nicht. Aber kann eigentlich die Vernunft auf die Prioritit des Ver-
niinftigen vor dem Unverniinftigen, auf die Uranfianglichkeit des Logos ver-
zichten, ohne sich selber aufzugeben?” (a.a.0., S. 146).

Damit ist wohl die entscheidende Frage gestellt. Joseph Ratzinger hat
sie bei vielen Anliassen immer neu formuliert. Seine AuRerungen zu unse-
rem Thema sind zahlreich, und wir konnten hier nur eine kleine Auswahl
bieten. Zu Joseph Ratzinger gehort neben der groRen begrifflichen Klarheit
immer auch ein sehr lebensnaher, existentieller Zugang zu den Fragen, die
er behandelt. Diese enge Verbindung von hoher Intellektualitit, tiefer
Frommigkeit und grofer Lebensnihe macht wohl auch den anhaltenden
Erfolg seiner Vorlesungen, Vortrige und Predigten aus.

So kann es nicht fehlen, dass ich abschlieRen auf das hinweise, was
Joseph Ratzingers', Papst Benedikts’ Auferungen zum Thema , Evolution
und Schépfung” im tiefsten bestimmt: der Logos, der im Anfang war und
der alles trigt und verniinftig macht, ist untrennbar von der Liebe: ,Der
Logos erschien nicht nur als mathematische Vernunft auf dem Grund aller
Dinge, sondern als schopferische Liebe bis zu dem Punkt hin, dass er Mit-
Leiden mit seinem Geschopf wird“. Dieser Logos ist Mensch geworden und
hat in seiner Auferstehung von den Toten ,,die grofte Mutation® in der lan-
gen Geschichte der Evolution des Lebens vollzogen, wie Papst Benedikt in
seiner ersten Osterpredigt sagte (15.4.2006); dieser Logos ist selber Liebe,
und wenn dieser Logos am Anfang von allem steht und auch am Ende aller
Dinge, dann ist die Liebe der tiefste Grund von allem. Oder, mit den Wor-
ten von Papst Benedikt: ,Die wahre Vernunft ist die Liebe, und die Liebe ist
die wahre Vernunft. In ihrer Einheit sind sie der wahre Grund und das Ziel
alles Wirklichen® (a.a.0., S 147).



POPE BENEDICT XVI
ON ‘CREATION AND EVOLUTION’

CHRISTOPH CARD. SCHONBORN

Honoured Mr President,
Your Eminences and Excellencies, Ladies and Gentlemen,

I am grateful for having been entrusted with the privilege of giving
you a little insight into the thinking of Pope Benedict XVI, of Professor
Joseph Ratzinger, on the topic of ‘Evolution and Creation’. The great the-
ologian in the Chair of Saint Peter has often and early on commented on
this subject. In my foreword to the records of the colloquium of his
Schiilerkreis (circle of former graduates), which took place at Castel Gan-
dolfo in autumn 2006, I already compiled in chronological order some of
the most important statements of the present Pope (Creation and Evolu-
tion. A Conference with Pope Benedict XVI in Castel Gandolfo, San Fran-
cisco 2008, pp. 7-23).! Today, it is a matter of putting these statements in
some systematic order and of structuring them thematically. In doing so,
their importance is to be made more clearly visible, since it reaches far
beyond the individual question of the theory of evolution.

1. THE REGENSBURG LECTURE AND ITS LASTING CHALLENGE

One day after September 11, 2006, Pope Benedict gave a lecture at his
former academic place of activity, the University of Regensburg, deliver-
ing a speech which had far-reaching ramifications. First, there was that

! Original German edition: ‘Schépfung und Evolution. Eine Tagung mit Papst Bene-
dikt XVI. in Castel Gandolfo, Augsburg 2007’
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great uproar in large parts of the Islamic world, with riots culminating in
the killings of Christians. This was followed, however, by a positive wave
of readiness to engage in dialogue shown by certain circles of Islam,
which has lasted up to date, and which was particularly articulated in the
letter to the Pope and the heads of the Christian churches signed by 138
Islamic scholars addressing the joint responsibility of Christians and
Muslims for peace and justice in the world.

In the meantime, however, it has got around that the Regensburg lec-
ture was not primarily directed at the topic of Islam, but rather at the
question of how religion and reason are mutually interrelated. The quote
rendered famous by the Byzantine emperor Manuel II indicates that it is
‘contrary to reason’, that it is not ‘syn log®’, to spread one’s faith through
violence. Forced religious conversion is contrary to reason and therefore
contrary to God’s nature.

With this statement by the emperor the question concerning the rela-
tionship between reason and religion shall be addressed. It is this issue that
the Pope wanted to raise in his Regensburg lecture. And this is also the top-
ic of my exposition. Pope Benedict views the debate on the theory of evolu-
tion and evolutionism in this very light. As we shall see, for him the deci-
sive question is whether in the beginning there was the logos or un-reason.
With reference to the prologue of the Gospel of John the Pope says:

‘In the beginning was the logos. This is the very word used by the
emperor: God acts syn logo, with logos. Logos means both reason and
word — a reason which is creative and capable of self-communication,
precisely as reason’ (The Regensburg Address, paragraph 5).2

Does creative reason communicate itself, as reason? And is it, by our
reason, recognizable as reason? And recognizable not only within the nar-
row scope of a certain culture, such as the Western occidental one, but in
such a way that a dialogue beyond cultural and religious boundaries will
become possible? A genuine dialogue of cultures can only be entered into
if reason is of such breadth that it surpasses the boundaries which all of
us inevitably live and think in. It was one quintessential matter of concern
of the Regensburg lecture to explore the conditions for the possibility of

2 English version quoted from the Regensburg Address: ‘Faith, Reason and the Uni-
versity. Memories and Reflections’, available at: http://www.vatican.va/holy_father/bene-
dict_xvi/speeches/2006/september/documents/hf_ben-xvi_spe_20060912_university-
regensburg_en.html. Original German edition: ‘Glaube und Vernunft. Die Regensburger
Rede, Freiburg 2006’.
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a genuine intercultural and interreligious dialogue. It is my impression
that some Islamic scholars have understood this challenge in a more
explicit way than Western commentators.

But what does this have to do with our topic of ‘Creation and Evolu-
tion’? The examination of the concept of reason also leads Pope Benedict
to the concept of reason as it is used, respectively presupposed, in the nat-
ural sciences. In his Regensburg Address, the Pope postulates a kind of
‘critique of modern reason from within’, not with the intention of ‘putting
the clock back to the time before the Enlightenment’, but of ‘broadening
our concept of reason and its application’ (loc. cit., par. 15).

This self-criticism of modern reason also contains a criticism of the
positivistic concept of reason that widely dominates the Western world
and that is often deemed to be the specifically scientific concept of rea-
son, too. By comparison with this, Pope Benedict is trying to locate in the
preconditions of scientific rationality the very traces of the broader
understanding of reason that he has been looking for.

I am aware that these considerations are not the kind found in every-
day scientific life, and that there exists a certain aversion towards these fun-
damental, quasi-metaphysical questions raised here. Quoting Socrates,
however, Pope Benedict says that it would be greatly detrimental not to
raise these questions. Let us therefore venture to raise them. It will certain-
ly be worthwhile!

2. REDUCING THE CONCEPT OF REASON

The main part of the Regensburg lecture is dedicated to the following
question: What led to the reduction of the concept of reason, which Pope
Benedict sees as a particular sign of modern times?

The first reduction is understood to have arrived with nominalism. It
has moved the transcendence of God so far beyond reach ‘that our rea-
son, our sense of the true and good, are no longer an authentic mirror of
God, whose deepest possibilities remain eternally unattainable and hid-
den behind his actual decisions’ (loc. cit., par. 7). God’s creative reason no
longer speaks through his works. The latter are arbitrary positings that do
not reflect God’s wisdom and reason; they are unfathomable arbitrary
positings of divine omnipotence.

During the Reformation, faith and reason are, consequently, uncou-
pled. Faith relies solely on Scripture (sola scriptura), while reason is ‘sec-
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ularized’. The latter is more and more restricted to what is deemed ‘strict-
ly scientific’ and to that which corresponds to the canon of modern sci-
ence. ‘The specifically human questions about our origin and destiny, the
questions raised by religion and ethics, then have no place within the
purview of collective reason as defined by “science”[...] and must thus be
relegated to the realm of the subjective’ (loc. cit., par. 13).

Pope Benedict sees in this reduction a real danger for both sides; reli-
gion is threatened by irrational ‘pathologies’ (loc. cit., par. 13); science
will suffer damage, if the ‘questions of religion and ethics no longer con-
cern it’ (loc. cit., par. 13).

The answer to these ‘pathologies of religion and reason’ (loc. cit.,
par. 13) does not lie in the reduction of reason, but in the already cited
‘broadening [of] our concept of reason and its application’ (loc. cit.,
par. 15). This requires the overcoming of the ‘self-imposed limitation of
reason to the empirically falsifiable’ (loc. cit., par. 15).

The path to this engagement of the ‘whole breadth’ of reason is
regarded by Pope Benedict as a possibility that is intrinsic to modern sci-
entific reason (cf. loc. cit., par. 16). It is a matter of reversion to an under-
standing of the requirements for scientific study. The Pope says on this:

‘Modern scientific reason quite simply has to accept the rational
structure of matter and the correspondence between our spirit and the
prevailing rational structures of nature as a given, on which its method-
ology has to be based. Yet the question why this has to be so is a real ques-
tion, and one which has to be remanded by the natural sciences to other
modes and planes of thought - to philosophy and theology’ (loc. cit., par.
16). Theology in particular draws upon a source of knowledge, ‘and to
ignore it would be an unacceptable restriction of our listening and
responding’ (loc. cit., par. 16).

3. WAYS TO ENGAGE THE BREADTH OF REASON

Ten days prior to the Regensburg lecture, the members of the
Schiilerkreis met with their master and teacher at Castel Gandolfo for the
annual scholarly exchange. Pope Benedict himself had wished the topic
to be ‘Creation and Evolution’. He regarded the debates triggered by my
‘opinion editorial’ in the New York Times as providential for a new and
reinforced public review of the topic (cf. Creation and Evolution, p. 161).
Four presentations were given in his presence, the speakers being Prof.
Peter Schuster, Prof. P. Paul Erbrich, Prof. Robert Spaemann and myself.
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Pope Benedict’s personal comments are documented in the symposium
volume, giving us a vivid insight into his thoughts on our topic. I shall
here have to refer to some key issues in these comments.

First, there is the clear dissociation of the so-called ‘creationism that
is closed off from science as a matter of principle’ (loc. cit., p. 161). It
must be clear that to the Catholic point of view no scientific findings will
present an obstacle to faith.

Yet, Pope Benedict also reminds us that the theory of evolution has its
gaps which it must not make light of, and that it must not close its eyes
to questions going beyond its methodical possibilities. For the theory of
evolution implies questions ‘that must be assigned to philosophy and that
in and of themselves lead beyond the internal scope of the natural sci-
ences’ (loc. cit., p. 162).

I am taking the liberty to render to you, at this point, an extended quote
of Pope Benedict’s contribution to the discussion. As we have so often wit-
nessed with him, his freely spoken statements are, time and again, of fasci-
nating clarity, well-worded and linguistically perfect in form. I quote:

[...] science has opened up major dimensions of reason that previ-
ously had not been accessible and have thereby provided us with new
knowledge. But in its joy over the greatness of its discoveries, it tends
to confiscate dimensions of our reason that we still need. Its findings
lead to questions that reach beyond its methodological principles
and cannot be answered within science itself. Nevertheless these are
questions that reason must ask itself and that must not simply be left
to religious feeling. We must look at them as reasonable questions
and also find reasonable ways of dealing with them.

These are the great perennial questions of philosophy, which con-
front us in a new way: the question of where man and the world
come from and where they are going. Apropos of this, I recently
became aware of two things that the three following lectures also
made clear: There is, in the first place, a rationality of matter itself.
One can read it. It has mathematical properties; matter itself is
rational, even though there is much that is irrational, chaotic, and
destructive on the long path of evolution. But matter per se is leg-
ible. Secondly, it seems to me that the process, too, as a whole, has
a rationality about it. Despite its false starts and meanderings
through the narrow corridor, the process as such is something
rational in its selection of the few positive mutations and in its
exploitation of the minute probabilities. This twofold rationality,
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which in turn proves to correspond to our human reason,
unavoidably leads to a question that goes beyond science yet is a
reasonable question: Where does this rationality originate? Is
there an originating rationality that is reflected in these two zones
and dimensions of rationality? Science cannot and must not
answer this question directly, but we should acknowledge that the
question is a reasonable one and dare to believe in the creative
Reason and to entrust ourselves to It (loc. cit., p. 163f).
I believe that Pope Benedict has here, in few sentences, captured the
essence of what there is to say on the debate that we are engaged in.
Why is matter ‘legible’? Why does the whole process of evolution have
something rational? Where does this rationality originate? Reason must
not avoid these questions if it does not want to abdicate itself, as I said in
my New York Times article by quoting Pope John Paul II. It would be a
mistake, however, to expect the natural sciences to be eager, by way of
their method, to provide their own answers to these questions. This, per-
haps, is the methodical mistake of the ‘school of intelligent design’. They
are asking the right question: Where does this evident design in nature
originate? ‘Finding design in nature’, that was the title of my disputed ‘op-
ed’. Tt is not scientifically operating research that finds design in nature.
On the contrary, however, it will be found by man reflecting on his
research, who wonders about the meaning of matter giving him ‘reason-
able’ answers to his questions, and who ponders the question why his rea-
son is capable of perceiving these answers.

4. THEORY OF EVOLUTION AS A ‘FIRST PHILOSOPHY

In the year 1999, Cardinal Ratzinger gave a much-noticed lecture at
the Sorbonne in Paris. It undeniably belongs to the great speeches of his
long career. Its subject, at a first glance, has nothing to do at all with our
topic. At the Sorbonne, in the ‘temple of enlightenment’, so to speak, the
Cardinal dared pose the question about the truth of Christianity: ‘Chris-
tianity — The True Religion?’ (in: Truth and Tolerance. Christian Belief and
World Religions. San Francisco 2004, pp. 162-183).3

3 Original German edition: ‘Glaube, Wahrheit, Toleranz. Das Christentum und die
Weltreligionen, Freiburg 2003, pp. 131-147.
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Cardinal Ratzinger names the theory of evolution as one example of
the scepticism towards the truth claim of Christianity, since it makes — as
it seems — the theory of creation appear obsolete (cf. loc. cit., p. 163). Gen-
eral relativism seems to leave nothing but symbolic meaning for the
Christian theology of a created world according to God’s design and
intent. Christianity has not resigned itself to being one symbolic expres-
sion among others for the — never attainable - significance of the world,
a myth among others, as it were, without any particular claim to truth.
Christianity has understood itself as reasonable, and due to its reason-
ableness accessible to all people.

‘Looking back, we may say that the power of Christianity, which made
it into a world religion, consisted in its synthesis of reason, faith, and life’;
this is how the Cardinal summarizes the retrospective view of the world-
wide expansion of Christianity, in order to then raise the critical question:
‘Why is this synthesis no longer convincing today? Why, on the contrary,
are enlightenment and Christianity regarded today as contradicting each
other or even as mutually exclusive?’ (loc. cit., p. 175).

I believe that the following deliberations by the Cardinal are of great
importance especially in view of the approaching Darwin anniversary
(2009), since they define the great scope of intellectual history that hosts
the debates of today. Cardinal Ratzinger regards the Judaeo-Christian
belief in creation as a great potential for enlightenment, as an emancipa-
tion from myth. God is not nature, but the Creator of nature. As it has
been created, it speaks of the Creator and the Creator speaks through it.
Through creation He speaks to man, His creature, shows him the way and
shows him what to do. In modern times the metaphysical horizon of the
world is fading. Joseph Ratzinger sees the theory of evolution as part of
that movement of intellectual history which wishes to steadily cancel ‘the
separation of physics from metaphysics achieved by Christian thinking’.
‘Everything is to become “physics” again. The theory of evolution has
increasingly emerged as the way to make metaphysics disappear, to make
“the hypothesis of God” (Laplace) superfluous, and to formulate a strict-
ly “scientific” explanation of the world’ (loc. cit., p. 178).

As early as 1985, Cardinal Ratzinger had, on the occasion of the Roman
symposium on ‘Evolutionism and Christianity’ (Weinheim 1986), pointed
out that ‘evolution’ has today ‘been exalted above and beyond its scientific
content and made into an intellectual model that claims to explain the
whole of reality and thus has become a sort of “first philosophy”’ (quoted
in: Creation and Evolution, p. 9). Everything, even knowledge, ethics, reli-
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gion, is to be derived from the general scheme of evolution. It is ultimately
about ‘the derivation of all reality from matter’ (loc. cit., p. 10).

In the context of this totalitarian claim of the explanatory model of
‘evolution’, ‘the Christian idea of God is necessarily regarded as unscien-
tific’ (Sorbonne Address in: Truth and Tolerance, p. 178).

In the symposium of 1985, Cardinal Ratzinger unmistakably stated:
‘In no case should the appearance of a new dispute between natural sci-
ence and faith be created, because in fact that is not at all what this dia-
logue is about’ (quoted in: Creation and Evolution, p. 10). It does not pose
a problem to faith to allow ‘the scientific hypothesis of evolution to devel-
op in peace according to its own methods’ (ibid.).

It is not the exact scientific work on the theory of evolution that is the
problem, but its ‘remodelling’ into a philosophical explanatory model
with a claim of totality. And the Cardinal adds: ‘The real level of discourse
is that of philosophical thought: when natural science becomes a philos-
ophy, it is up to philosophy to grapple with it. Only in that way is the con-
tentious issue framed correctly; only then does it remain clear what we
are dealing with: a rational, philosophical debate that aims at the objec-
tivity of rational knowledge, and not a protest of faith against reason’
(quoted in: Creation and Evolution, p. 10f.).

His speech at the Sorbonne ends with a similar conclusion: ‘There is at
any rate no getting around the dispute about the extent of the claims of the
doctrine of evolution as a fundamental philosophy and about the exclusive
validity of the positive method as the sole indicator of systematic knowledge
and of rationality. This dispute has therefore to be approached objectively
and with a willingness to listen, by both sides — something that has hitherto
been undertaken only to a limited extent’ (loc. cit., p. 179).

Pope Benedict here voices what seems to be mostly overlooked in the
public debate: The alternative does not read: Either creationism or evolu-
tionism! Nor does it read: Either faith or science! It is rather about the
philosophical question as to the scope and the limits of the strictly quan-
titative method of the natural sciences: Philosophy is required as an enti-
ty mediating between faith and the natural sciences. Philosophy is sought
in order to formulate the limits of the scientific methods and their scope,
in order to reveal boundary crossings, in order to open up any narrowed
concepts of reason. A good philosophy of nature can help avoid the fun-
damentalisms imminent on both sides today, i.e. the religious as well as
the scientific ones.
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5. IN THE BEGINNING WAS THE WORD

Yet, philosophies, too, have their limits, particularly if it is a matter of
posing the ultimate questions. Pope Benedict has often addressed this
issue. In his Sorbonne speech he says: ‘In the end this concerns a choice
that can no longer be made on purely scientific grounds or basically on
philosophical grounds. The question is whether reason, or rationality,
stands at the beginning of all things and is grounded in the basis of all
things or not. The question is whether reality originated on the basis of
chance and necessity [...], and, thus, from what is irrational; that is,
whether reason, being a chance by-product of irrationality and floating in
an ocean of irrationality, is ultimately just as meaningless; or whether the
principle that represents the fundamental convictions of Christian faith
and of its philosophy remains true: “In principio erat Verbum” - at the
beginning of all things stands the creative power of reason. Now as then,
Christian faith represents the choice in favor of the priority of reason and
of rationality. This ultimate question, as we have already said, can no
longer be decided by arguments from natural science, and even philo-
sophical thought reaches its limits here. In that sense, there is no ultimate
demonstration that the basic choice involved in Christianity is correct.
Yet, can reason really renounce its claim to the priority of what is ration-
al over the irrational, the claim that the Logos is at the ultimate origin of
things, without abolishing itself?’ (loc. cit., p. 180f.).

It seems that, with these words, the decisive question has been posed.
Joseph Ratzinger restated it over and over on many occasions. His
remarks on our topic are numerous, and we have merely been able to pro-
vide a small selection here. Inherent to Joseph Ratzinger, besides his
immense conceptual clarity, is always a very true-to-life and existential
approach to the questions he addresses. It is perhaps this close interrela-
tion of high intellectuality, deep piety and close bond with real life that
account for the sustained success of his lectures, speeches and sermons.

Thus, I shall not conclude without referring to the very thing that
most profoundly determines Joseph Ratzinger’s, Pope Benedict’s state-
ments on the topic of ‘Creation and Evolution”: This logos, which was in
the beginning and which bears everything and makes everything reason-
able, is inseparable from love: ‘The Logos was seen to be, not merely a
mathematical reason at the basis of all things, but a creative love taken to
the point of becoming sympathy, suffering with the creature’ (loc. cit., p.
182). This logos was made man and, in its resurrection from the dead,



POPE BENEDICT XVI ON ‘CREATION AND EVOLUTION’ 21

underwent ‘the greatest mutation’ in the long history of the evolution of
life, as Pope Benedict said in his first Easter Vigil (15 April 2006); this
logos itself is love, and if this logos is at the beginning of everything as
well as at the end of all things, then love is the most profound reason of
everything. Or, using the words of Pope Benedict: [...] the true reason is
love, and love is the true reason. They are in their unity the true basis and
the goal of all reality’ (loc. cit., p. 183).
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PROF. CoLLINS: Thank you for a very thoughtful presentation. When you
refer to the realisation that evolution has gaps in its understanding, that,
obviously, is a trigger for some people to worry about God being placed in
those gaps in a way that narrows God’s providence instead of giving God
the authorship of all Creation. So I would be curious to understand a little
bit more in that reference to gaps in evolution: exactly what sorts of gaps
are being referred to.

CARD. SCHONBORN: This quotation was part of the Castel Gandolfo
debate, where Professor Schuster, the President of the Austrian Academy of
Science, spoke himself about the points where the evolution theory still has
question marks, and Pope Benedict referred to that in his reply, but it is evi-
dent that for him these questions are not the place where he locates the Cre-
ator. The Creator is not in the shrinking gaps, he would be shrinking in his
place, in his Creation. What Pope Benedict clearly states is that the ques-
tion of rationability, readability of matter, the question of why is it possible
that we can penetrate reality with our research, why nature does give
answers, and very precise answers, why there is a correspondence between
our intelligence and reality, this is the point where he asks: where does this
rationability come from? Can it be the product of irrationality? Can it be
the product of a mere random process without any rationality? And, there-
fore, he affirms, in this second point on rationability, that the overall
process of evolution has its own rationality. Despite all the meanders evolu-
tion has taken and all the terrible things that have happened in the process
of evolution, nevertheless the whole process makes sense. This double
rationability of matter and of the whole process is, for him, the place where
he asks for the God Creator, and not in the gaps.

PROF. MITTELSTRASS: Obviously, in the centre of, or, one could even say,
the framework of Pope Benedict’s concept, is the concept of reason. In Ger-
man, it is Vernunft. Now, Vernunft is a very difficult term. In German, at
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least in the Kantian tradition, Vernunft is a normative concept, in contrast
to Verstand, which is a descriptive or explanatory concept. Sometimes, both
meanings are part of a more general concept, also called Vernunft. In Eng-
lish, the distinction would be between ‘reason’ and ‘understanding’, or ‘rea-
son’ as a general concept, including ‘reason’ in its narrow (normative) sense
and ‘understanding’. In its narrow (normative) sense, Vernunft (reason) is
the subject of philosophy and theology. I understand Pope Benedict as
using Vernunft (reason) as the general concept emphasising at the same
time its normative meaning.

CARD. ScHONBORN: I would say that the same difficulty arises in Greek,
with Logos: ‘En arke en o logos’ (Ev gy} v 6 Adyoc) means ‘In the beginning
was the word’, no, ‘was the reason’. Goethe has another interpretation in
Faust: ‘In the beginning was Sinn, meaning’. But in Hebrew it is even
stronger: dabar means ‘word’ and ‘acting’. We have in English reason and
intelligence, and we have also these two aspects. I think what the Pope insists
on is that rationality, the analytic use of reason in the natural sciences is a
legitimate and necessary use, but we should not limit reason, intelligence to
this limited use. There are other dimensions of intelligence, of reason, how-
ever you use the words, that are true understanding, true intelligence, with-
out being scientific, without being quantitative, measurable. The intelligence
of the heart, as Pascal said, ‘The heart has its reasons’, the intelligence of the
heart. There is an ethical intelligence which is not accountable with the sci-
entific methodology and, nevertheless, it is true reason. That is mainly the
argument: Do not limit the concept of reason, of intelligence, only to that, and
his critique of evolutionism, not the theory of evolution, but it is the enlarge-
ment of the model of evolution to practically all fields of knowledge, of intel-
ligence. The understanding of the origin of intelligence, in the evolutionary
intelligence theory, sociobiology, evolutionary ethics, all these fields are lim-
iting to a model of evolution that is taken from a scientific theory which is
probably overexpanded beyond its true limits. I think this is the core critique
the Pope has to evolutionism, as, let us say, perhaps ideology.

PROF. ARBER: Just a comment rather than a particular question. Of
course, we scientists are aware that one of Charles Darwin’s ideas was that
some phenotypic advances rendered the life of some living beings easier,
that means that they could overgrow the population of their parental forms.
This was actually the idea of the natural selection, which is the important
part of his theory. One hundred and fifty years ago no one had any idea of
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how that worked, so the theory had no rational basis, but it was a good idea.
Later on, of course, genetics was introduced, again on the basis of differ-
ences in phenotypes. The introduced concept of genes was yet absolutely
abstract, without knowledge of a material basis for a gene. Almost a centu-
ry later, the original Darwinism and classical genetics finally became fused
into Neo-Darwinism around 1940. It is only in the middle of the 1940s that,
from microbiological investigations, it became clear that the basis for the
genes are nucleic acids rather than a protein, as it was usually believed.
From this knowledge, molecular genetics was then developed, and we are
now in a process of fusing molecular genetics with evolutionary biology.
Today we have an experimentally validated knowledge of the molecular
basis of altered phenotypes: This is a changed nucleotide sequence. So we
have to carefully define what we understand under ‘theory of evolution’. Are
you referring to the original Darwinism, to Neo-Darwinism or to the actual
molecular Darwinism? We have also to note that a theory is, by definition,
never a final proof of something that we study. Even today, there are a num-
ber of open questions, but I am convinced that, despite all this progress, sci-
entific approaches will never prove whether God is behind evolution or not.
I fully agree with you that science and spirituality are two different worlds.
We should make that quite clear to the general public.

PROF. PHILLIPS: My question, I think, in a sense synthesises the questions
and comments that a number of people have made, but I want to ask it to
establish more clarity about your presentation. You mentioned several
times your controversial article in The New York Times, and given the con-
text of that article it is difficult for me to separate my understanding of
what you believe from what you believe that Pope Benedict believes. So, 1
would like you to answer both with respect to your own belief and what you
believe the Holy Father believes: It appears to me, from what you have said
and from the clarifications given in your answers to the preceding ques-
tions, that you would say, given the understanding that no scientific theory
is ever complete, that the theory of biological evolution gives a correct
description of the way in which biological organisms have come to be the
way they are. But, on the other hand, you believe that extension of the con-
cepts of biological evolution to other areas, such as social or moral evolu-
tion, might very well be completely inappropriate and that an unthinking
extension of what has been learned in biological evolution to other areas is
not something we should take for granted. That is one point. Another point
is that evolution as a point of view, or science in general as a point of view,
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is not the whole story when it comes to human understanding. Science has
its place, but it is not a complete story of what human beings consider quite
rightly to be important in their lives. You talked about ‘evolutionism’, but
one could just as easily say ‘scientism’ as a point of view, meaning the view
that science gives a complete description of everything that is important.
You would say, I think, that such a viewpoint is not correct. So what I am
wondering is: have I given, in this short discourse, an accurate description
of your belief and what you believe Pope Benedict believes?

CARD. SCHONBORN: Certainly, I do not pretend to present him exactly. I
personally would be sceptical if a scientific theory affirmed that it is really
the exact description of what happened. Especially when it is an historical
theory as evolution theory is. We did not witness the appearance and disap-
pearance of the dinosaurs. So that is my first question. The second point is
the application of the evolution model to other fields like social biology,
evolutionary ethics, evolutionary intelligent theory. All these applications
are legitimate under one condition: that they do not pretend to be an
exhaustive explanation, to say that ethical behaviour or intelligence is only
and exclusively the product of an evolutionary process. I would say that
evolution theory can shed light on the phenomenon of intelligence, of its
genesis, maybe, that is legitimate, but not to make it an exhaustive expla-
nation. I fully agree that the basic question is the choice between true sci-
ence and scientism, and scientism is certainly an overexpansion of what,
within the limits of science, is legitimate and exact and precise. Scientism
is the pretension to explain more than science can explain. So I think, in
this sense, what Dawkins actually does is not science, it is his own belief,
but he does not do good to science with what he does.

PROF. PHILLIPS: So, to return to the question you put to me, as to whether
I can say that the modern theory of evolution gets everything right, I tried to
preface my remarks by saying, ‘with the understanding that no scientific the-
ory can be said to be completely right’. Do you believe that, given that under-
standing, evolution has it pretty much right or do you believe there are seri-
ous problems with the theory of biological evolution?

CARD. SCHONBORN: Well, T am not a scientist, I have only questions to sci-
entists. For instance, Professor Schuster in his talk in Castel Gandolfo
admitted that the classical theory of the little steps of evolution is no longer
valid. He said that evolution theory today needs to admit jumps, and not
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step by step. This is a big change in the scientific theory. He said that this
is a deficiency of the traditional Darwinian or Neo-Darwinian theory. The
famous Austrian Nobel prize-winner, Konrad Lorenz, spoke about ‘fulgura-
tion’, evolutionary steps are fulgurations.

PROF. ARBER: Just one word. For a relatively long time, when it was seen
that mutations are on the DNA, one looked at very local changes, nucleotide
substitutions and so on. Many of these theories, also Schuster’s, are based
on only that as an evolutionary strategy. We know today that DNA segments
can be rearranged internally and DNA segments can be acquired from oth-
er living beings. This can be the source of these sudden changes of pheno-
types, although this possibility has, so far, not been generally validated.

ProF. WoLTERS: I would like to ask whether you still hold the position you
took at the Castel Gandolfo meeting, saying there that relying on random
variation on natural selection was not science but ideology. I am just quoting.

CARD. SCHONBORN: The quotation, sorry, is not exact. I said, ‘to rely
exclusively on that’.

PrROF. WoLTERS: What else should a biologist rely on?

CARD. ScHONBORN: I did not speak about what scientific methodology
can explain within its limits but to pretend that this is all that we can say
about reality, this would be not science, but ideology, if science pretends to
explain matters that are not in the field of science. That was my intention.
I admit it was a little bit rough in the expression.

Pror. ZicxicHr: I would like to go back to the meaning of reason and the
origin of reason. I think the importance of calling the attention of modern
culture on reason as done by Benedict XVT is twofold: one is the meaning of
reason, the other is its origin. We are the only form of living matter endowed
with this property called reason. Can this be proved? The answer is yes. In
fact we are the only form of living matter which has invented permanent col-
lective memory, better known as written language, rigorous logic, the most
rigorous being mathematics and, out of all possible logics, science. The exis-
tence of Language, Logic and Science is due to the existence of Reason. I
have discussed in my lecture why bringing Reason at the centre of modern
culture is in synthony with the frontiers of our scientific achievements. The
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principal scientific questions raised by the Cardinal were taken up in my
paper, ‘Rigorous Logic in the Theory of Evolution’. I pointed out that the
most advanced frontier of scientific knowledge implies that three fundamen-
tal transitions (or leaps) must have taken place for the universe to exist as it
is, endowed with the properties of life and reason. The question of ‘intelli-
gent design’ has to be investigated with reference to these three leaps.

The first fundamental leap is the famous Big Bang which describes how
from a vacuum the universe, which now consists of 1082 protons, neutrons
and electrons, began to evolve. This is Big Bang-1: the transition from a vac-
uum to inert matter. Big Bang-2 deals with the problem of how to describe
the transition from inert matter to living matter. Big Bang-3 deals with the
transition from living matter without ‘reason’ to living matter endowed
with ‘reason’. It is thanks to Big Bang-3 that we are able to discuss Big
Bang-2 and Big Bang-1. The fact that out of the innumerable number of dif-
ferent forms of living matter there is only one endowed with the property
called ‘reason’ needs to be explained in detail.

At present only Big Bang-1 is based on the Galilean scientific method,
i.e. using experimental reproducible results and mathematical rigour for
their description. Big Bang-2 and Big Bang-3 are below the third level of
Galilean science.

In my paper I pointed out that the basic message of Galilean science is
that a ‘fundamental logic’ governs all forms of inert and living matter. This
‘fundamental logic’ is based on the three fundamental forces of nature and
three families of elementary particles. The three forces are: the electroweak,
the subnuclear-strong and the gravitational. The three families of elemen-
tary particles consist of six quarks and six leptons. This fundamental logic
started to be discovered four centuries ago by Galileo Galilei. Those who
claim that this logic is not there are in conflict with science and its most
advanced achievements.

One must recognise that man is not the author of physical or biological
laws but he alone discovers them. If a fundamental logic exists the Author of
this logic must exist too. Atheistic culture claims that the Author is not there,
but no one is able to prove, using the Galilean method, that this is the case.

The reason why it is not enough to be intelligent to understand this fun-
damental logic was discovered by Galileo Galilei. He pointed out that the
Being who created the world is more intelligent than all of us. This is why
we need not only to formulate a theoretical hypothesis, using mathemati-
cal formalism, but also to carry out experiments if we want to know a cor-
rect answer to a given question of a physical or biological nature. To per-
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form a Galilean-type experiment is an act of intellectual humility. In a few
words: posing a question only in theoretical terms is not sufficient. For
example, the question concerning the existence of the superworld is formu-
lated in a rigorous theoretical way using relativistic quantum string (RQS)
theory. Nevertheless, no physicist is able to give a correct answer before
experimental results are obtained. Only through the ‘experimental results’
of four hundred years of Galilean science has man obtained successful
‘answers’ from the Author of the fundamental logic. Thanks to these
‘answers’ we now have the RQS theory.

The hypothesis of ‘intelligent design’ is valid to the extent that it is based
on the fact that a fundamental logic exists in the universe, as discovered by
the most advanced frontier of science. The existence of this fundamental
logic compels us to admit the existence of an Omnipotent Intelligence,
superior to the intelligence of man, and on which the world depends: here
is how the hypothesis of ‘intelligent design’ comes in. If I understand his
observations, this is the meaning of what Cardinal Schénborn said on
‘intelligent design’. And this is correct as far as science and logic are con-
cerned. It is necessary to discern the different epistemological levels of our
discussion and the theological and philosophical points of views. We have
to extend reason beyond the ideology of naturalistic scientism.

CARD. SCHONBORN: I agree with what Professor Zichichi said better than
I can express it.

PrROF. M. SINGER: I have a question about the use of the word ‘gaps’.
When you responded to Professor Collins’ question, you said that the
Pope does not think that the Creator is in the gaps. So, the first point that
I want to make is that if that is the case, then you have responded to the
word ‘gaps’ in a very different way from what most people in the public
consider gaps in evolution’s story. I think that the answer might or might
not surprise people who are not scientists but who worry about gaps. The
second thing is a question, because I think probably I misunderstood
what you meant to say when you tried to explain that the Pope would not
say that the Creator is in the gaps but that God is in our ability to ratio-
nalise what we see in the natural world and to deal with evidence about
gaps. If that is what you meant, and perhaps it was not and I misunder-
stood, then, I am left with the question about where you see God func-
tioning with respect to all the other creatures on the planet, if God is in
our ability to rationalise the natural world.
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CARD. SCHONBORN: I think the difficulty is that in our culture the concept
of Creation, of Creator, has become very much shaped by a mechanistic
concept. The watchmaker, whether he is blind or not, the watchmaker is
more or less the model we have in our minds when we think about the Cre-
ator. My impression is, in reading a lot about Darwin and on Darwin and
from Darwin, that he had the problem with his religious education that he
could imagine only a mechanistic understanding of Creation and he fought
against that, rightly, he wanted to overcome a concept of a God that inter-
venes from time to time to arrange his clock, to repair his clock or to make
the passage from one species to the other, and he found this genius, simple
theory, of the natural explanation of the origin of species. But what was
wrong with him was that he opposed this to the idea of a Creator, because
with the concept of Creation, our difficulty is that we have no evidence, no
analogy in our experience of God’s creating act, because all that we do is
changing matter. We work with matter and we change it, we transform it,
and so we imagine a God working, transforming. But what is the original,
Biblical idea of a God that said and it became, created out of nothing? This
is not an exterior work, it is philosophically speaking, giving the being,
making it be. As the Bible says: ‘He said and it was, and he saw that it was
good’. So, I think what we would need is to reform our concept of Creation,
which is not an exterior work but a giving that is beyond analogy. It is only
in Faith that we can really assume Creation. It is not rational evidence.

PRrROF. PoTRYKUS: Thank you for giving me the possibility to ask a ques-
tion. First, a brief comment: I am a biologist and I am interested in evolu-
tion, and I agree with you that we have a lot of homework to do to fill all
the gaps we still have in knowledge about evolution. It is the best possible
concept to explain what we know at the moment, but we have to work hard
to fill what we do not know. But my question is completely different: where,
to the understanding of the Catholic Church, does the soul come into evo-
lution? T remember that one of the most impressive books I read when I
was younger was the book by Pierre Teilhard de Chardin, who for me gave
an honest attempt to explain how we could imagine that the soul comes
into evolution. What is the opinion of the Catholic Church at the moment?

CARD. SCHONBORN: I can be short on that, because Pope Benedict today
spoke about the immediate creation of the soul as one elementary, essential
teaching of the Catholic Church shared also with Judaism. The soul is created
by God, if we believe in the existence of the soul. That means that the human
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being is human from the beginning. There is not a transition, there may be a
bodily transition between pre-forms and the appearance of Homio sapiens sapi-
ens. Certainly there are many steps, but when it is a human being it is a human
being. That, I think, is the core of the teaching, that the soul is created by God.
The human person is not a product of nature, it is our body, our genetics, that
is a product of nature. But that we are human beings is something different.
That is Catholic teaching, and I think it is biblical teaching.

PrROF. DEHAENE: Thank you very much, I am enjoying this discussion
very much, I think it is very interesting. Your presentation is mostly on
the limits of science, and, in particular, you say there are questions that
science cannot and should not be asking. I wonder, however, whether this
is the correct position from the history of science. If you ask scientists in
this room, they will all agree that there are sharp limits to their knowl-
edge. Nevertheless, in the long run, however, science is progressing, and
it is historically extremely difficult to decide whether some questions
belong to a reserved area that will never be addressable by science. There
were times when the rainbow, featuring beautifully in the Bible, was con-
sidered outside of science and, of course, it became a cornerstone of New-
ton’s contribution. So I wonder, really, whether we can ever see where sci-
ence will lead. It is, I think, a very deep nature of science that it creates
new ways, new paths into the unknown. I want to ask specifically about
the notion of reason, which features very prominently in your presenta-
tion. I personally am really not sure whether the origins of reason is a
question which is outside of scientific questioning. I will, of course, give
some elements about that on Monday but I do not think it is so clear that
we are the only species with reason. Of course, it will depend on how you
define reason. But if some of our ancestors, who were clearly not human,
did not have some form of reason they would not have survived. Reason
is an adjustment to the external world, to a large extent, and part of our
science is to define steps in the evolution of the reasoning ability. Some of
them belong to the human species and some do not belong to the human
species. So I wonder how you would react to this type of scientific inves-
tigation.

CARD. SCHONBORN: First of all, there is certainly no question that science
should not be allowed to ask. If T have been understood in that way then I
was misunderstood. I am trained with Thomas Aquinas, and in the Middle
Ages, which were absolutely not dark compared to the 20th century, at a
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university in the Middle Ages every question was permitted, there was no
exclusion of any question. The question is only whether, with the chosen
methodology, you can give the answer to all questions. That I think is the
point the Pope made, that, with the limited methodology of natural science,
you cannot pretend to give answers to all questions. But, of course, you may
ask the question of the origin of intelligence and investigate scientifically as
much as you can, but if you give the explanation, ‘now I got what intelli-
gence is’, and you have a purely materialistic explanation, I would philo-
sophically oppose it and then we would have to make a philosophical
debate about whether that is really intelligence or reason.

PROF. ZicHICHI: In my lecture I have given the definition of reason based
- as wanted by science — on experimentally observable quantities. Reason
is the property which allows living matter to produce Language, Logic and
Science.

PRrROF. DE DUVE: It is a privilege to be the last speaker, especially since
what I am going to say is extremely simplistic. T am a little disturbed when
I hear people talking about the theory of evolution. This would be like talk-
ing about the theory of heliocentrism. Heliocentrism was a theory four hun-
dred years ago, in the times of Galileo and Copernicus. Today it is a fact.
Evolution was a theory two hundred years ago, when the hypothesis was
proposed simultaneously by Lamarck in France and by Erasmus Darwin,
the grandfather of the famous Charles, in England. I think, today, biological
evolution is a fact, it is based on overwhelming evidence and so when we talk
about theories, evolution is no longer a theory. Mechanisms of evolution are
theories. You can discuss the importance of natural selection or genetic drift
or other mechanisms. But the fact of biological evolution is, in my opinion,
and I think in the opinion of all scientists, undisputable.

CARD. SCHONBORN: I admit that I still have questions, and as I just said
to Professor Dehaene, all questions are permitted. I would appreciate
very much if also questions by simple people like me, who are not scien-
tists, who question also points of the evolution theory, were not banned
but were permitted, for instance, the questions of the transition from one
species to the other. I have plenty of questions about that, and I am very
happy if T receive good and sufficient answers to these questions, and I
hope that this is good for science, that questions are still around.
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PROF. ZicHICHI: I have a telegraphic statement on Professor de Duve’s def-
initions of ‘theory’ and ‘facts’ in the field of ‘biological evolution’. To be clear,
let us imagine going back by 150 years in the field of physics. We have a
series of ‘facts’ in electricity, magnetism and optics. All these ‘facts’ have the
same origin, as demonstrated by the ‘theory’ called quantum electrodynam-
ics (QED). It would be a great achievement if all the ‘facts’ discovered in the
field of ‘biological evolution’ produced a mathematical structure like QED.
This ‘theory’ would be a superb achievement in this field of research and
would allow biological evolution to became Galilean science.
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INSIGHTS INTO THE EVOLUTION OF THE UNIVERSE






FROM A SIMPLE BIG BANG TO OUR COMPLEX COSMOS

MARTIN J. REES

This isn’t a sermon but T'll start with a text — the famous closing lines
of the ‘Origin of Species’: ‘There is a grandeur in this view of life..... Whilst
this planet has gone cycling on according to the fixed law of gravity, from
so simple a beginning, forms most beautiful and most wonderful have
been and are being evolved'.

Darwin’s ‘simple’ beginning — the newly formed Earth - is already very
complex, chemically and geologically. Astronomers aim to trace things
back far further — to set Darwin’s vision in a still broader expanse of space
and time. We are starting to understand how, starting from some still
mysterious genesis event nearly 14 billion years ago, atoms, stars, plan-
ets, and biospheres evolved — and how, on at least one planet around at
least one star, Darwinian selection led to the emergence of creatures able
to ponder their origins. That’s a key theme of this meeting.

Since this is the first scientific presentation at this meeting, I shall
offer a brief cosmic context.

One important realisation during the last decade is that many (per-
haps most) stars have retinues of planets. So far, we can only detect big
ones — like Jupiter and Saturn, the giants of our Solar System. But an
astronomical highlight of 2009 will be the launch in March of NASA’s
Kepler spacecraft, which should be sensitive enough to reveal planets no
bigger than our Earth by detecting the slight dimming of a star when a
planet transits in front of it. It will be a decade or two before we can actu-
ally image Earth-like planets — a firefly next to a searchlight — using giant
arrays in space or the next generation of ground-based optical telescopes.

Life’s origin on Earth is still a mystery so we cannot lay firm odds on
its likelihood elsewhere. But we may learn, in the coming decades,
whether biological evolution is unique to the ‘pale blue dot’ in the cosmos
that is our home, or whether Darwin’s writ runs in the wider universe.
The quest for alien life is perhaps the most fascinating challenge for 21st
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century science — its outcome will influence our concept of our place in
nature as profoundly as Darwinism has over the last 150 years.

As well as stars themselves we see places where stars are still forming —
condensing from a dusty, slowly spinning cloud, as our Solar System once
did. And we see stars dying, and throwing debris back into interstellar space.

Our galaxy is a kind of ecosystem where gas is processed and recycled
through successive generations of stars. This process generates, from pris-
tine hydrogen, the elements of the periodic table. All the carbon, oxygen and
iron on Earth, and in our bodies is ash from long-dead stars. We are the
‘nuclear waste’ from the fusion power that makes stars shine. We can under-
stand why carbon and oxygen are common; why gold and uranium are rare.

Let us now enlarge our horizons further. If we could get two million
lightyears away and look back, our home Galaxy — the vast band of stars that
we call the Milky Way — would look something like the Andromeda galaxy
does to us. A vast disc, viewed obliquely, containing a hundred billion stars
orbiting a central hub. Our Sun would be an ordinary star, out towards the
edge. Within range of powerful telescopes are many billions of galaxies.

We can now look very far back in time. Deep exposures with the Hub-
ble Space Telescope show that the sky is densely speckled with faint
smudges of light. Each smudge is actually an entire galaxy, which appears
so small and faint because of its huge distance. The light from these
remote galaxies set out as much as 10 billion years ago. They are being
viewed when they have only recently formed. Some consist mainly of
glowing diffuse gas that hasn’t yet condensed into stars.

What happened before galaxies formed? Cosmologists are confident
that this whole panorama - as far as our telescopes can see - is the
expanding aftermath of a ‘big bang’ nearly 14 billion years ago. Cosmic
history can be traced back to a hot dense state — a state that was almost
homogeneous (and the word ‘almost’ is important). We can be very confi-
dent back to a second, and fairly confident back to a microsecond. But the
initial tiny fraction of a second is still shrouded in uncertainty, because
the physical conditions were then more extreme than can be simulated in
our laboratories — even at the LHC in Geneva.

Our present complex cosmos manifests a huge range of temperature
and density — from blazingly hot stars, to the dark night sky. People some-
times worry about how this intricate complexity emerged from an amor-
phous fireball. It might seem to violate a hallowed physical principle — the
second law of thermodynamics — which describes an inexorable tendency
for patterns and structure to decay or disperse.
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The answer to this seeming paradox lies in the force of gravity, which
reverses our normal intuitions from thermodynamics. Self gravitating
systems — stars, for instance — have negative specific heat. If the nuclear
burning in the Sun were to turn off, the Sun would slowly deflate as it lost
heat - but its centre would get hotter as well as denser. Gravity drives
things further from equilibrium.

And even in the early amorphous stage of cosmic expansion, before
stars formed, gravity was enhancing the density contrasts. Any patch that
starts off slightly denser than average would decelerate more, because it
feels extra gravity; its expansion lags further and further behind, until it
eventually stops expanding and separates out.

Astrophysicists have carried out extensive computer simulations of ‘vir-
tual universes’. The simulations show incipient structures unfolding and
evolving into galaxy-scale concentrations of material, within which gravity
enhances the contrasts still further, and gas is compressed into stars. Each
galaxy is an arena within which stars, planets and perhaps life can emerge.

Where did the initial fluctuations come from? The answer takes us
into speculation about the very earliest stages — when the universe was far
less than a microsecond old, and energies and densities were so extreme
that experiments offer no direct guide to the relevant physics.

One of my favourite magazine covers showed a red circle, beneath the
caption ‘the universe when it was a trillionth of a trillionth of a trillionth
of a second old — actual size’. According to a popular theory, the entire vol-
ume we can see with our telescopes ‘inflated’ from a hyper-dense blob no
bigger than that; the irregularities that form galaxies and larger struc-
tures started out as microscopic quantum fluctuations generated at that
time; and it was at that time that the content of the universe — the mix of
nucleons, dark matter and radiation — was established.

There is an interconnectedness between microworld and cosmos —
between the inner space of atoms and the outer space of the universe.
There are links between small and large. Our everyday world - of life and
mountains — is determined by atoms and chemistry. Stars are powered by
fusion of nuclei within those atoms. And Vera Rubin will discuss another
link: galaxies are seemingly held together by swarms of subnuclear parti-
cles that make up the’dark matter’.

The microworld is the domain of the quantum. On cosmic scales Ein-
stein’s theory holds sway. General relativity, and quantum theory are the twin
pillars of 20th century physics. But they haven't yet been meshed together
into a single unified theory. In most contexts, this does not impede us because
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their domains of relevance do not overlap. Astronomers can ignore quantum
fuzziness when calculating the motions of planets and stars. Conversely,
chemists can safely ignore gravitational forces between individual atoms in a
molecule because they are nearly 40 powers of ten feebler than electrical
forces. But at the very beginning, everything was squeezed so small that
quantum fluctuations could shake the entire universe.

To confront the overwhelming mystery of what banged and why it
banged we need a unified theory of cosmos and microworld. This is the top-
ic on which Edward Witten is better qualified than anyone else to speak.

Now for another question: How big is the universe? We can only see
a finite volume — a finite number of galaxies. That is essentially because
there’s a horizon - a shell around us, delineating the distance light can
have travelled since the big bang. But that shell has no more physical sig-
nificance than the circle that delineates your horizion if you're in the mid-
dle of the ocean. We'd expect far more galaxies beyond the horizon.

There’s no perceptible gradient across the volume of space-time with-
in range of our telescopes — that fact alone suggests that the domain
astronomers can see could be only a tiny fraction of the aftermath of our
big bang. It may go on much further - even for ever. But that is not all.
‘Our’ big bang may not be the only one. What we have traditionally called
‘the universe’ could be just one patch of space-time in a vast cosmic archi-
pelago. This hugely expanded cosmic perspective takes Copernican mod-
esty one stage further. To put this on a firm footing, we’ll need a unified
theory that link the very large and the very small.

There is, however, a third frontier on intermediate scales: very com-
plex entities such as us. We ourselves are midway between atoms and
stars: large enough, compared to atoms, to have layer upon layer of intri-
cate structure; but not so large that we're crushed by our planet’s gravity.
To understand ourselves, we must understand the atoms we're made of,
and the stars that made those atoms.

But stars are simple: they're so big and hot that their content is bro-
ken down into simple atoms - stars don’t match the intricate structure of
even an insect, let alone the human brain (I really mean this — I'm not just
being polite to the biologists in the audience).

We can identify the key stages in the emergence of complexity:

— The first particles — protons and neutrons

— The first stars and galaxies

— The synthesis of the periodic table in stars

— Formation of planets around later-generation stars
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— And then of course, on at least one planet, the formation of a bios-
phere, that led to the emergence of brains capable of pondering their origins.

What are the key prerequisites for a universe that can offer the arena
for this chain of events?

Crucial to the whole emergent process is gravity — which enhances den-
sity contrasts, and allows structures to form. It is a very weak force. But,
unlike the electrical force, everything has the same ‘sign’ of gravitational
charge: when sufficiently many atoms are packed together, gravity wins. It
is unimportant for an asteroid-size lump. But it makes planets round, and
any object more massive than Jupiter is squeezed to make a star.

The fact that, for individual protons, it is weaker by 36 powers of 10
than the electrical force, means that there can be many layers of structure
between the microworld and the scales that get crushed by gravity.

Also, stars are not only big but live a long time. And any emergent
complexity — like the growth of an animal, requires billions of successive
chemical reactions, and Darwinian evolution requires millions of genera-
tions of animals.

So, though gravity is crucial, ironically, the weaker it is, the better.
Were it stronger, stars (gravitationally confined fusion reactors) would be
much smaller and wouldn’t last long. Creatures like us would be crushed
by gravity. The strength of gravity, compared to other forces, is one of the
key numbers of physics, not yet explained.

Another requirement for a biosphere is that chemistry should be non-triv-
ial. This requires a balance between the nuclear force (the ‘strong’ interac-
tions that binds together the protons in a nucleus) and the electric repulsive
force that drives them apart. Otherwise there would be no periodic table.

There are other requirements. The universe must contain an excess of
matter over antimatter. It must expand at the ‘right’ rate — not collapse so
soon that it offers inadequate time for the emergence of complexity, nor
expand so fast that gravity cannot pull together the structures that lead to
stars and galaxies. And there must be some fluctuations for gravity to feed
on. Otherwise the universe would now be cold ultra-diffuse hydrogen — no
stars, no heavy elements, no planets and no people.

To understand these numbers is a challenge to fundamental physics
and cosmology. And there is a key question: The numbers are the same
over the entire domain we observe. But it remains a possibility that, far
beyond our horizon, they take different values. Whether this is so, is a
topic of key debate. Perhaps they are genuinely universal. But perhaps in
the grandest perspective, what we call the laws of nature are mere
parochial bylaws. Four hundred years ago, Kepler thought that the Earth
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was unique, and its orbit was a circle, related to the other planets by beau-
tiful mathematical ratios. We now realise that there are billions of stars,
each with planetary systems. Earth’s orbit is special only insofar as it’s in
the range of radii and eccentricities compatible with life.

Maybe we're due for an analogous conceptual shift, on a far grander
scale. Our big bang may not be unique, any more than planetary systems
are. Its parameters may be ‘environmental accidents’, like the details of the
Earth’s orbit. In this hugely expanded cosmic perspective, what we've tradi-
tionally called fundamental constants and laws could be mere parochial
bylaws in our cosmic patch. They might derive from some overarching the-
ory governing the ensemble, but not be uniquely fixed by that theory.

The hope for neat explanations in cosmology may be as vain as
Kepler’s numerological quest. Our universe isn'’t the neatest and simplest.
It has a rather arbitrary seeming mix of ingredients — in the parameter
range that allows us to exist.

We don'’t know if these conjectures are right. But they're speculative
science, not metaphysics. What could give us confidence in unobservable
domains? The answer seems clear — we will believe in them if they are
predicted by a theory that gains credibility because it accounts for things
we can observe? We believe in quarks, and in what general relativity says
about the inside of black holes, because our inferences are based on the-
ories corroborated in other ways.

A challenge for 21st century physics is to decide whether there have
been many ‘big bangs’ rather than just one — and (if there are many) how
much variety they might display.

These still unsettled debates are very important. Nonetheless, for 99
percent of scientists, they are irrelevant. The task of chemists, geophysi-
cists and biologists is to understand the complexity that’s the eventual
outcome of cosmic processes.

The sciences are sometimes likened to different levels of a tall build-
ing — particle physics on the ground floor, then the rest of physics, then
chemistry, and so forth: all the way up to psychology — and the economists
in the penthouse. There is a corresponding hierarchy of complexity:
atoms, molecules, cells, organisms, and so forth. But the analogy with a
building is poor. The ‘higher level’ sciences dealing with complex systems
are not imperilled by an insecure base, as a building is. They have their
own autonomous concepts and theories.

To understand why flows go turbulent, or why waves break, subatom-
ic details are irrelevant. We treat the fluid as a continuum (and even if we
could solve Schrodinger’s equation for every atom of a turbulent fluid, it
wouldn't offer any insight into turbulence).
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An albatross returns predictably to its nest after wandering ten thou-
sand miles in the southern oceans. But this is not the same kind of pre-
diction as astronomers make of celestial orbits. And scientific statements
about humans are more different still.

Problems in biology, and in environmental and human sciences, remain
unsolved not because scientists don’t understand subatomic physics well
enough. These problems are difficult because of the complex structures
that are involved — far most complex than anything that physicists and
astronomers think about. Stars are simple: they're so big and hot that their
content is broken down into simple atoms — none match the intricate struc-
ture of even an insect.

One final question - is there a special perspective that astronomers
can offer to evolutionary science? They can set our home planet in a vast
cosmic context: billions of galaxies, each containing billions of planets.
Even more, they can offer intimations that physical reality is hugely more
extensive — and perhaps far more intricate — than the volume we can
observe with our telescopes. Moreover, astronomers can offer an aware-
ness of an immense future.

The stupendous timespans of the evolutionary past are now part of
common culture. Our present biosphere is the outcome of more than four
billion years of evolution, But most people still somehow think we
humans are necessarily the culmination of the evolutionary tree. That
hardly seems credible. Our Sun formed 4.5 billion years ago, but it will
take 6 billion more before the fuel runs out. It then flares up, engulfing
the inner planets and vaporising whatever remains on Earth. And the
expanding universe will continue — perhaps for ever — destined to become
ever colder, ever emptier.

Any creatures witnessing the Sun’s demise 6 billion years hence, here on
earth of far beyond, won't be human — they’ll be as different from us as we
are from the first monocellular organisms. So a question for the biologists
is: Could we be barely at the half way stage of evolutionary development?
Could posthuman evolution be as prolonged as pre-human?

But let us finally focus back on the here and now. Even in this ultra-
compressed timeline - extending billions of years into the future, as well
as into the past — this century may be a defining moment. It is the first in
our planet’s history where one species — ours — has Earth’s future in its
hands, and could jeopardise not only itself, but life’s immense potential.

So this pale blue dot in the cosmos is a special place And we are its
stewards at a specially crucial era.
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PrROF. WITTEN: The quote you ended with suggests an answer to a ques-
tion Professor Zichichi raised before. Once we had a language and agricul-
ture our subsequent evolvement was incredibly rapid compared to the whole
span of evolution of the earth and life on the earth, and because of that it
would be an incredible coincidence if two separate species reached the same
stage of language and agriculture and all the rest of it simultaneously.

PRrROF. REES: Yes, that is a reason to be pessimistic about the so-called
SETI programme, but also I think it strengthens the point I was making,
that the developments in the future are going to be more dramatic, per-
haps, than what has happened over the entire four billion years up to
now, because not only is there at least as much time in the future, but, for
the reasons you are saying, that change is controlled by intelligence, and
so post-human evolution could be far more dramatic and far speedier
than what has happened up to now.

PROF. WITTEN: Do you feel one can estimate the timescale, if we survived
the next few generations, to spread beyond the solar system?

Pror. REES: Well, this is in the domain of science fiction, but, as I tell
my students, it is better to read first-rate science fiction than second-rate
science! But we do not know whether there is any life out there and nor do
we know what the long-term future of our life will be: will it be silicon-
based or will it be organic? Incidentally, I welcome the fact that there are
searches for intelligent life elsewhere. It may be disappointing if those
searches are doomed to fail but of course it would allow us to have a less
modest perspective on our place in the cosmos, because it could well be
that we are the only place where life has evolved to its present complexity,
even if simple life is widespread.

PRrROF. CoLLINS: So you have alluded to this remarkable set of constants
that determine the behaviour of matter and energy and the strong and weak
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nuclear forces and so on, and the fact that their precise values seem not to
tolerate any variation without losing the complexity of the universe. What
do you think that the chances are again - this is probably asking you a sci-
ence fiction question — that those constants will turn out to be connected to
each other in ways that we currently do not understand by theoretical
means, and then maybe there is not as much as a tapestry of opportunity
as it currently appears.

PRrOF. REES: First of all, this is an Ed Witten question rather than one for
me. We can, of course, consider counterfactual universes with different
constants and see whether they could evolve complexity. I illustrated that
some laws might not permit any periodic table, or might have too short a
lifetime. Now, there are some theories which do allow multiple Big Bangs
but, to answer your question, you need to have a detailed theory, because
in order to say how improbable a particular configuration is, you have got
to put a measure on the space and you have got to know what the proba-
bilities are. So, if one had a detailed theory, which told us what the relative
probability was of different sets of numbers, and whether they were corre-
lated, we could then answer that question. All you can say is that the emer-
gence of any level of complexity requires some non-uniformity. There must
be one large number to allow large space and time compared to microscop-
ic structures and so on, but clearly one can envisage counterfactual univers-
es which would not allow the complexity that has led to our existence.

PROF. KASTURIRANGAN: You know there are these possibilities, as the
observational capabilities evolve, to look at the other stellar systems with
respect to planetary systems that are already moving very fast and then the
possibility of the planets holding atmospheres in the right ecosphere of that
sun and ultimately, of course, to have the right type of atmosphere, which
is carbon, nitrogen, oxygen and so on. If one has to do that kind of research,
ultimately, to look at an earth-like habitat elsewhere, what would one look
for in terms of life itself? Would it be a carbon-based life or are there alter-
nate conjectures on this? So that we are not taking one sample and trying
to deduce too much on that in the context of all that we are talking about.

PrOF. REESs: I think I would be trespassing on later talks by more expert
people if T were to answer that question in detail, but let me just say that
the one thing which, I think, most astronomers would now confidently say.
There are many many earth-like planets, planets like the young earth, the
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same sort of mass and at the same distance from a stable star as our earth
is, so that water neither freezes nor boils. But of course, there are then two
much harder questions for the biologists. One is, how life began, was it
such a rare fluke it happened just here, or would simple life get started else-
where? Even if that question is answered, there is a separate question. How
likely is it that simple life, once started, develops into a complex biosphere,
even given the same environment? We have no idea about that question
either, but I would trespass on the talks of Dr de Duve and Dr Swarup if I
went further. (Discussion continued on page 65).



SCIENTIFIC QUEST INTO EVOLUTION
OF LIFE IN THE UNIVERSE

GOVIND SWARUP

1. INTRODUCTION

The Big Bang Model of the Universe is now well established (Hawk-
ing 1983; Weinberg 1977; Spergel et al. 2007). Electrons, protons, neu-
trons were formed in the first few minutes, leading to the nearly 75%
mass of hydrogen, 25% helium, and some light elements, that later cooled
and gave rise to a visible mass of stars and galaxies. Theoretical models
also predict heavier particles that are likely to be the constituents of the
dark matter in the Universe. Radio astronomers have discovered over 100
molecules in the interstellar surroundings. Thus it seems likely that the
initial electrical and chemical affinity of electrons and protons gave rise
to increasingly complex forms on the Earth. However, it is yet not clear
as to what processes resulted in the growth and appearance of the first
cell with its ability for self replication. It is a challenging area of experi-
mental science being pursued by many biologists, geneticists and others.

Our Universe is vast. There are billions of galaxies in our Universe. Each
galaxy has billions of stars. Life may be widespread in the Universe. The pos-
sibility of searching for life in distant galaxies is a remote possibility. How-
ever, the search for life elsewhere in our solar system and also in planets with
favourable conditions in our Galaxy is likely to be made by mankind using
larger and more sophisticated instruments for decades to come.

In Section 2, possible scenarios for the origin of life on the Earth are
discussed. Section 3 briefly summarizes scientific evidence for the evolu-
tion of life from extremophiles to mammals to mankind. The search for
life elsewhere in our solar system is discussed in Section 4. As described
in Section 5, astronomers have discovered 340 planets in nearby stars and
this number continues to increase rapidly. Finally, the important ques-
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tion: are we alone? Section 6 describes endeavors by radio astronomers
in the Search for Extraterrestrial Intelligence (SETI) that started with the
pioneering effort by Frank Drake in 1959 using a relatively modest radio
telescope and receiver system. Many SETI observations have been made
over the last 50 years using larger radio telescopes. However, the sensitiv-
ity of existing radio telescopes is not sufficient to search for very weak sig-
nals from distant parts of our Galaxy. I describe in Section 7 new initia-
tives for SETI that would allow probing towards millions of stars. Optical
SETI is briefly described in Section 8. Summary is given in Section 9.

2. ORIGIN OF LIFE ON THE EARTH

Three main scenarios have been proposed for the origin of life on the
Earth.

(a). Did lightning and volcanoes spark life on the Earth?

Soon after the formation and cooling of the Earth about 4.5 billion
years ago, numerous large volcanoes and lightning occurred on the Earth
that may have provided sufficient energy for the synthesis of molecules.
In a famous experiment carried out in 1953, Stanley Miller, a graduate
student of Harold Urey, put ammonia, methane, hydrogen and water in a
sealed flask, applied electrical sparks and detected 5 amino acids that are
some of the building blocks of proteins (Miller 1955). After Miller’s death
in May 2007, Dr. Bada, who was one of the graduate students of Miller,
got access to a boxful of vials containing dried residues resulting from the
various experiments carried out by Miller during 1953 and 1954. In 2007,
Adam Johnston joined Dr. Bada’s laboratory on an internship. Besides the
apparatus known in textbooks, Miller also used one that generated a hot
water mist in the spark-flask, simulating a water vapor-rich volcanic erup-
tion. Johnston reanalyzed the original extracts of this experiment using
modern techniques. The volcanic apparatus produced 22 amino acids
including those that were not identified from the Miller-Urey experiment
(Johnston et al. 2007). However, many doubts have been raised about this
scenario for the origin of life, such as Earth’s environment and its con-
stituents 3.5 billion years ago that may not have been conducive to the
growth of life.



SCIENTIFIC QUEST INTO EVOLUTION OF LIFE IN THE UNIVERSE 47

(b). Origin of Life in deep sea hydrothermal vents

In recent years scientists have discovered a rich variety of simple forms
of life (extremophiles: see Section III) in deep sea hydrothermal vents con-
taining sulfides and other minerals. It is currently believed that these
hydrothermal vents may provide a suitable environment where the building
blocks first came together for the evolution of life gradually over millions of
years.

(¢c). Life forms on earth came from Quter Space

Radio astronomers have discovered over 100 molecules in the inter-
stellar medium. It may be that cellular life exists elsewhere in our Galaxy
and could be carried far and wide by comets, seeding the planets in our
solar system (hypothesis of panspermia). It is not clear whether such life
forms will survive in comets over a long period against bombardment by
cosmic rays containing very energetic protons. Nevertheless, the discov-
ery of amino acids in some of the meteorites has suggested that the build-
ing blocks of life on the Earth came from outer space, eliminating the
need for finding chemical processes that could produce pre-biotic mate-
rial on Earth. Another possibility is that the meteorites carried life forms
from a planet such as Mars in our solar system. However the organisms
travelling on a rock ejected from one body in the solar system to another
would be subjected to radiation, vacuum and extreme temperatures. Con-
tinuing exploration of planets and some of their satellites may find none,
same or different forms of primitive life therein, and thus discriminate
between various models.

3. EVOLUTION OF LIFE

It is a vast subject and has been discussed in detail by many authors
in these proceedings (also in a textbook by Jones 2006). I give here a
sketchy summary in order to postulate that there is a reasonable proba-
bility that life may exist elsewhere in our Galaxy.

Fossil records provide evidence that there existed RNA/DNA-protein life
~2.5 billion years ago. The origin of life took place much earlier. Its origin
is likely to have taken place from the pre-biotic stage to the RNA world, but
details are not clear and remain a scientific challenge. Tens of thousands of
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fossil records show that evolution took place from single-celled prokaryotes
to eukaryotes that have long genetic codes. Evolution seems to have taken
over millenniums by natural selection, adaptation etc. from cynobacteria,
archaens, prokaryotes, to eukaryotes to fish to amphibians to reptiles to
mammals, apes to homo sapiens. However, the genesis of the anaerobic
first cell, the progenote of the RNA world is an open question.

Extremophiles: Bacteria have the potential to adapt and grow in extreme
conditions (www.astrobiology.com/extreme.html; www.bacteriamuseum.org).
Extremophiles include anaerobes, thermophiles, psychrophiles, aci-
dophiles, alkalophiles, halophiles, barophiles and xerophiles. A wide variety
have been found, e.g. in hot geysers in deep oceans, in hot springs at tem-
peratures up to ~130 degree Celsius (hot springs of Yellowstone National
Park and geothermal features all over the world); in soils or floors of the
ocean with high salinity (Mediterranean); in ice at -60 degree Celsius
(Antarctica), etc. It is quite probable that microbes may grow and thrive in
other similarly hostile places in the solar system and elsewhere in planets
of distant stars.

4. LOOKING FOR LIFE IN MARS

Besides the recent landed missions on Mars, orbiting satellites by ESA
and NASA have made photographic and spectroscopic exploration of out-
er planets and their moons, particularly of Mars, Jupiter and Saturn. In
2004, the scientists analyzing data of the Mars Express of ESA reported
that they had detected methane in the atmosphere of Mars. Recently,
astronomers have confirmed the presence of methane searching for the
chemical ‘fingerprints’ in the spectrum of Martian atmosphere using an
optical telescope in Hawaii. Some regions on Mars displayed higher con-
centrations than others. ‘Is it geology, in which case it is the reaction
between water and rock that is producing the methane, or it is biology, in
which case the microbes are producing the methane?

NASAS ‘Spirit’ and ‘Opportunity’ vehicles that landed on Mars ~5 years
ago provided spectacular scenery of many interesting geological features.
The broken wheel of the ‘Spirit’ had a silver lining: it was digging trenches
during its journey and some of these showed the presence of 90% silica,
indicating evidence of water. NASAs Phoenix landed on Mars in May 2008
and has made extensive explorations. It has confirmed the presence of ice-
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water and also snow falling from Martian clouds. Soil experiments have
provided evidence of past interaction between minerals and liquid water,
processes that occur on the Earth. Now with the presence of methane, signs
of life are getting even stronger. It would be extremely interesting to explore
whether extremophiles, even archea or cynobacteria, extinct or even living,
exist on Mars or elsewhere in the solar system.

5. SEARCH FOR EXTRASOLAR PLANETS (EXOPLANETS)

The first exoplanet was found in 1992 orbiting a radio pulsar by accu-
rate timing. In 1995 Michel Mayor of the Geneva Observatory discovered a
planet orbiting a nearby star by measuring very tiny shifts in the spectral
lines of the star caused by Doppler shift due to the planet orbiting the star.
The orbiting planet results in the star rotating about a common centre of
gravity of all the masses, and is called the Wobble method. It easily detects
gas giants comparable or larger than the massive Jupiter, though some
smaller planets are also found. Besides the above method, several other
techniques are being used for searching for exoplanets (Pudritz et al. 2007).

If the orbital axis of a planet lies nearly perpendicular to the direction
of a star, we can observe its transit causing a decrease in the luminosity
of the star’s light, allowing measurement of its mass. Also the light from
the star probes the atmosphere of the planet giving measurements of the
nature of its gaseous contents. This is called the WINK method. Transit
observations have been made of ~27 exoplanet. Another method used is
to search for gravitational microlensing of far away planets towards a
star. This method, though time consuming, has allowed detection of a
near earth size planet from a far away star.

Nearly 340 exoplanets have been discovered so far, mostly by the Wob-
ble method, including ~27 multi-planet systems, (www.obspm.fr/encycl/
catalog.html). We are living in exciting times! New discoveries continue
to be made every few months. On 20 March 08, methane was found in the
atmosphere of an exoplanet; on 17 June 08, a trio of super-earths was
found orbiting a nearby star, 42 light years away (4.2 to 9.4 earth mass-
es); on 29 September 08, a planet of mass Mp = 0.53Mj with an orbital
period of 3.7 days was discovered.

Over the next decade or two several thousand planets are likely to be
discovered by space telescopes, such as Kepler (recently launched),
COROT, Cassini, James-Web Telescope and many ground based telescopes,
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including the proposed Extremely Large Telescopes (ELT) of 30m in size in
USA and 42m in Europe. In the future NASA’s Terrestrial Planetary Finder
and ESAs Darwin will seek Earth-size planets with temperatures ~300K.
Highly sensitive spectrometers may discover signs of life by detection of
methane and other constituents such as CO,, ozone, oxygen, water, etc.

6. SEARCH FOR EXTRA-TERRESTIAL INTELLIGENCE (SETT)

In 1959 Frank Drake made a pioneering attempt using an 85ft radio tel-
escope to search for any narrow band radio signals, presumably transmitted
by an extra-terrestrial intelligent civilization. In 1959 he also postulated that
the estimated number of civilizations in our Galaxy depends on a number of
probabilities: the Drake Equation has 7 terms (Drake and Sobel 1967). In
brief the estimate depends upon the assumed number of suitable habitable
planets in our Galaxy similar to that of the Earth in the Solar system, frac-
tions with advanced communication skills, their mean lifetime, etc. Esti-
mates vary from one (rare Earth) to ~10000. Further it is not clear whether
an advanced civilization will broadcast signals and if so in what form.

In 1959, Cocconi and Morrison suggested that a preferred frequency
for SETI could be the natural emission line of the neutral Hydrogen at
1420 MHz, since Hydrogen is the building block of stars and galaxies. A
distant civilization may choose some other frequency, or we may attempt
to search for leakage radiation from their transmitters. There are techni-
cal reasons for searches to be carried out in the frequency range of about
1000 MHz to 10,000 MHz. This window offers a minimum in the value of
the sky noise, consisting of the galactic background and atmospheric
noise, and thus provides maximum sensitivity for a given radio telescope.
It is called the water hole as it covers the frequency range of the line emis-
sion of neutral hydrogen, HI, and molecules OH and H,O.

Over the last few decades radio astronomers have made general
searches towards various directions of the sky, and more intensively
towards selected nearby stars using available radio telescopes for any sig-
nals that may have been sent by an extra-terrestrial civilization. No signal
has been detected so far. However, the sensitivity of existing radio tele-
scopes is not sufficient to search far and wide. The results of searches
made so far have helped in determining upper limits on the power flux
density incident on the Earth from any ETI signal. Some of the most sen-
sitive searches carried out so far are the following:
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Southern sky: A decade ago, the SETI institute and Australian scien-
tists carried out a search towards 200 solar type stars using the Parkes
Radio telescope of 64m diameter in Australia, giving a detection sensitiv-
ity limit of ~102°> W/m?2.

Northern sky: The University of Berkeley group is using the Arecibo
Radio Telescope of ~200m diameter. They have surveyed ~800 solar type
stars, reaching a sensitivity of ~102®¢ W/m?2. The search is continuing. Data
is also being analyzed using thousands of computers across the world
(SETI@Home).

No signal has been detected so far from any transmitter that may be
located up to a distance of ~100 light years away, radiating towards the
earth, say with a power of 10 MW connected to an antenna of 60m diam-
eter (such transmitters exist on the Earth).

7. NEW SETI SEARCHES

7.1. There are many technical challenges:

Radio telescopes with much higher sensitivity are required with a large
collecting area, multiple beams, wide bandwidth and a very large digital
spectrometer. It can be shown that the signal of a transmitter can be detect-
ed farthest away, if the bandwidth of the receiver is very narrow, say 0.1 Hz
(~CW signal). Alternatively one may search for wide band narrow pulses
using a receiver with large bandwidth. Therefore, we require spectrometers
with terra-Hz capability that is possible today as Moore’s law continues to
be valid! It is also important to note that modern technology allows SETI
to be carried out simultaneously with normal astronomical observations,
and thus we can search millions of potential stars with modest additional
investments. I describe below some new initiatives.

7.2. Allen Radio Telescope (ATA), USA

ATA consists of a radio telescope array of 350 antennas of 6m diameter.
The antennas and associated electronics provide high performance. ATA
has been set up at Hat Creek in California by the SETI Institute and the
University of California, Berkeley (www.seti.org/ata). Forty antennas that
are funded by Paul Allen of Microsoft are operational. ATA provides a large
instantaneous bandwidth of ~100 MHz, 200 million spectral channels and
several antenna beams of its phased array, for simultaneous searches
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towards many stars. It covers the frequency range of ~1 GHz to 11 GHz (the
water hole described earlier). The goal of the SETI survey with ATA is to
investigate hundreds of nearby stars over a wide frequency range from 1 to
11 GHz, with adequate sensitivity to detect a transmitter equivalent of the
Arecibo radar (2x10'* W EIRP) located in a planet in a far away star. Anoth-
er SETI survey of about 20 square degrees along the galactic plane in the
direction of the galactic center will cover thousands of distant stars over a
frequency range of 1420 MHz - 1720 MHz with a long integration time. At
the distance of the galactic center, a detected transmitter would be radiat-
ing power equivalent to more than 25,000 Arecibo radars.

7.3. The Giant Metrewave Radio Telescope (GMRT), India

The Giant Metrewave Radio Telescope (GMRT) built in India has been
in operation since 1999 (www.ncra.tifr.res.in). It is located ~80 km north
of Pune in India. It consists of 30 nos. of 45m diameter dishes located in
an array of ~25km in extent. It can observe over ~80% of the sky. It is cur-
rently the world’s largest radio telescope operating in 5 frequency bands
from ~130 MHz to 1430 MHz. GMRT is currently being upgraded and will
provide nearly continuous coverage from ~40 MHz to 1430 MHz. Wide
band feeds and low noise amplifiers are being installed. A software corre-
lator with 32 MHz bandwidth has been installed recently and it will also
provide multiple beams within a year. A software/hardware correlator
with a bandwidth ~256 MHz or 400 MHz, with a large number of spectral
channels, is planned to be completed over the next 3 years. In addition to
providing cross-products of voltage outputs of all the 30 antennas for
each of the spectral channels, as required for imaging, the GMRT corre-
lator system also produces an independent output giving a sum of the
voltage signals received by the 30 antennas of 45m diameter, making it
equivalent to a 200m diameter dish, 5 times more powerful than any oth-
er radio telescope covering the southern sky. Therefore, the upgraded
GMRT, providing an independent output of narrow band channels of < 1
Hz over tens of MHz, can be used for a SETI, simultaneously with the
normal astronomical observations.

7.4. Square Kilometer Array (SKA): a very challenging project in radio astrononwy

SKA will be ~100 times more powerful than any existing radio tele-
scope (www.skatelescope.org). SKA is planned to be built, during 2012 to
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2020, by 17 countries, including Australia, China, India, South Africa,
UK, Netherlands, Italy, Canada, USA, Argentina and Brazil. It will have
thousands of antennas to be located in an array of ~3000 km across.
Already two independent pathfinders for the SKA are under construction
in Australia and in South Africa for demonstrating technologies required
for the SKA. SKA will be located in one of these two countries. It will be
a very versatile instrument using advanced electronics. It is being
designed to answer certain key questions, such as: ultra-strong field lim-
it of relativistic gravity; origin of cosmic magnetism; galaxy evolution;
epoch when first stars formed and also ETI. Over the next 20 years, the
SKA will search towards millions of stars for any signals sent by an
advanced civilization and also any leakage signals from their radars or
fixed and mobile transmitters.

8. OrtiCcAL SETI

It may be that an advanced civilization in our Galaxy may develop
powerful lasers for interstellar communication. Considering the above
possibility, searches have also been carried out recently using optical tel-
escopes with receivers that are sensitive to pulses of very narrow time
duration, of less than a millionth or a billionth of one second. However,
atmospheric absorption and intergalactic dust may restrict communica-
tion over long distances.

9. SUMMARY

Extensive scientific work has been done over the last 150 years con-
cerning evolution of life on our planet. Valuable insights are being
obtained using modern tools in paleontology, biology, bio-chemistry,
genetics, neurosciences, etc. The origin of life remains a scientific chal-
lenge. Mankind has made great progress over the last ~10000 years, par-
ticularly over the last few hundred years. What is our future? We must
continue to ensure that our civilization becomes more peaceful? Is
human intelligence also subject to Darwinism? Do advanced civilizations
become altruistic in order to be peaceful and not destructive of their sur-
roundings?
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Should we search? If we do not search how can we say that we are
alone? Searching for life elsewhere in the solar system may give us new
clues. Exciting developments are likely over the next decade from the dis-
coveries of earth-like planets in distant stars, and planned observations of
their bio-signatures. SETI with new radio instruments, such as ATA and
SKA, upgraded GMRT, and optical SETI will allow us to search towards
millions of stars.

Man has wondered for long about the origin and evolution of the Uni-
verse. More than 3000 years ago, sages in India wondered (Rig Veda:
Chapter 10, stanza 129/1):

There was neither existence nor non-existence then,

Neither the world nor the sky that lies beyond it;

What lay enveloped? and where? and who gave it protection?
Was water there, deep and unfathomable?
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DISCUSSION ON PROF. SWARUP’S PAPER

PROF. LENA: Since you take us on speculative grounds I have a question.
A technological civilisation such as the one SETI aims to detect, may not be
detectable, except for a short period of time, as these ‘wise beings’ may also
develop a way to become invisible to external observers. The time span of
‘detectable technology’, which is critical for the measurement you think of,
may be very short and then the detectability of a wise planet may also be
very limited.

PROF. SWARUP: My own personal feeling is that we are really not wise
enough. T think we have a selfish gene; there may be chaos in a lot of cul-
tures and a lot of conflicts across but I think we will become wiser in future.
I think our humanity on this earth is not going to disappear in hundreds of
years, I think we will live thousands of years, this is my personal belief if
you look at the past. But this is an open question and it is an extremely
important question for the people in this conference: in the future, how to
make sure that we protect our environment, so that we will live for a long
time. But certainly we must keep on searching: if we do find life elsewhere,
it will be extremely interesting, or if in the next 20 to 50 years we do not
find it, that will also be very interesting.

PROF. KASTURIRANGAN: Is it that the search strategies that you identify
really mean radio and optical? Here too the search space is, in terms of
bandwidth, very large, and then to look at a search bandwidth which is very
small, so it is almost, as it has been often said about these kinds of strate-
gies, like searching for a needle in a haystack. Now, the question is whether
these kinds of strategies demand that we are able to communicate with a
system which is also looking at us, and that means two probabilities to hap-
pen together and the current sensitivity will even be stretched to the limits
in the coming decades, will not go beyond say 20, 30 or maybe 100 light
years or whatever it is. So this puts limits on the search strategy. The ques-
tion that I would like to seek the answer from you is that, some years back,
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Freeman Dyson suggested that, instead of doing a search strategy like this,
why can’t we look at the effects of extraterrestrial civilisation in terms of
total planetary activity, i.e. why can’t look for any anomalies in the infrared
radiation which could be indicative of an activity of an extraterrestrial intel-
ligence, so you are trying to look at the impact of a planetary scale activity
rather than trying to look at a very special signal coming out either through
an optical laser or a radio wavelength. What is the present status of such an
idea and would it be better than just trying to look for these kinds of which
the probability is pretty low.

PRrROF. SwARUP: When you look at infrared or optical, dust is a problem,
so you can only see a few hundred light-years, not deep. Radio astronomers
hope to search the entire galaxy. The question of the needle in a haystack
used to be said, but what has convinced me with the rapid growth of digi-
tal spectrometers, which are being built, that while you are observing
(radiotelescopes work 24 hours 7 days a week), simultaneously in the same
direction you would look for what you said, smoke, any signals, any trans-
missions they may be using. So both strategies have to be done, you have
to look for infrared, which I did not touch upon, with required special
instrumentation, which has not yet been planned. People are searching for
very narrow pulses with optical telescopes but certainly over the years, as
more optical telescopes get built, maybe look for infrared kind of leaky sig-
nal as you call it. We have to keep on searching, using larger radio tele-
scopes built for understanding cosmology and if we can build instrumenta-
tion to search in the same directions to search for a wider variety of signals
that modern computers allow.



THE ORIGIN OF THE UNIVERSE

STEPHEN HAWKING

Early accounts of the origin of the world were attempts to answer the
questions we all ask: Why are we here? Where did we come from? The
answer generally given was that humans were of comparatively recent
origin, because it must have been obvious, even at early times, that the
human race was improving in knowledge and technology. So it can’t have
been around that long, or it would have progressed even more. On the
other hand, the physical surroundings, like mountains and rivers, change
very little in a human lifetime. They were therefore thought to be a con-
stant background, and either to have existed forever as an empty land-
scape, or to have been created at the same time as the humans.

Not everyone however, was happy with the idea that the universe had
a beginning. For example, Aristotle, the most famous of the Greek
philosophers, believed the universe had existed forever. Something eter-
nal is more perfect than something created. He suggested the reason we
see progress, was that floods, or other natural disasters, had repeatedly
set civilization back to the beginning.

If one believed that the universe had a beginning, the obvious ques-
tion was, what happened before the beginning? What was God doing
before He made the world? Was He preparing Hell for people who asked
such questions? The problem of whether or not the universe had a begin-
ning was a great concern to the German philosopher Immanuel Kant. He
felt there were logical contradictions, or Antimonies, either way. If the
universe had a beginning, why did it wait an infinite time before it began?
He called that the thesis. On the other hand, if the universe had existed
forever, why did it take an infinite time to reach the present stage? He
called that the antithesis. Both the thesis, and the antithesis, depended on
Kant’s assumption, along with almost everyone else, that time was
Absolute. That is to say, it went from the infinite past, to the infinite
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future, independently of any universe that might or might not exist in this
background.

This is still the picture in the minds of many scientists today. Howev-
er, in 1915, Einstein introduced his revolutionary General Theory of Rel-
ativity. In this, space and time were no longer absolute, no longer a fixed
background to events. Instead, they were dynamical quantities that were
shaped by the matter and energy in the universe. They were defined only
within the universe, so it made no sense to talk of a time before the uni-
verse began. It would be like asking for a point south of the South Pole:
it is not defined.

If the universe was essentially unchanging in time, as was generally
assumed before the 1920s, there would be no reason that time should not
be defined arbitrarily far back. Any so-called beginning of the universe
would be artificial, in the sense that one could extend the history back to
earlier times. Thus, it might be that the universe was created last year, but
with all the memories and physical evidence to look like it was much old-
er. This raises deep philosophical questions about the meaning of exis-
tence. I shall deal with these by adopting what is called the positivist
approach. In this, the idea is that we interpret the input from our senses
in terms of a model we make of the world. One cannot ask whether the
model represents reality, only whether it works. A model is a good mod-
el, if first it interprets a wide range of observations, in terms of a simple
and elegant model. And second, if the model makes definite predictions
that can be tested, and possibly falsified, by observation.

In terms of the positivist approach, one can compare two models of
the universe. One in which the universe was created last year, and one in
which the universe existed much longer. The Model in which the universe
existed for longer than a year can explain things like identical twins, that
have a common cause more than a year ago.

On the other hand, the model in which the universe was created last
year, cannot explain such events. So the first model is better. One cannot
ask whether the universe really existed before a year ago, or just appeared
to. In the positivist approach, they are the same.

In an unchanging universe, there would be no natural starting point.
The situation changed radically however, when Edwin Hubble began to
make observations with the hundred-inch (2.5m) telescope on Mount Wil-
son, in the 1920s.

Hubble found that stars are not uniformly distributed throughout
space, but are gathered together in vast collections called galaxies.
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By measuring the light from galaxies, Hubble could determine their
velocities. He was expecting that as many galaxies would be moving
towards us, as were moving away. This is what one would have in a uni-
verse that was unchanging with time. But to his surprise, Hubble found
that nearly all the galaxies were moving away from us. Moreover, the fur-
ther galaxies were from us, the faster they were moving away. The universe
was not unchanging with time, as everyone had thought previously: it was
expanding. The distance between distant galaxies was increasing with time.

The expansion of the universe was one of the most important intellec-
tual discoveries of the 20th century, or of any century. It transformed the
debate about whether the universe had a beginning: if galaxies are mov-
ing apart now, they must have been closer together in the past. If their
speed had been constant, they would all have been on top of one another,
about 15 billion years ago. Was this the beginning of the universe?

Many scientists were still unhappy with the universe having a begin-
ning, because it seemed to imply that physics broke down. One would
have to invoke an outside agency, to determine how the universe began.
They therefore advanced theories in which the universe was expanding at
the present time, but didn’t have a beginning. One was the Steady State
theory, proposed by Bondi, Gold, and Hoyle in 1948.

In the Steady State theory, as galaxies moved apart, the idea was that
new galaxies would form from matter that was supposed to be continual-
ly being created throughout space. The universe would have existed for-
ever, and would have looked the same at all times. This last property had
the great virtue, from a positivist point of view, of being a definite predic-
tion that could be tested by observation. The Cambridge radio astronomy
group, under Martin Ryle, did a survey of weak radio sources in the ear-
ly 1960s. These were distributed fairly uniformly across the sky, indicat-
ing that most of the sources lay outside our galaxy. The weaker sources
would be further away, on average.

The Steady State theory predicted the shape of the graph of the num-
ber of sources, against source Strength. But the observations showed
more faint sources than predicted, indicating that the density of sources
was higher in the past. This was contrary to the basic assumption of the
Steady State theory, that everything was constant in time. For this, and
other reasons, the Steady State theory was abandoned.

Another attempt to avoid the universe having a beginning was the sug-
gestion that there was a previous contracting phase, but because of rota-
tion and local irregularities, the matter would not all fall to the same
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point. Instead, different parts of the matter would miss each other, and
the universe would expand again, with the density remaining finite. Two
Russians, Lifshitz and Khalatnikov, actually claimed to have proved that
a general contraction without exact symmetry, would always lead to a
bounce, with the density remaining finite. This result was very convenient
for Marxist-Leninist dialectical materialism, because it avoided awkward
questions about the creation of the universe. It therefore became an arti-
cle of faith for Soviet scientists.

When Lifshitz and Khalatnikov published their claim, I was a 21-year-
old research student, looking for something to complete my PhD thesis. I
didn’t believe their so-called proof, and set out with Roger Penrose to
develop new mathematical techniques to study the question. We showed
that the universe couldn’t bounce. If Einstein’s General Theory of Relativ-
ity is correct, there will be a singularity, a point of infinite density and
space-time curvature, where time has a beginning.

Observational evidence to confirm the idea that the universe had a
very dense beginning came in October 1965, a few months after my first
singularity result, with the discovery of a faint background of
microwaves throughout space. These microwaves are the same as those
in your microwave oven, but very much less powerful. They would heat
your pizza only to minus 271.3°C, not much good for defrosting the piz-
za, let alone cooking it. You can actually observe these microwaves your-
self. Set your television to an empty channel. A few percent of the snow
you see on the screen will be caused by this background of microwaves.
The only reasonable interpretation of the background is that it is radia-
tion left over from an early very hot and dense state. As the universe
expanded, the radiation would have cooled until it is just the faint rem-
nant we observe today.

Although the singularity theorems of Penrose and myself predicted
that the universe had a beginning, they didn’t say how it had begun. The
equations of General Relativity would break down at the singularity.
Thus, Einstein’s theory cannot predict how the universe will begin, but
only how it will evolve once it has begun. There are two attitudes one can
take to the results of Penrose and myself. One is that the way the universe
began is not within the realm of science. The other interpretation of our
results, which is favoured by most scientists, is that it indicates that the
General Theory of Relativity breaks down in the very strong gravitational
fields in the early universe. It has to be replaced by a more complete the-
ory. One would expect this anyway, because General Relativity does not
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take account of the small-scale structure of matter, which is governed by
quantum theory. This does not matter normally, because the scale of the
universe is enormous compared to the microscopic scales of quantum
theory. But when the universe is the Planck size, a billion trillion trillionth
of a centimetre, the two scales are the same, and quantum theory has to
be taken into account.

In order to understand the Origin of the universe, we need to combine
the General Theory of Relativity with quantum theory. The best way of
doing so seems to be to use Feynman’s idea of a sum over histories.
Richard Feynman was a colourful character, who played the bongo drums
in a strip joint in Pasadena, and was a brilliant physicist at the California
Institute of Technology. He proposed that a system got from a state A to
a state B by every possible path or history.

Each path, or history, has a certain amplitude or intensity, and the prob-
ability of the system going from A to B is given by adding up the amplitudes
for each path. There will be a history in which the moon is made of blue
cheese, but the amplitude is low, which is bad news for mice.

The probability for a state of the universe at the present time is given
by adding up the amplitudes for all the histories that end with that state.
But how did the histories start? This is the Origin question in another
guise. Is the initial state of the universe determined by a law of science?

In fact, this question would arise even if the histories of the universe
went back to the infinite past. But it is more immediate if the universe
began only 15 billion years ago. The problem of what happens at the
beginning of time is a bit like the question of what happened at the edge
of the world, when people thought the world was flat. Is the world a flat
plate, with the sea pouring over the edge? I have tested this experimental-
ly: T have been round the world, and I have not fallen off.

As we all know, the problem of what happens at the edge of the world
was solved when people realized that the world was not a flat plate, but a
curved surface. Time, however, seemed to be different: it appeared to be
separate from space, and to be like a model railway track. If it had a
beginning, there would have to be someone to set the trains going.

Einstein’s General Theory of Relativity unified time and space as
space-time, but time was still different from space, and was like a corri-
dor which either had a beginning and end, or went on for ever. However,
when one combines General Relativity with Quantum Theory, Jim Hartle
and I realized that time can behave like another direction in space under
extreme conditions. This means one can get rid of the problem of time
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having a beginning, in a similar way in which we got rid of the edge of the
world. Suppose the beginning of the universe was like the south pole of
the earth, with degrees of latitude playing the role of time. The universe
would start as a point at the South Pole. As one moves north, the circles
of constant latitude, representing the size of the universe, would expand.
To ask what happened before the beginning of the universe would become
a meaningless question, because there is nothing south of the south pole.

Time, as measured in degrees of latitude, would have a beginning at
the South Pole, but the South Pole is much like any other point, at least
so I have been told. I have been to Antarctica, but not to the South Pole.

The same laws of Nature hold at the South Pole, as in other places.
This would remove the age-old objection to the universe having a begin-
ning that it would be a place where the normal laws broke down. The
beginning of the universe would be governed by the laws of science.

The picture Jim Hartle and I developed of the spontaneous quantum
creation of the universe would be a bit like the formation of bubbles of
steam in boiling water.

The idea is that the most probable histories of the universe would be
like the surfaces of the bubbles. Many small bubbles would appear, and
then disappear again. These would correspond to mini universes that
would expand, but would collapse again while still of microscopic size.
They are possible alternative universes, but they are not of much interest
since they do not last long enough to develop galaxies and stars, let alone
intelligent life. A few of the little bubbles, however, will grow to a certain
size at which they are safe from recollapse. They will continue to expand
at an ever-increasing rate, and will form the bubbles we see. They will cor-
respond to universes that would start off expanding at an ever-increasing
rate. This is called inflation, like the way prices go up every year.

The world record for inflation was in Germany after the First World
War: prices rose by a factor of ten million in a period of 18 months. But that
was nothing compared to inflation in the early universe: the universe
expanded by a factor of million trillion trillion in a tiny fraction of a second.
Unlike inflation in prices, inflation in the early universe was a very good
thing. It produced a very large and uniform universe, just as we observe.
However, it would not be completely uniform. In the sum over histories, his-
tories that are very slightly irregular will have almost as high probabilities as
the completely uniform and regular history. The theory therefore predicts
that the early universe is likely to be slightly non-uniform. These irregulari-
ties would produce small variations in the intensity of the microwave back-
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ground from different directions. The microwave background has been
observed by the Map satellite, and was found to have exactly the kind of vari-
ations predicted. So we know we are on the right lines.

The irregularities in the early universe will mean that some regions
will have slightly higher density than others. The gravitational attraction
of the extra density will slow the expansion of the region, and can even-
tually cause the region to collapse to form galaxies and stars. So look well
at the map of the microwave sky: it is the blueprint for all the structure in
the universe. We are the product of quantum fluctuations in the very ear-
ly universe. God really does play dice.

We have made tremendous progress in cosmology in the last hundred
years. The General Theory of Relativity and the discovery of the expan-
sion of the universe shattered the old picture of an ever existing, and ever
lasting universe. Instead, general relativity predicted that the universe,
and time itself, would begin in the big bang. It also predicted that time
would come to an end in black holes. The discovery of the cosmic
microwave background and observations of black holes support these
conclusions. This is a profound change in our picture of the universe and
of reality itself.

Although the General Theory of Relativity predicted that the universe
must have come from a period of high curvature in the past, it could not
predict how the universe would emerge from the big bang. Thus, general
relativity on its own cannot answer the central question in cosmology,
Why is the universe the way it is? However, if general relativity is com-
bined with quantum theory, it may be possible to predict how the uni-
verse would start. It would initially expand at an ever-increasing rate.
During this so-called inflationary period, the marriage of the two theories
predicted that small fluctuations would develop and lead to the formation
of galaxies, stars, and all the other structure in the universe. This is con-
firmed by observations of small non-uniformities in the cosmic
microwave background with exactly the predicted properties. So it seems
we are on our way to understanding the origin of the universe, though
much more work will be needed.

Despite having had some great successes, not everything is solved. We
do not yet have a good theoretical understanding of the observations that
the expansion of the universe is accelerating again, after a long period of
slowing down. Without such an understanding, we cannot be sure of the
future of the universe. Will it continue to expand forever? Is inflation a law
of Nature? Or will the universe eventually collapse again? New observation-
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al results, and theoretical advances are coming in rapidly. Cosmology is a
very exciting and active subject. We are getting close to answering the age-
old questions: ‘Why are we here?” ‘Where did we come from?’ I believe these
questions can be answered within the realm of science.

Thank you for listening to me.
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PRrOF. PHILLIPS: What I would like to do now, in keeping with discussions
with Professor Hawking, is to ask for two questions to be posed to Professor
Hawking and while he is thinking about those questions and composing an
answer, then we will return to questions for the earlier speakers and then
check to see how the answers from Prof. Hawking are coming along. So,
questions for Professor Hawking?... If no one else will ask a question, T will.
My question is this: You spent a good deal of time explaining the difficulty
of there being a beginning of time and came to this very nice analogy that
asking what came before the beginning would be much like asking what is
south of the South Pole. So, given that we accept that understanding, what
I would like to ask is about the way in which time unfolds after that begin-
ning of time. Today we define time in terms of atomic time. Now, if we go
back to the early universe, before there are atoms we might wonder, ‘what
does time mean?’ But we could just say that before there were atoms there
were nuclei and we could use some other natural, nuclear timescale. But at
some early enough time there was nothing we would identify as being any-
thing like the kind of matter that we know today. How should we understand
what time is like at such early times? That is my question. Are there others?

PRrROF. CoLLINS: Thank you. A more philosophical question. In the final
comments, Professor Hawking suggests that these observations from theo-
ry and experiment might answer the question, ‘why are we here?’ It seems
to me more it might answer the question ‘how did we come to be here’, and
it might fall short of why. I would like to hear more about the ‘why’ part.

PRrRoOF. PHILLIPS: Professor Hawking is thinking about those questions
and preparing an answer. Let us return to Martin Rees’ talk and ask
whether there are any leftover questions from then. Professor Zichichi.

PROF. ZicHICHI: I have a question concerning complexity. Complexity is
ill defined. There are seventy definitions of complexity and, therefore, it is
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important to see what are the experimentally observable quantities which
suggest the existence of complexity. Despite the seventy definitions of com-
plexity, the experimentally-observable quantities from which we derive the
notion of complexity are the same, they are two. The unexpected events
with enormous consequences, that historians call ‘Sarajevo-type events’
and the Anderson-Feynman-Beethoven (AFB) phenomena. Namely,
Beethoven can compose masterpieces of music but ignores quantum elec-
trodynamics. Without quantum electrodynamics we could not have music.
So the existence of UEEC (Sarajevo-type events) and AFB phenomena are
the experimentally observable quantities for complexity to exist. If you
accept this, then the conclusion is that complexity exists at the fundamen-
tal level. You do not need to go from atoms to mankind to say that complex-
ity is there; and you do not need billions of atoms to have complexity. At the
very elementary level, AFB phenomena and UEEC events exist and there-
fore complexity exists even at the Planck scale.

PRrROF. REES: This is really a semantic question. The potential for com-
plexity may exist, but a universe that was completely uniform, diffuse neu-
tral hydrogen but nothing else, is surely a less complex universe than the
one we are in. So we can argue the semantics, but I think everyone knows
that a living thing is very complex and a universe of neutral uniform hydro-
gen, and nothing else, is much simpler.

PROF. ZIcHICHL: My question is not semantic but fundamental. The ori-
gin of the Logic of Nature (four fundamental forces and three families of
elementary particles) has its roots in EEC events and AFB phenomena.
These are exactly the same roots for complexity to exist when you study
large-scale events.

PRrOF. PHILLIPS: I think I would like to ask a question to Martin Rees, a
very naive question. You talked, in the early part of your lecture, about there
being a horizon for seeing events at 14 billion years but saying, just as with
the ordinary horizon, there is no reason to believe there are not things
beyond it. Well, my naive question is, if the universe began 14 billion years
ago, and if things expanded no faster than the speed of light, how could
there be anything beyond 14 billion years? I am imagining the answer prob-
ably has something to do with inflation and general relativity and the way
one thinks about time, but, understanding the naivety of my question, can
you somehow relieve that naivety for me?
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Pror. REEs: If the universe accelerates, then there can be domains
which disappear from our view and are, in a sense, going faster than light,
but I can give, perhaps, a clarification. People sometimes worry about not
quite your question but a related one. They worry about how we can be
looking back 90% of the way to the Big Bang when we look at distant galax-
ies. You can answer that question in a simple universe where everything
moves uniformly. In special relativity clocks run slow, so, if something is
moving away from us at 99% of the speed of light, by its clock it does go
maybe 10 light years in one year. In that very simple universe, there is no
contradiction in saying that we are seeing something whose light set out
90% of the time back to the Big Bang.

PRrOF. PHILLIPS: Yes, I do not have any problem with that. It is the exis-
tence of things that are at distances beyond - in light years — the age of the
universe.

ProF. REES: Well, that has to be understood in terms of an accelerating
universe. Can I just add one more thing? You are familiar with the idea that
in a black hole you see something falling in and you only see a finite part
of its history, however long you watch. Similarly, if the universe is acceler-
ating, then we see a galaxy, but the galaxy will have an increasing red shift,
and we will only see a finite part of its history. So there could be domains
of space-time that are beyond our horizon.

Pror. PHILLIPS: I see; so in the same sense that when we watch some-
thing fall into a black hole it looks like it disappears but from its point of
view it...

PrOF. REES: I wanted to emphasise that the aftermath of our Big Bang
could be vastly more extensive than the domain that we can see with our
telescopes, and the horizon on the ocean is a good analogy. But then I went
one step further and said that the aftermath of our Big Bang may not be
everything there is, because there are many ideas, for instance one called
‘eternal inflation’, where there are many Big Bangs. There could be an
immensely complex space-time structure on this hugely larger scale than
we can directly observe.

PRrROF. RUBIN: Part of the end of your answer is related to the question I
was going to ask, which is rather a personal question to you, whether you
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ever worry that the things that look or that we say now are very simple, it
is just a lack of our understanding, and some of that you discussed in
answering Bill’s question.

PRrROF. REES: That raises the question of how confident we can be about
statements we make in science. I think Thomas Kuhn did a great disservice
by his concept of scientific revolutions. There are only one or two really
good revolutions that I can think of in science, the Copernican revolution
and the quantum revolution. Einstein did not prove Newton wrong, he
transcended Newton and got a deeper understanding into gravity and the
theory which extended to a wider range of domains than Newton did. There
is a periphery between what we understand well and what we do not under-
stand. That periphery, that frontier, moves out and gets longer as we settle
old questions. Then new questions are posed that could not even have been
posed beforehand. Stephen’s talk reminded us that whether there was a Big
Bang or a ‘steady state’ was controversial until the mid-1960s. We then
moved on to questions of what was the early universe like, and is the uni-
verse accelerating or decelerating: we have had some surprises there, but 1
do not think the story of the Big Bang back to one second is going to be
changed drastically, any more than our picture of the earth as being basi-
cally round is going to be changed. But of course the issues of what is
beyond the horizon, what happens in the first tiny fraction of a second, are
still completely uncertain, because the physics, although we speculate
about it, is not battle-tested experimentally. I would just like to make one
point about the so-called multiverse concept which is often derided as
something which is not part of science because it can never be tested. It is
entirely speculative now, but it could, I think, be put on a firm basis if it was
a predicted consequence of a theory which we could test in other ways. For
instance, we believe that the sun is getting its energy by nuclear fusion, not
because we can actually observe in the centre of the sun but because we can
observe nuclear fusion in the lab and we can do calculations etc. So we
have a theory of how nuclei react, which we can test in other ways and
apply to the sun. Similarly, if we had a theory which gave us a unified pic-
ture of quantum and gravity and if it explained many features of the world
which we cannot otherwise explain, then that theory would gain credibili-
ty. If that theory, for instance, predicted some model like Lindé’s ‘eternal
inflation” then we should take those predictions seriously, just as we take
seriously what is implied by our theories about the universe after one sec-
ond. So it is not necessary for a theory to have all its consequences testable,
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it just must have some consequences testable. To give another example,
Einstein’s theory of relativity has been tested in a number of ways and we
therefore believe what it says about the inside of black holes, even though
we cannot observe there. Similarly, perhaps one day we will know whether
or not the multiple Big Bang theory is correct. We do not know now, but it
is speculative science, not metaphysics.

PROF. PHILLIPS: So, just to follow up on that point about how one might
test things that we cannot directly observe, it would seem that the idea of
things beyond the event horizon fall into a rather different category than, say,
the multiple Big Bangs or the multiverse, because the things beyond the event
horizon you figure, well, they are going to have to be something like that if
we had inflation, and inflation has some traces that we might be able to
observe. On the other hand, while T would not say that there is no way that
we are going to find out about the multiverse, we do not quite know yet how
we are going to do that. Would you agree with that characterisation?

ProrF. REES: I do not regard inflation as fully battle-tested yet, because
we do not know what the detailed physics was when the universe was 1073
seconds old. But the details of inflation depend on that physics, and peo-
ple like André Lindé have shown that, if you make specific assumptions,
then you get this ‘eternal inflation’. He makes definite assumptions that
lead to that result. If, some years or decades from now, we know what the
right physics is to put in, then we will know whether eternal inflation
would happen. Of course I am optimistic, we may never settle these.
Another question we should not overlook is that there is no particular rea-
son why our brains, human brains, should be matched to these deep
questions. It is amazing that our brains that evolved to cope with life in
the African savannah have been so successful in coping with the quantum
world and the cosmic world, which is so far beyond the everyday scales.
But nonetheless there could be some key theories which apply to cosmol-
ogy or indeed to the biological world which are simply beyond the human
brain. Just like my dog cannot understand quantum theory, maybe there
are theories which are equally beyond the human intellect. But these deep
issues may in the future be understood, because it is really important to
bear in mind that the future of evolution could be as prolonged and far
more fantastic than what has happened up to now.

PROF. PHILLIPS: Another question.
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PrROF. FaccHIN: Prof. Hawking said that the science will be able to
answer the question ‘why are we here?’, about the ultimate origins of our
existence. I ask what does it mean ‘why’: origin or significance? Is the sig-
nificance within the realm of sciences?

PROF. PHILLIPS: Are you folding this question into the question that Fran-
cis Collins asked of Professor Hawking? OK, so we will take that under
advisement. Do we have any questions for either Professor Rees or Profes-
sor Swarup.

PRrROF. DEHAENE: This is a very naive question, but since we have experts
here: do physicists really refrain from thinking about what was before the
Big Bang? I remember hearing a lecture from my colleague Gabriele
Veneziano who was speculating about what was happening before the Big
Bang. Is this just science fiction or not?

ProF. REES: That is indeed an alternative theory, very different from
what Stephen has just been telling us. But one general point is that the fur-
ther we extrapolate back towards the initial instant, the further we get from
everyday concepts. As we extrapolate back near the beginning then it could
be that the whole idea of before and after, which implies a direction of time,
has to be jettisoned, just in the same way that familiar common sense con-
cepts have to be jettisoned when we get down to the quantum scale.

ProF. PHILLIPS: T suppose that if one is worried about the question of
what happens before the Big Bang, that if you believe in multiverses, then
at least you can figure there were other Big Bangs that were going on either
before or after ours, and maybe that might make you feel better.

ProrF. REES: And then, of course, there is the other idea that not all the
extra dimensions are all rolled up very tightly. That leads to the idea that
there could be another universe, as it were, alongside ours, both embed-
ded in an extra dimension, just as you can imagine a whole lot of ants
crawling around on this sheet of paper, which is their two-dimensional
universe, and being unaware of another population of ants on a parallel
sheet of paper. So likewise there could be another universe just a millime-
tre away from ours but, if that distance is measured in some fourth spa-
tial dimension and we are imprisoned in our three, we would not be
aware of it. Just one pedantic point: some people say quite rightly that we
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should use the word ‘universe’ for everything there is, so what are we
doing talking about multiple universes? My answer to that would be that,
if the idea of multiple Big Bangs were put on a firm basis, then we should
adopt some new terminology and invent some new word like metagalaxy
for what we have traditionally called the astronomical universe. But, for
the moment, we should stick to the terminology where astronomers
describe the volume they can directly study as ‘the universe’. But then, of
course, we need some word like multiverse for the totality of physical real-
ity, which may be larger than the aftermath of our Big Bang.

PRrOF. PHILLIPS: Prof. Vicufia, what was your question?

PrOF. VicuNa: In a sense I think it has been answered, but I was won-
dering. I know that common sense does not work well in cosmology, but
if there have been several Big Bangs, would there be measurable space
between them? If only one Big Bang took place, the space that we see is
all there is, but if there have been more Big Bangs, what is there in
between the universes?

PrOF. REES: I think this is a context where we have to accept that com-
mon sense notions are not good enough!

PRroF. PHILLIPS: I would like to pose a question to Professor Swarup. You
spoke about the origins of life and the development of simple cells and of
different kinds of cells. My biologist friends tell me that, by the time you get
cells, you have already got a tremendous amount of the complexity that is
involved in life, so what I am wondering is, if I am trying to imagine how
life started, at what point of complexity is the rest of the development of life
essentially a foregone conclusion? Do I need self-replicating viruses? Do 1
need a cell before I am confident that the rest of biological evolution is
going to unroll or do I need something as big as insects? What is your view
on that?

PROF. SWARUP: I think that the most important thing is to be able to pro-
duce a unicell, to reproduce it: if we can do it in our laboratory, we have
made a tremendous progress in understanding how life evolves. Whether
that can be done there are experts here, a lot of people who are doing exper-
iments on this and I would love to hear from them.
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PRrROF. PHILLIPS: So you think of the cell as being the breaking point.
Once I have got a cell, for sure I am going to get more complexity.

PROF. SWARUP: Yes, the simplest of cells. While I am on the microphone
let me ask a question to Martin Rees. You see, I was giving a talk to students
describing universe and multiverses and they asked me the question, gen-
erally in science you always make a prediction. If the prediction is not done
then it is not correct, you throw the hypothesis out. So my student said he
understands the universe is there, it is natural to expect multiverses but if
there is no predictability are we talking of some new method of science, are
we talking of some new terminology, as he says, of science? How would
Martin Rees answer in a simple way to a student in college?

PRrROF. REES: Just to expand what I said earlier, the ‘multiverse’ will only
be a serious part of science if it is a consequence of a theory we can test in
other ways. If we had a sufficiently detailed theory, which predicted a range
of possible Big Bangs, we could then put a probability measure on differ-
ent options. We could then ask the question, are we in a typical member of
the subset of such ‘universes’ in which we could exist? That is a well-posed
question that could only be answered if we had a theory that was precise
enough to put a probability measure on all the options. Can I give another
example? I gave the analogy of a multiverse with planetary orbits. We do
not believe, as Kepler did, that the earth’s orbit is all that special. We just
think it is an orbit of a planet which allows life to evolve. That, therefore,
means it has got to be at roughly the distance from its parent star such that
water neither freezes all the time nor boils and also that the orbit is not very
eccentric. So we are not surprised to be living on a planet that does not have
an eccentric orbit, because if it was a very eccentric orbit then it would be
harder for life to evolve. But suppose that the earth’s orbit was exactly cir-
cular to a position of one part in a million, then an anthropic explanation
would not be good enough because there is no particular reason why it
should be that circular. So if we observe a particular configuration, we can
ask, ‘is that just what we would expect?’, otherwise we would not be here.

PrOF. ABELSON: This is not a new question. Francis Crick weighed in on
what could be the simplest form of life in the early 1970s and concluded it
would have to self-replicate and the only thing he could imagine at that
point that could self-replicate was nucleic acid. It is not easy to see how a
protein can self-replicate itself. Because we are not going to hear David Bal-
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timore’s talk about the RNA world, I would add that we now know that
RNA itself can be catalytic. A lot of progress has been made towards engi-
neering an RNA that can catalyse its own replication. The abiogenic synthe-
sis of a self replicating RNA early in the history of the planet, as improba-
ble as it seems, could have been the first step in the origin of life. Once you
can self-replicate, then evolution can begin.

PRrROF. PHILLIPS: So you are willing to push it back a little bit earlier
than cells.

PROF. ABELSON: Yes.

ProF. REES: I recall Craig Venter making a statement that the simplest
conceivable reproducing organism had about 200 genes in it. I am not quite
sure what the status of that is, but I am sure that Francis could explain
whether it makes sense.

PRrOF. CoLLINS: That was based on an experiment where you take already
a very simple bacteria, Mycoplasma genitalium, and start knocking out one
by one the genes in that to see which of them are dispensable, and you get
down to a certain number that are dispensable and you assume that is the
minimal set. That experiment is risky, because probably combinations of
genes that are individually tolerable, if you lose more than one of them in
the same organism it may no longer be tolerable, so I suspect that is prob-
ably an underestimate but again this is starting already with a complicated
organism called a cell, with all of its machinery. That does not mean that if
you started from the ground up you would end up with something that is
self-replicating. I agree with the Crick definition of what you are looking
for. Some have argued though that maybe simply a catalytic RNA that is
able to replicate itself would not quite do it, because it would not last long,
and you need some kind of a membrane around it, some sort of way of con-
straining its diffusability, and certainly the people who are trying now to
synthesise life forms of all sorts of very unusual forms are working very
hard on the membrane part as well.

ProF. PHILLIPS: I would like to ask perhaps a rather odd question, in con-
nection with the talk that we heard from Professor Swarup. So, let me pref-
ace my question by telling a story. Many years ago there was a lot of excite-
ment about the possibility that researchers had found evidence of life on
Mars. You remember this: supposedly there was some spallation from some
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meteorites and it ended up in Antarctica and it showed a lot of promising
stuff and then it turned out to be, well, a little bit premature. But there was
a big press conference at the time and people talked about all the evidence
for this and a colleague said to me, after that press conference, ‘Well, if this
is so, won't this really cause a lot of consternation to people of religious
belief?” And I thought, well, no, because if it is so that there is life on Mars
then it just tells us that we have perhaps a larger view of how wonderful
God’s Creation is. But I am wondering (I am an amateur when it comes to
theology) if any of the professional theologians here, or philosophers, would
have something to say about whether there is an impact theologically if we
discover that there is life elsewhere than on earth. Would any of the ordained
people here care to make a comment on that?

PRrROF. FUNES: I am not a professional theologian, I am an amateur the-
ologian, I say that I am an astronomer who once studied philosophy and
theology, but I became famous in a few days because of an answer I gave to
a journalist about the same question. Just to tell you briefly that in this uni-
verse, with a hundred billion galaxies, with a hundred billion stars in these
galaxies, with planets, it may be possible that there is life as we know it. And
just one line, because sometimes journalists need a headline, so for them I
said, ‘the extraterrestrial is my brother’. In the context of Franciscan theol-
ogy I would say, this is very simple theology, but I do not see that there
would be any problem for theology to consider the possibility of life. I
think, T may be wrong, it was more traumatic for theologians when Euro-
peans found Native Americans in America, in the whole of America, I think
that was more traumatic for theology than finding extraterrestrials would
be now... there are many other issues like original sin, the possibility of
redemption, but I do not think that there would be a conflict. It is not relat-
ed to this but, if I have time, I would like to say a brief comment, a quota-
tion from George Coyne, regarding what Professor Hawking said, God does
play dice, he said that and he added, he knows that the dice are loaded.

PROF. PHILLIPS: Does anybody who comes from a tradition outside of the
Judeo-Christian tradition have any comment on my question? Does any-
body have an opposing view or a different viewpoint from the Vatican
astronomer?

PRrROF. GoJoBORTI: I think I have a question which I would like to ask Pro-
fessor Rees, maybe and Professor Hawking, too. The story of the phenom-
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enon of the universe reminds me of the late Susumu Ohno concept. That
means, he thinks of the world, or the universe, like a repetition that expands
and sometimes shrinks. If you define repetition as order, then this concept
can be applied to the DNA. The repetition might be the origin of the genet-
ic materials and in gene duplication, genome duplication, repetition may
be one of the most important properties. In Buddhism there is always rein-
carnation, since you are asking me, asking the outside of Christianity, so
how do you see this kind of property, to be repetitive, that is so important
to cosmology? I think that in biology certainly this might be one of the
properties. I do not think this is doctoring, but still it might be important,
therefore incarnation, repetition, how do you see it in cosmology, this is my
question.

PRrOF. PHILLIPS: I might make the following comment. I have a colleague
who is a Buddhist, he would consider himself to be a non-theistic Buddhist,
and he is also a cosmologist, and finds the idea of a distinct beginning of
the universe to be difficult. So, that is just one anecdote. But, Martin, do
you have any comment about that?

ProF. REES: I do not, really. Among my cosmologist colleagues there are
people with all kinds of faiths, fundamentalist Christians, Roman Catholics
and people like you mention. They probably just keep their lives in different
compartments if there are any potential conflicts, that is my impression.

PROF. PHILLIPS: Martin, now I would like to ask you the following ques-
tion. You suggested that we do not really know whether it would have been
possible for the universe to have had a different set of laws or a different set
of constants. Now I know these two things are often said together, but it
seems to me there is a very big difference between having a different set of
constants and having a different set of laws. As far as I understand, we do
not really know any reason why the constants should be what they are. On
the other hand, I think we know pretty well that there are certain classes of
laws for the universe that just would not work. I cannot imagine, for exam-
ple, how we could have a universe that was based on classical physics. So,
what I am wondering is, what can you say about the range of possibilities
of different kinds of laws as opposed to different kinds of constants.

PRrOF. REES: It is just a question of how deep down the bedrock laws are.
The conventional view is that there will be some exact formulae that peo-
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ple can write on their T-shirts which will give us the mass of the proton and
the mass of the electron etc. But the alternative view, which is taken by a
number of people (and Ed Witten is the world expert, he can comment) is
that perhaps there are bedrock laws but those laws allow a variety of basic
structures of the so-called vacuum which would allow different values for
the masses and the strength of the forces. The question is whether what we
conventionally call the ‘constants of nature’ are at the bedrock level or
whether they are secondary arbitrary features. I think it would be good if
Ed could comment on one of the big debates in string theory: whether there
is a unique vacuum state or not.

ProF. WITTEN: Well, I cannot say what the truth is, but I can describe
a situation that is often considered, and that is that there are many differ-
ent regions that are all subject to relativity, quantum mechanics and grav-
ity so in that very general sense they have the same laws but they have dif-
ferent, for example, gauge groups, so in one case there is a nuclear force
and there is a weak force like we have it but the details of the particle
forces are different. So the trouble with the question is that the notion of
what is a law was a little bit hazy. To summarise this again, to try to clar-
ify it for everyone, what is often considered is that there is a very general
framework of relativity and quantum mechanics and gravity that they
would all have in common, but the rest of what is in the textbooks would
be different in each region.

PRrOF. PHILLIPS: So that is a good distinction, because, on the one hand,
you have laws and on the other hand you might have, we might call it
forces, weak force, strong force, it could be something different but it would
still have to follow quantum mechanics.

ProOF. WITTEN: Well, for example the electrical force is often called a law,
Coulomb’s Law.

PROF. PHILLIPS: Yes, sure! So the question of what is a law obviously is a
question of semantics. I believe that Bernard d’Espagnat made a distinction
like that but I cannot remember exactly what it was. One more question?
OK, it has been quite a while so let us see, are we talking about the first
question? It was about time. So the question I asked was, if we understand
or at least accept the resolution of the difficulty about there being a begin-
ning of time, how should we understand how time rolls out when the usu-
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al ways we have for keeping time do not seem to make any sense at the very
early stages of the universe?

PrROF. HAWKING: My answer to the first question is that I use the posi-
tivist approach. A theory is just a model; time is a quantity in that model;
atoms are elements in that model which we can use to model but the mod-
el contains time independently of atoms.

PRroF. PHILLIPS: OK. What is the answer to the second question?

PRrROF. HAWKING: My answer to why are we here is that, if we have a con-
sistent model that exists as an asymmetrical model we would be a subsys-
tem in that model and our observations and our feelings of self-conscious-
ness would be defined by that model.



WHAT WE KNOW, AND WHAT WE DON'T KNOW,
ABOUT THE UNIVERSE

VERA C. RUBIN

We live in a universe that is incredibly beautiful, enormously large,
and very complex. It is also evolving. As stars evolve and age, they act as
chemical factories, transforming their light elements into heavier ones; as
galaxies evolve, they acquire more mass from their surroundings; as clus-
ter of galaxies grow, they gravitationally attract nearby galaxies. Only in
the last 100 years have we understood this evolution of the Universe.

‘The progress of astronomy during the past 100 years has been rapid and
extraordinary’. These were the opening words in A Popular History of Astron-
omy during the Nineteenth Century, a book written one hundred years ago by
Agnes Clarke (1). It is an equally valid description of progress in the 20th cen-
tury, and it will surely describe progress one hundred years from now.

Early civilizations had myths about the sky. When Galileo turned his
newly constructed telescope to the sky in 1609, he not only initiated mod-
ern observational astronomy, but he also solved a mystery that had occu-
pied civilizations past: he learned that the Milky Way is ‘nothing but a
congeries of stars arranged in clusters.” His discovery that the planet
Jupiter has moons orbiting it helped to displace the Earth from its unique
position in the universe. He accurately timed balls sliding down inclined
planes to learn how objects fall. Stillman Drake’s book (2) describes
Galileo’s experiments and makes fascinating reading.

Isaac Newton has been called the ‘chief architect of the modern world’
(3), certainly the modern world of science. He identified and defined gravi-
ty as a force; he explained the orbits of the known planets as the combina-
tion of their gravitational attraction by the Sun and their forward motion.

He recognized that each planet has its own gravity; the Earth’s gravi-
ty attracts its moon and Jupiter attracts Jupiter’s moons. He understood
that the planets would perturb each other; he extended this to universal
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gravity. He included comets in his gravitational theory, and he understood
the tides. Newton studied the eye, vision and colors, and he constructed
a reflecting (rather than refracting) telescope, to avoid the colored rings
that plagued refracting lenses.

At the start of the 20th Century, scientists knew the astronomy of
Galileo, Newton, and more. They knew that we live in a galaxy of stars.
They did not know that the Earth was not located at the center of the
Galaxy. They did not know if the small, faint galaxies detected with tele-
scopes were located in our Galaxy, or if they were larger objects much far-
ther away. A combination of observations and theories has given us the
model of the Universe we know today.

A very simplified sketch of our Universe is shown in Figure 1 (see p.
593). Our sun, carrying the planets (A) with it, is one of more than 100 bil-
lion stars in our Galaxy. The planets orbiting our Sun formed from the
rotating disk of debris that remained after the Sun formed some 4.6 billion
years ago. We, sun and planets, are located about one-half of the way out
from the center of our Galaxy (B), a center that harbors a black hole. It
takes our Sun and planets about 200 million years to orbit once about the
center of our Galaxy, even though we move with a speed of 500,000 miles
per hour. Our Solar System has made this circuit only a few dozen times.

In a galaxy, stars are very far apart, relative to their diameters. Thirty
million stars would fit between our Sun and Proxima Centauri, the nearest
star to our Solar System! In contrast, galaxies are very close to each other
relative to their diameters. Our nearest large galaxy is the Andromeda
galaxy, only a few galactic diameters away. Andromeda, our Galaxy, plus
dozens of smaller galaxies in our celestial neighborhood, comprise the
Local Group (C) of galaxies. The Local Group may ultimately merge with
the Virgo cluster (D), a collection of several thousand galaxies. But before
this happens, our Galaxy and Andromeda will spend several billion years
merging with each other, a galactic ballet that has been mathematically
choreographed for computer by John Dubinski and John Kameel Farah (4).

When we look in any direction in space, we detect clusters of galaxies
that are billions of years old, whose light is currently reaching our tele-
scopes and/or our eyes. These clusters form web-like structures across
our Universe (here white) separated by voids (E). Our view of the earliest
Universe comes from cosmic microwave background radiation, produced
almost 14 billion years ago, about 400,000 years after the Big Bang (our
name for the origin of the Universe). The Universe, initially exceedingly
hot, has been expanding, cooling, and evolving ever since. The cosmic
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microwave background radiation presently arriving at our detector has
cooled to a cold 2.75 degrees above absolute zero (5).

Tiny temperature fluctuations in the cosmic microwave radiation are
shown here (F) as color variations. From these, first sub-atomic particles,
then simple elements, hydrogen, helium, some lithium, evolved, and
eventually stars. During their lifetimes, stars transform light elements
into heavier elements. From these heavier elements come more stars pro-
ducing more elements, and with time come planets, geology, ultimately
biology and life. We understand some parts of the evolution of the uni-
verse. Future generations will know more.

Astronomy advanced rapidly in the 20th Century. In 1913, Albert Ein-
stein wrote to George Ellery Hale, Director of the Mount Wilson Observa-
tory, to ask if the deflection of light rays from a distant object, distorted
by passing near the Sun, would be bright enough to be detected without
an eclipse (6). This deflection is predicted by relativity theory. The answer
was ‘No’; the bright Sun would mask the faint light from the background
object. An easier experiment was successfully conducted with the Sun
darkened during the 1919 solar eclipse. Enormous publicity followed the
observation that the Sun had distorted background starlight. The public-
ity made Einstein a celebrity. Earlier, in 1915, Einstein used relativity the-
ory to explain the ‘not quite right’ timing of the orbit of Mercury, the plan-
et closest to the sun (7). Newton'’s laws of planetary motion had to be
modified for the first time. In Einstein’s words ‘matter tells space how to
bend; space tells matter how to move’. Thus science progresses.

It was not until the 1920s that astronomers learned that our Sun and
its planets reside far from the center of our Galaxy, and that the small
galaxies viewed with telescopes are large galaxies comparable to our own,
but located at enormous distances. These galaxies have surprisingly high
velocities with respect to our galaxy; this is the evidence that the universe
is expanding.

In 1933, Fritz Zwicky, an astronomer at Mount Wilson Observatory,
noted that the 7 galaxies in the Coma Cluster of galaxies with known
velocities have velocities that range from 6600 to 8500 km/sec (8). This
large range of velocities implies either that the cluster is dispersing, or
that matter that we do not see is holding the cluster together. Zwicky
named this ‘dark matter’. Surprisingly, his discovery was mostly ignored
for about 40 years, perhaps in part because some astronomers thought
that clusters could be dissolving.

From the 1950s to the 1980s larger telescopes were built, sophisticat-
ed detectors could observe a wider region of the electromagnetic spec-
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trum, and rockets and space telescopes returned new images and data.
Celestial objects were imaged in various spectral regions, some not visi-
ble from Earth: radio, microwave, infrared, ultraviolet, x-ray, and even
gamma-ray regions. These images showed astronomers and the public
the great beauty in some formerly ‘invisible’ objects.

Millions of stars in our Galaxy are imaged in Figure 2 (see p. 594). The
whiter regions are uncountable numbers of stars along our line-of-sight.
These distant stars define the northern Milky Way, the central plane of
our Galaxy. The red blobs are Hydrogen clouds. A real treasure is the
small bright object at the bottom. This is M31, the Andromeda galaxy, the
nearest large galaxy to our Galaxy.

In 1965 I moved from teaching at Georgetown University to DTM, the
Department of Terrestrial Magnetism of the Carnegie Institution of Wash-
ington. There I joined Dr. Kent Ford, a young scientist who had built an
image-tube spectrograph for use at a telescope. This early electro-optical
device reduced telescope exposure time by a factor of ten. Kent’s interest
was in demonstrating what such a device could do. My interest was in
studying the motions of stars far out from the centers of their galaxies, a
difficult task with conventional photographic plates.

Kent and I started observing the velocities of stars and gas clouds in
M31, as they orbit the center of that galaxy. Before going to the telescopes
(at Lowell Observatory and Kitt Peak National Observatory), I spent months
measuring deep photographic images of M31, in order to measure accurate
distances from bright stars to each faint region for which we wanted a veloc-
ity. These regions were too faint to be seen in the telescope. With our new
equipment we obtained a spectrum of a region in one or two hours; each
showed bright lines of various chemical elements. By measuring the exact
position of the H alpha (hydrogen) line and comparing it with the laborato-
ry rest position of the line, I could determine the velocity of that region.

When Newton plotted the velocities of the planets orbiting our Sun
versus their distances from the Sun, he produced a figure much like Fig.
3, except that here I also include the outer planets not known to Newton.
The planet Mercury, whose distance from the Sun is 1/100th that of Plu-
to, orbits with a velocity that is 10 times (e.g., the square root of 100) as
rapid as Pluto’s velocity. Kent and I expected the velocities of stars in M31
to exhibit a similar ‘inverse square law’ falling pattern; galaxies farther
from the nucleus would orbit with slower velocities.

We were surprised. In 1970 Kent and I published (9) velocities for about
70 regions (Figure 4, open circles and points with error bars), velocities in
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Fig. 3. The orbital velocity plotted versus distance from the Sun, for the planets in our
Solar System. The AU (astronomical unit) is a unit of distance; the distance of the Earth
from the Sun is one AU. Data for the first five planets come from Newton’s Principia.
When I plotted these data some years ago, Pluto was still a planet.
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Fig. 4. The orbital velocities of stars and gas clouds in M31, the Andromeda galaxy,
superposed on a Digital Sky Survey photo of M31(9)(10). The curve connects the optical
data points (1970); the outer triangles are data from radio observations (1975). This flat
rotation curve was one of the first to attract astronomers’ attention.
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the nuclear region and velocities well beyond the apparent optical limits of
Andromeda. As plotted here, velocities from one side of the galaxy center
are flipped over and plotted along with the other side. The drawn curve con-
nects these optical velocities. In 1975, Roberts and Whitehurst (10) pub-
lished velocities of more distant regions using a Green Bank Radio Obser-
vatory telescope. Optical and radio observations, superposed on the galaxy
image, show that beyond the inner regions, stars and gas clouds in M31
orbit with remarkably constant velocities. The expected velocity decrease
with distance, as observed in the Solar System, is not seen.

It took a decade, and rotation curves of about 100 more galaxies, for
the subject of flat rotation curves to seem real and important. A brilliant
review of the available galaxy data by Sandra Faber and Jay Gallagher
(11) was important in convincing scientists that we must modify our con-
cepts of the Universe. It is disappointing that after 40 years, and rotation
curves for tens of thousands of other galaxies, the composition of the dark
matter is still a dark mystery.

We lack important knowledge about our Universe for we lack knowl-
edge of most of its mass. The current generally accepted model is (1).

(1) There is much dark matter (DM) in a galaxy; the amount increases
linearly with radius and extends several diameters beyond the galaxy optical
image to produce the observed flat rotation curve. It is known that dark mat-
ter interacts with matter only gravitationally, so it cannot be baryonic, e.g.,
composed of conventional atoms and sub-atomic particles. Dark matter
constitutes about 95% of the mass in the Universe; conventional matter that
we see and know contributes less than 5% of the Universe mass. This mod-
el has been adopted by most of the scientific community.

(2) An alternative, less conventional explanation is that there is no dark
matter. Instead, Newton’s inverse square law must be modified, for it does
not apply at distances far from the centers of galaxies. A few dedicated sci-
entists, initially Jacob Bekenstein and Moti Milgrom (12), have modified
Newton'’s gravitational theory so that flat rotation curves result. Their mod-
ified Newtonian dynamics (MOND) accounts for the observations. An Octo-
ber 2008 email to me from Bekenstein states: ‘Despite widespread doubts
by DM aficionados, it has become possible to cast the essence of MOND
into relativistic form (TeVeS and now various imitations of it) so that one
can begin to confront it with gravitational lenses and cosmology’.

Richard Feynman presents a brilliant discussion of gravity in his little
book, The Character of Physical Law (13). He notes that it is not exact, that
‘Einstein had to modify it’ to account for Mercury’s orbit, and that ‘there is
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always an edge of mystery always a place where we have some fiddling
around to do yet’. This was before we knew of flat rotation curves.

Still other puzzles accrue. About 10 years ago, astronomers started
gathering evidence that suggests that the universe is currently expanding
faster than it had been expanding in the past. This phenomenon is named
dark energy. However, dark energy is unrelated to dark matter, except that
the observations were unexpected and the explanation is still unknown.
Observations continue, and we will know more in the future.

Einstein knew that light from a background object would be gravita-
tionally distorted by passing behind a massive foreground object. His
1913 query to the Mount Wilson Observatory Director was answered in
the positive in 1979, with the discovery of the first gravitationally lensed
image (14). In Figure 5 (see p. 595), the Abell 2218 cluster of galaxies at a
distance of about 2 billion light-years from Earth has distorted the light
from more distant galaxies into arcs and rays of various colors. The back-
ground galaxies are 5 to 10 times more distant than the Abell 2218 clus-
ter. Our most distant views of the Universe at present come from very dis-
tant objects that are gravitationally lensed by distant objects.

Astronomers and physicists attempt to answer the many questions
that arise from observations of the Universe. For astronomers, the second
half of Century 2000 was remarkable for the instrumentation that it pro-
duced, and for the new knowledge that was uncovered. One of the great
surprises came with the understanding that chemistry, physics and sci-
ences in general are similar throughout the Universe. Although we under-
stand that important surprises lie ahead, we are not wise enough to imag-
ine what the new discoveries will be. With over 200 billion galaxies in our
Universe, many with more than billions of stars, the likelihood of stars
and planets with similar evolutionary paths is not small. Tt is likely that
we will learn that other Universes exist and that we will learn to commu-
nicate with them. But distances are large, and finances are limited, and
communication methods must speed up to be faster than light.

In the year 984 A.D. astronomer Al Sufi produced the first known
image of the Andromeda galaxy, the faint fuzz in the sky that the fish is
about to swallow (Fig. 6). Al Sufi could never have imagined what we
know today about his fuzz, about the Andromeda galaxy and about the
Universe. It seems likely that some of our science of 2000 will appear
equally quaint to astronomers in the year 3000. But there is something
remarkable about being a scientist and learning unimagined things about
our Universe. Science truly is The Endless Frontier that Vannevar Bush
(15) wrote about in 1945.
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Andromeda Nebula

Al Sufi, 10th Century Persia

Fig 6. On this oldest known image of the Andromeda galaxy, Andromeda is about to be
swallowed by the fish.
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DISCUSSION ON PROF. RUBIN'S PAPER

PrROF. MENON: Thank you very much, Vera, for that beautiful, historical
and highly personal account of astronomy through the ages and, more par-
ticularly, your own contribution which is truly outstanding and which is, I
think, the central question in astroparticle physics today and we are very
grateful to you for that lecture. Now the talk is open for questions.

PROF. ARBER: You described so nicely the tremendous speed by which our
solar system orbits. My question would be, during that travel, does the solar
system pick up or lose matter? It may encounter other matter, dark matter
or even other matter: does it take some with it or lose it during that travel?

PRrROF. RUBIN: The density of dark matter is not enormous. Space, I can-
not say it is empty, because we now believe it has dark matter, but the sepa-
ration of stars in a galaxy and the separation of galaxies one from each oth-
er are really enormous distances. I am not sure whether that is an answer to
your question. I once, many many years ago, calculated how many suns,
how many objects the size of our sun we could place between our sun and
the next nearest star and, if my memory is correct, it was more than fifty mil-
lion. So the density of dark matter is not enormously high. So I think the
effect is certainly second-order in terms of the things I was mentioning.

PrOF. CABIBBO: Excuse me, Vera, what is the time scale of that video of
our galaxy and the Andromeda galaxy merging?

PRrROF. RUBIN: I have shown just a small cut of a longer video made by
John Dubinski and John Farah. The time scale you saw covers about 2 bil-
lion years; their total simulation covers about 5 billion years. But for some-
one in our galaxy, it would be a very slow interaction. There would be plen-
ty of time to prepare for the future. Andromeda is presently approaching
our galaxy, but at a very slow pace. To the accuracy we can presently meas-
ure, its distance does not change.
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Pror. CaBBBO: We feel better!

PRrROF. RUBIN: Yes, you do not have to worry, that is right! But your chil-
dren’s children’s children’s children’s and so forth, but they will have plenty
of time, this is a slow thing, it is not catastrophic in the sense that it would
come overnight.

PRrROF. PHILLIPS: So when we look at this movie it looks really cata-
clysmic, but if we were in an earth like ours, around a sun like ours, at the
time this was happening, other than what we might see in the heavens,
would it change our lives very much?

PrOF. RUBIN: No, no, unless you were very very unlucky and, I think,
even then, you have many many years, you see things in the sky and you
understand ultimately what is happening and probably can trace the orbit
and I think you would be pretty safe. If it were a central hit, if the centre of
our galaxy hit the centre of Andromeda, we would not have to move,
according to this simulation, so you can rest well tonight.

PrOF. W. SINGER: Did I understand correctly that the existence of dark
matter is still a hypothesis and that it would have to be abandoned if we
depart from different original assumptions, if Newton’s laws were not gen-
erally valid then you could get away without the hypothesis of dark matter?

ProF. RUBIN: If we alter Newton’s laws only slightly, yes, we can explain
exactly what we are seeing. But any change now would have to incorporate
everything else that we presently understand about the Universe. This is
more difficult. But even at present, there are still properties of the Universe
that we do not understand. Of major importance, we have no fundamental
understanding of gravity. Until our science advances to understand more of
these unknowns, I think it makes sense to consider alternatives. And there
are alternative models of the Universe that do not require dark matter.

PrROF. W. SINGER: And then we would not have to postulate the existence
of dark matter.

ProF. RUBIN: That is right, then dark matter would not exist.

PrROF. W. SINGER: Great.
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PrOF. RUBIN: You have reminded me that the first meeting I ever went
to, to discuss dark matter, was at Harvard in, I think, 1980, it might have
been 1970 — Martin Rees is smiling because he knows what I am going to
say, because I have said it before — at that time they said, ‘in ten years we
will know what dark matter is’ and then, when that did not happen, they
said, ‘in ten years we will know what it is’, and then Martin gave a talk and
he said, ‘in five years we will know what it is’, and T think it was after that
talk that I got up and said, ‘and now you have added another five?’

PRrROF. W. SINGER: But is this not crucial for our understanding of the fur-
ther development of the universe if it exists or if it does not exist, it seems
as if we ignore a crucial variable.

PRrROF. RUBIN: Yes, it is interesting, when Einstein had all of his ideas,
relating to changing Newton'’s laws, he never looked for an alternative, he
just changed the law and everyone believed him. I do not know what would
have happened if someone had approached these observations that way
and said, ‘now we have to change Newton’s laws”: people would have looked
at the alternative.

PrROF. MENON: Thank you, I think that debate can go on, but on a per-
sonal basis, because we will now take the last two questions on this inter-
esting topic.

PRrROF. REES: A comment on Wolf Singer. I think it is fair to say that there
is no credible alternative. At first sight you might think you could just
change the inverse square law at large distances, but that does not work
because you see this deviation on a range of scales. Also, Vera Rubin
showed a picture of a cluster of galaxies, and you get complete consistency
in the mass estimates if you assume dark matter and assume relativity and
the light bending is what you would expect if the masses are what you infer
by Newtonian theory. Taking that evidence into account, plus the agree-
ment between the simulations of galaxy formation and what we observe,
leaves no credible alternative to the idea that gravity is the way we think it
is, and there is dark matter which is in some sort of collisionless non-inter-
acting particles.

PROF. WITTEN: I completely agree with what Martin just said, but on the
previous comment by Vera Rubin, imagine if Einstein had set out to modi-
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fy Newton’s laws to account for the discrepancy with Mercury, he almost cer-
tainly would have gone completely wrong, because you could meet that dis-
crepancy by keeping Newton’s logic and just adding one more term in the
potential, and anyone, I think any physicist who decided on purpose to mod-
ify Newton’s laws to account for what Mercury was doing would have done
something like that. Einstein changed the logic without thinking about Mer-
cury and then it turned out that it gave the right answer for Mercury.

PRrROF. RUBIN: Thank you.

PROF. KASTURIRANGAN: There is this departure from the inverse square
law on which you have ascribed the attraction due to the dark matter. Is
there an epochal dependence for those kinds of attractions? Is there a pos-
sibility that that kind of departure could be significant in the context of the
evolution of the universe and particularly in the early phase?

ProF. RUBIN: If T understand the question, I think I know of no study
that investigated modifications or anything other than for the flat rotation
curve. Were you asking about other departures? I do not think anyone has
looked into that at all in a serious way.

PrROF. MENON: Thank you very much, Vera, for both the talk and the dis-
cussion.



GALAXY EVOLUTION

JOSE G. FUNES, S.J.

1. INTRODUCTION

Galaxy evolution is one of the most active research areas in astro-
physics. In the preface of his famous book The Realm of the Nebulae (1936),
Edwin Hubble wrote: ‘the book is believed to furnish an authentic picture
of a typical case of scientific research in the process of development’. This
statement is still true today for galaxy evolution.

It is widely accepted that galaxy evolution occurs within the frame-
work of a A Cold Dark Matter cosmology; that is to say that clustering and
merging is how galaxies gain in mass, and can also determine the shape
and structure of galaxies.

Galaxy formation and evolution is a complex combination of hierar-
chical clustering, gas dissipation, merging and secular evolution. While
gravity drives the bottom-up assembly of cosmic structures, gas cools at
the centers of dark matter halos forming a disk that acquires angular
momentum through tidal torques from nearby structures. Gas eventually
fragments and forms stars. The mass and the angular momentum that
settle into the disk are assumed to be fixed fractions of the mass and the
angular momentum of the halo respectively. Since the mass and the size
of the halos are tightly linked to the density of the Universe at the time the
halos were formed, disk galaxies are expected to grow with cosmic time.

For reviews and books on this subject, see Avila-Rees 2006; Kormendy
& Kennicutt 2004; Spinrad 2005; Keel 2002.

In this paper I would like to address the following question: What observa-
tional evidences do we have for galaxy evolution? Before doing so I will intro-
duce some important concepts regarding galaxy structure and properties.

I will only focus on galaxies in the local universe. We can ask ourselves
what is the importance of their study. As it was pointed out by Sandy
Faber in the Conference Summary of the first Vatican meeting on forma-
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tion and evolution of galaxy disks held in 2001, galaxies are the cross-
roads of astronomy because they look up to cosmology and they look
down to the interstellar medium and star formation. They are the true
link between the present universe we observe and the properties of the
early universe. Galaxies evolve according to the initial and boundary con-
ditions given by cosmology. As Vera Rubin has pointed out nearby galax-
ies are the best laboratories to test a ‘nearby cosmology’. The study of
galaxies is crucial when trying to connect our knowledge of the universe
as a whole with the formation of stars and planets.

2. GALAXY COMPONENTS AND PROPERTIES

A galaxy is a system of stars, gas, dust and dark matter gravitational-
ly bound together with a mass ranging from 10 million to 1000 billion
times that of the sun. The stellar component is distributed in a spheroidal
component (the bulge and the halo) and in a flat component (the disk).
Some spiral galaxies show a bar and ring structures in the disk compo-
nent. Gas and dust are the material between stars and it is called inter-
stellar medium. This is the material from which new stars form. We don’t
know yet the nature of dark matter. We have detected and weighted the
dark matter and we also know that it does not emit light. We do know that
dark matter is located in the galaxy halos.

These galaxy components (stars, interstellar medium, and dark mat-
ter) vary from galaxy to galaxy and define the morphology of a galaxy.
Galaxies have a disk component and a spheroidal component. Stars in the
disk are bluer and younger than stars of in the spheroidal components.

Edwin Hubble classified galaxies in spirals and ellipticals. He also
noticed that there is small fraction of galaxies that can be grouped in a
third major type called irregular galaxies.

With the advent of a wealth of data coming from surveys like Sloan
Digital Sky Survey, COMBO-17, etc., it has become clear that there is a
bimodal distribution of galaxy colors at all redshifts! z<1 (see Bell et al.

! The redshift is usually characterized by a dimensionless quantity called z. The
largest observed redshift, corresponding to the greatest distance and furthest back in
time, is that of the cosmic microwave background radiation; the numerical value of its
redshift is about z=1089 and z=0 corresponds to present time. The correspondence
between redshift and time depends on the cosmological model adopted.
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2007 and references within). It is possible to identify a red sequence of
non-star forming galaxies and blue cloud of star-forming galaxies.
According to this scheme ellipticals and early type spirals (spirals with a
prominent bulge) would be part of the red sequence while late-type spi-
rals (spirals with a small bulge and rich in gas and dust) and irregulars
would form the blue cloud.

3. GALACTIC TIME SCALE

Galaxies are tracers of cosmic evolution over the last 13 billion years.
Galactic time scale is the combination of two clocks. One time scale is the
cosmological one (the Hubble time, i.e. basically the age of the universe)
and the other scale is related to stellar evolution. The combination of both
gives rise to galaxy evolution.

I would like to recall an observational obvious fact in the study of galaxy
evolution. We never see an object to evolve from or to and we only have a
‘snapshot’ in time.

4. WHICH PROPERTIES OF GALAXIES CAN EVOLVE AND BE MEASURED?

Is there any way of measuring or detecting galaxy evolution? To answer this
question we need to find galaxy properties that can evolve and be measured.

Due to the nuclear stellar evolution we expect to observe evolution in the
stellar content which is shown in the change of color and luminosity meas-
urable in galaxies at different redshifts. Intimately connected with the evo-
lution of the stellar content is the evolution of the gas mass fraction. We
expect a ‘noisy’ decline of the gas mass fraction with time, given the evidence
for clustering mergers of gas rich systems and ejection to the interstellar
medium of material released by supernovae. Since generations of stars con-
tinually recycle the same galactic matter through their cores, chemical evo-
lution is an inevitable by-product of continual star formation.

Galaxies also evolve or transform due to the interaction with other
galaxies. Galaxies are not exactly ‘island universes’; they don’t evolve in
isolation. Spiral galaxies tend to collect in groups of galaxies, which con-
tain up to several dozen galaxies. Elliptical galaxies are more common in
clusters of galaxies. Mergers are an important factor that drives galaxy
evolution. Merger rates increase with cosmic lookback time when the uni-
verse was smaller and galaxies were closer.
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5. EVOLUTION OF THE STELLAR CONTENT

One way to quantify galaxy evolution is through the calculation of the
growth of stellar mass in galaxies.

As Bell et al. (2007) have pointed out, recent observations have demon-
strated a significant growth in the integrated stellar mass of the red
sequence. In their paper, they use the COMBO-17 photometric redshift sur-
vey in conjunction with deep Spitzer 24 mm data to explore the relation-
ship between star formation and the growth of stellar mass. They calculate
star formation rate (stars formed per unit of time in M, yr!) functions in
four different redshift slices between z=0 and z=1, also splitting them into
contributions from the red sequence and blue cloud for the first time. They
find that the growth of stellar mass since z=1 is consistent with the integrat-
ed star formation rate.

6. THE COSMIC STAR FORMATION HISTORY: GALAXY EVOLUTION IN THE ACT

The cosmic star formation history is one of the primary goals of
galaxy formation and evolution studies. The modeling of galaxy evolution
requires a better understanding of the relationships between large-scale
star formation rate and the physical properties of the parent galaxies.

Star forming galaxies in the local universe provide vital clues to the
evolutionary properties of galaxies and the physical processes that derive
that evolution. In the last 15 years hundreds of nights on the largest tele-
scopes in the world are being used to measure the star formation proper-
ties of distant galaxies and the star formation history of the universe.
Ironically, until few years ago, we had a more complete inventory of star
formation rates for galaxies with redshifts (z>3) than for galaxies in the
local universe (z<0.03).

Luckily, ideal samples, which meet these requirements, now exist. The
Local Volume Legacy survey (Lee et al. 2008) is a project that looks
through data already collected by the Spitzer Space Telescope for a sam-
ple of 258 galaxies located within 11 megaparsecs (about 36 million light
years; on the scale of a visible universe that extends nearly 14 billion light
years across, this counts as the ‘local’ volume of space). This included all
known galaxies within the closest 3.5 megaparsecs, and a sampling of spi-
ral and irregular galaxies from the larger and more representative region.

The goal is to produce a census of the local galactic neighborhood,
with data in many different colors, including even the faintest galaxies,
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taking advantage of Spitzer’s high resolution and ability to measure wave-
lengths of light that cannot be seen from the surface of the Earth. These
data will then be compared with data on the same objects from a number
of other surveys, using both large Earth-based telescopes.

This Local Volume Legacy project will fill in critical gaps in the cur-
rent Spitzer coverage of the galaxies in the Local Volume, providing spec-
tral energy distribution coverage from the ultraviolet to the far-infrared,
and thus supplying the astronomical community with a core archival data
set on the galactic neighborhood.

7. CHEMICAL EVOLUTION

Another property that we can measure to monitor in galaxies is the
abundant of heavy elements (metallicity) in the stellar population and in
interstellar medium. Although our understanding of the actual physical
process of star formation and its interaction with interstellar medium is
acutely limited, models and observations have shown the evolution of
metallicity in the galactic structural components (disk, bulge, and halo).
For instance the enriched gas from the halo can pollute the bulge stars
and the later forming disk during the process of galaxy formation.

As Tremonti et al. (2004) have pointed out stellar mass and metallici-
ty are two of the most fundamental physical properties of galaxies. Both
are metrics of the galaxy evolution process, the former reflecting the
amount of gas locked up into stars, and the latter reflecting the gas
reprocessed by stars and any exchange of gas between the galaxy and its
environment. Understanding how these quantities evolve with time and
in relation to one another is central to understanding the physical
processes that govern the efficiency and timing of star formation in galax-
ies. They have presented the mass-metallicity relation for 53,000 star-
forming galaxies in the Sloan Digital Sky Survey at z~0.1. Their results
imply that metallicity is not a straightforward metric of galaxy evolution
because metals can escape galactic potential wells.

8. DYNAMICAL EVOLUTION. GALAXY TRANSFORMATION. SECULAR EVOLUTION

Changes in the galactic structure are the result of the exchange ener-
gy and angular momentum between the different components: disk, bars,
and rings and with environment through interactions and mergers.
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Transformations in morphology, and not just in stellar content, can be
observed and interpreted through computer simulations. Two processes rule
galaxy evolution, the hierarchical clustering process and the secular evolu-
tion. Hierarchical clustering is a violent and rapid mechanism that dominat-
ed the growth of galaxies at early times of the universe. On the other hand,
secular evolution is slow but will be dominant in the future universe.

Which signs can we find in galaxies that can lead us to think that there
is or there was a merger in act? These are some:

— Images of pairs of galaxies may reveal tails and bridges of stars and
gas that are signs of interactions.

— Counter-rotation. In some galaxies that otherwise look pretty ‘normal’,
there is evidence that one of the components is counter-rotating or
rotating orthogonally to the other component. For example, in a stel-
lar disk, the inner disk is rotating in the opposite direction of the out-
er disk, or the spheroidal component regarding the disk component.

—  Structural details in elliptical galaxies. For instance, elliptical galaxies
with dust lanes have undergone a major event at some point in their
evolution. The younger population of stars in these galaxies could
have formed at a later stage of the evolution of the galaxy through
either a merger event or a secondary in situ star-formation burst by
the acquisition of gas from the environment.

— Observations show that collisions trigger bursts of star formation.

— N-body simulations of such collisions confirm that the merger of two
spiral galaxies can form an elliptical galaxy.

Series of simulations by Debattista et al. (2006) to study the secular evolu-
tion of disk galaxies in a ACDM universe have shown that during disk
assembly, secular evolution must have played a role in shaping the struc-
ture of disk galaxies as we see them at z=0. Bars can drive a substantial
redistribution of mass and angular momentum in the disk. A possible prod-
uct of bar-driven evolution is the formation of a bulgelike component.

Which structural properties of present-day disk galaxies are primor-
dial and which are the result of internal evolution? Observations by Lilly
et al. (1998) suggest that the structural properties of disk galaxies have not
changed substantially since then. If the quiescent phase of disk assembly
starts early, as current cosmological simulations suggest, secular evolu-
tion might have already been operating by z~1.

There is also recent evidence for a rapid secular galaxy evolution.
Genzel et al. (2008) have provided observational evidence that massive
bulges may have formed on a timescale of 1-3 10° years through secular
evolution from gas-rich, turbulent disks.
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They speculate that the thick, old stellar disks seen in the Milky Way
and nearby galaxies are the remnants of this phase.

9. FINAL THOUGHTS

These are not conclusions; it would be conceited on my side to do so
with the abundant literature in this field that I have not covered. I have
only tried to show in this paper that we have a coherent picture for the
evolving process in galaxies with robust observational evidence well inte-
grated and understood in the framework of the ACDM scenario.

There are still some unsolved problems for the ACDM scenario such
as the nature of dark matter, halo density profiles of dark matter, the
excess of substructure (satellite galaxies), the early formation of massive
red elliptical galaxies, size of and angular momentum of the disks, etc.
These important issues are not discussed in this paper.

There is also a need of a better understanding of the star formation
physics that can explain the relationship between the star formation
properties that we observe at the galactic scale and the properties and
physical processes that we observe at a smaller scale.

Our knowledge of galaxy evolution showcases our understanding of
cosmology, stellar evolution, and galaxy dynamics. It is an excellent exam-
ple of how scientific knowledge achieved independently can be put
together to shed light on a complex process that involves other physical
processes at different scales. Our scientific understanding of galaxy evo-
lution is still evolving...
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DISCUSSION ON PROF. FUNES’ PAPER

PrROF. MENON: Thank you very much Professor Funes, the topic is now
open for discussion.

ProF. RUBIN: Thank you. Your last sentence, the need of a theory of star
formation physics, what is holding that back?

ProF. FuNEs: For example, when we calculate the star formation rate
from different methods, I would say for example H-alpha, UV, broadband
colours, infrared, in those determinations there are some model assump-
tions, like for example the initial mass function, those kinds of things that are
in a much smaller scale. There is also a need for a better understanding of the
star formation physics that can explain the relationship between the star for-
mation properties and physical processes we observe at a smaller scale.

PRrOF. PHILLIPS: Early in your talk you said that, in connection with the
discussion on morphology, that the merger rate increased with lookback
time. So, what I was wondering was, is that just a simple result of the fact
that the density of the universe was bigger earlier or is there something
more subtle going on?

PrROF. FUuNES: I say that Martin Rees can answer much better than me,
but basically what I understand is that, in the past, the universe was small-
er, the volume was smaller, so the chances of mergers were bigger.

PRrROF. DEHAENE: Given what you know about the evolution of galaxies,
what can you say about the position of our solar system and our galaxy?
Are they in any sense in a special position or are they in the standard sys-
tem of evolution, at a standard moment?

PRrROF. FUNES: Martin Rees and Vera Rubin have shown our location in
the universe. I would say that we do not have a privileged position in the
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universe. The sun is a common star, a main sequence star, nothing special,
there are many stars like the sun. We argentinians have a very bad time,
especially in Latin America, because we believe that — or people say that we
believe — that we are the centre of the universe: we are not, and the earth is
not the centre of the universe or in a special location of the galaxy.

PRrROF. REES: Just a comment. I agree that, at early times, there were
more mergers etc. The simulation I showed in my talk does show that the
dark matter starts to accumulate in smaller units and then they merge
together, and the dark matter is 85% of the gravitating stuff in the universe
so it is really the agglomeration of the dark matter that determines how
galaxies form. As a footnote to what Vera said, I would like to emphasise
that, when people calculate the gravitational clustering of the dark matter,
they find from the simulations what the density profile of the dark materi-
al is and it indeed does have the property that gives rise to flat rotation
curves. So there is a link between the outcome of the simulations of how
the dark matter clusters and the rotation curves that Vera showed, so there
is a certain consistency in the models which do fit a whole lot of data.



RIGOROUS LOGIC IN THE THEORY OF EVOLUTION

ANTONINO ZICHICHI

Introduction

Three fundamental transitions are needed in order to go from the vac-
uum to the Universe, as it is now, with living matter endowed with Reason.
These transitions called, Big Bang-1, Big Bang-2 and Big Bang-3, are dis-
cussed in chapter 1. Big Bang-1 describes the transition from the vacuum
to the Universe made only of inert matter. Big Bang-2 describes the transi-
tion from inert matter to living matter.

Among the million forms of different species of living matter which
should be the result of the Living-Matter-Evolution-Process, LMEP, there is
one species, and only one, whose existence needs another transition. This
one, very peculiar indeed, we call Big Bang-3. This is the transition from the
status of living matter to the status of living matter endowed with Reason.

At this point it is necessary — and this we do in chapter 2 — to recall that
there are three levels of Galilean Science. An event and its subsequent evo-
lution which happens only once, needs the third level Galilean Science in
order not to be out of scientific rigour.

It is therefore necessary to see where these three Big Bangs are in the
whole of our intellectual activity, where Complexity comes in.

Evolution and Complexity must be studied. This is the content of chapter 3.

In chapter 4 we review evolution in History and Science, the two oppo-
site asymptotic limits of Complexity.

In chapter 5 our ignorance in the knowledge of the evolution of the Uni-
verse is presented in terms of known facts.

In chapter 6 the problems in the study of evolution are presented, point-
ing out the relevance of first level Galilean Science.

In chapter 7 it is shown why the Biological Evolution of the Human
Species (BEHS) is below the third level of Galilean Science. To clarify this the
best example of the third level, cosmic evolution, is confronted with BEHS.
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In chapter 8 the evolution of Science is studied in terms of its origin and
of the results so far achieved.

In chapter 9 the basic point is discussed whose logic is that the hard-
ware governing all forms of matter is the same, despite the fact that the ele-
mentary forms of matter have zero interaction with the environment.

The proof that only one form of living matter possesses the privilege of
being endowed with Reason is discussed in chapter 10.

A brief recapitulation is the content of chapter 11. The conclusion is in
chapter 12.

1. ScienTIFIC RIGOUR, THE THREE B1G BANGS AND THEIR EVOLUTION

When we speak about evolution we should not forget the two basic pil-
lars of Galilean Science: experimental reproducibility and mathematical
rigour. A theory can be formulated using words, i.e. Language and its Log-
ic. This Logic allows predictions to be made. These predictions have no
mathematical rigour since the Logic at work is based on Language. This
was the case before Galilei’s arrival.

A theory can be expressed using mathematical formalism and its logic.
This allows predictions to be made using the power of mathematical for-
malism. According to Galilei [1] Scientific Logic requires that a key experi-
ment must exist in order to put the theory under experimental test. If no
experiment can establish if the theory is right or wrong, the theoretical
structure which describes a certain phenomenon or a series of phenomena
remains out of what we call Galileian Science.

The theory of evolution should describe how it happens that we are
here, something like (15-20) x 10° years after the classical and famous Big
Bang. This Big Bang is in fact the first one, Big Bang-1, and refers to the
transition from the vacuum to the Universe which now has about 10%? pro-
tons, neutrons and electrons. These particles are an inert form of matter.

The transition from inert matter to living matter is necessary in order to
explain how it happens that we are here. This field of scientific research is
called ‘minimal life’ and has two approaches: the bottom-up and the top-
down. Since this is not my field of research activity | will only limit myself
to saying a few words on the two approaches. In the bottom-up approach the
formation of the minimal form of living cell is studied starting from atoms
and molecules. In the top-down approach the basic ‘pieces’, the inert parts
of matter, are taken from living matter and the problem is to see how many
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pieces are needed to build the minimal living cell. The transition needed to
go from inert matter to living matter is to be called Big Bang-2. The evolu-
tion here has to deal with millions of forms of vegetable and animal matter.

Out of this enormous number of different forms of living matter there
is one, and only one, endowed with a special property, called Reason. We
are the only form of living matter having this incredible property, which
generates Language, Logic and Science (discussed in chapter 10). Another
Big Bang is needed to describe the transition from the innumerable num-
ber of examples of living matter to the unique one which is us. We call this
transition Big Bang-3.

The three theories of evolution start therefore with the three Big Bangs,
illustrated in figure 1.

THE THREE BIG BANGS

BB1 = from Vacuum to the Universe of Inert
Matter

=> from Inert Matter to Living Matter

=> from Living Matter to Living Matter

with Reason

Figure 1.

The evolution after Big Bang-1 refers to the evolution of inert matter
and therefore the evolution of our Universe: cosmic evolution. This theory
of cosmic evolution is founded on the three levels of Galilean Science, dis-
cussed in chapter 2.

Big Bang-2, which explains the transition from inert to living matter, is
followed by the theory of evolution needed to describe how it happens that
a very large number of forms of living matter evolved.

Finally Big Bang-3, which explains how Reason emerges from living
matter, is followed by the third type of evolution.

The three Big Bangs and the three theories of evolution need both the
reference to experimental reproducibility at each step of the evolutionary
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process, and the mathematics capable of describing the different process-
es. The problem of experimental reproducibility is linked to the three levels
of Galilean Science that will be discussed in chapter 2. Here it is necessary
to point out that the three evolution processes, following each Big Bang,
have their roots in the same hardware. In fact the basic constituents and
the fundamental laws of Nature, are common to all of them.

In our present Universe we are all made with the same protons, neu-
trons and electrons. All forms of matter, inert, inert with life but no Reason,
and inert with life endowed with Reason, have therefore the same basic
hardware, which will be illustrated in chapters 8 and 9. My body is made
with protons, neutrons and electrons which are exactly the same as those
needed for a stone, a flower or a bird. All these forms of matter exist in the
same Space-Time whose properties we go on studying even today, since
many problems need to be solved. For example we do not know if the four
dimensions of the Space-Time we see with our senses (3 Space + 1 Time)
have their roots in a Superspace-Time with 43 dimensions, as will be dis-
cussed in chapter 2. What we are sure of is that Space and Time cannot be
separated, and therefore evolution is unavoidable at the fundamental level
of our existence. When we move in Space we necessarily move also in Time.
Everything which exists in Space-Time must evolve. The only quantities in
the world which do not evolve are the fundamental constants of nature: the
Planck action, the speed of light and the Newton constant. The basic units
of Time, Space and Energy needed to describe the world in all its structures
can be derived from these three fundamental constants. These units are
called Planck’s units. For example the Time needed for Big Bang-1 is given
by this unit, as we will see in chapter 2.

The fundamental property called ‘evolution’ was not discovered in the
study of living matter by Darwin [2], but in the study of the foundations of
the Logic of Nature, i.e. in first level Galilean Science. The work of Darwin
was aiming at the discovery of the origin of the human species [2] and the
property of living matter called ‘evolution’ was intended to prove what the
origin was of the human species.

From the scientific rigorous point of view the origin of all living forms
of matter is Big Bang-2 which is a completely open problem. No one knows
how to go from inert matter to living matter. Furthermore, when dealing
with the unique form of living matter endowed with Reason, i.e. the human
species, the origin is in Big Bang-3. There is no doubt that these two Big
Bangs need to be understood in addition to the evolutions which follow
each Big Bang. No one can claim that Big Bang-2, Big Bang-3 and the evo-
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lutions following each of these basic transitions have been scientifically
solved by Darwin and his successors. In fact the most interesting discover-
ies in order to understand the Logic of Nature have been obtained when
studying evolution using inert forms of matter, where no change is needed.

In the study of matter with life the definition of the property called ‘evo-
lution’ is coupled with the fact that the piece of matter evolving must
change. Evolution in Space-Time at the fundamental level of our existence
does not require a ‘change’ in the piece of matter being studied.

The first person who studied in a quantitative way the evolution of a
‘stone’ in Space-Time was Galileo Galilei. Using as a clock the pulses of his
heart he measured the evolution of a ‘stone’ going through a piece of wood
having different inclinations thus discovering how to measure the accelera-
tion due to the gravitational attraction of the Earth. This discovery brought
him to the incredible prediction that a feather and a piece of lead would evolve
in Space-Time exactly in the same way if air friction could be cancelled.

This experiment has been implemented on the Moon, by the astronaut
David Scott head of Apollo XV, who exclaimed ‘Galileo Galilei was right'.
Studying another form of the evolution of inert matter, a stone bound with
a string, Galilei discovered the laws of the pendulum. It was not a trivial dis-
covery. All civilizations during ten thousand years were measuring Time
using the sundial. This gave an uncertainty of one second every day.

Now we measure Time with an uncertainty of one second every lifetime
of the Universe: 20 billion years. And this just four centuries after Galilei
and his pendulum. Another big discovery of Galilei was obtained via the
study of the evolution of a stone while moving under gravitational attrac-
tion. Measuring the trajectory of a stone launched from a point ‘A to anoth-
er point ‘B’, Galilei found that the trajectory is a parabola. This result is a
consequence of the fact that motion in a field where gravitational attraction
is effective must follow the law dictated by Space-Time being inseparable
and ‘complex’, not real.

We have said that everything which exists in the world cannot be in
Space isolated from Time, but in Space-Time, absolutely coupled and insep-
arable. Another unavoidable condition is the fundamental property of
Space-Time, which cannot be ‘real’ but ‘complex’: i.e. either Space is real
and Time is imaginary or Time is real and Space is imaginary. Their insep-
arable coupling, Space-Time, needs to be ‘complex’. The consequence of
this ‘complex’ property is that the invariant quantity in going from ‘A to ‘B’
must be the minimum geometric distance in Space minus the maximum
Time. The result is the parabola going from A to B.
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We will see in chapter 6 that the evolution in complex ‘Space-Time' of
the first elementary particle ever discovered in the history of Science, the
electron, has opened new horizons in the Logic of Nature, such as the exis-
tence of antimatter. Going from the evolution of a ‘stone’, with Galileo
Galilei, to the evolution of the most elementary piece of inert matter, with
Paul Dirac, we have discovered that the condition required by the special-
ists who study living matter, i.e. changes, is not necessary in order to under-
stand the basic logic which governs all forms of matter, including Big Bang-
1, Big Bang-2, Big Bang-3 and the subsequent processes of evolution.

Let us imagine that, instead of Galileo Galilei, the first fellow to study
evolution had really been Darwin. All research work with living matter,
when brought to the extreme fundamental limit would have produced the
Maxwell equations, Quantum ElectroDynamics (QED) and, finally, the
hardware which we will discuss in chapters 8 and 9. The fact that all forms
of matter, inert, living and living with Reason, have the same hardware
would have taken much longer to discover. The most direct way was the one
implemented by Galileo Galilei, with the study of the evolution of stones,
the simplest form of inert matter. It is from these studies that the three lev-
els of Science were discovered.

2. THE THREE LEVELS OF GALILEAN SCIENCE

Galilei teaches that Science has three levels, synthetically expressed in
figure 2. Let me elaborate on these three levels.

THE THREE LEVELS OF GALILEAN SCIENCE

First Level Second Level Third Level
v v v

Where there are Where it is not A one-off event.

experiments whose possible to intervene Example:
results can be reproduced in order to Cosmic evolution
in the laboratory. reproduce a result.
Example: Example:

Discovery of the Stellar evolution

Fundamental Laws

Figure 2.
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The first level of Galilean Science is that which entails: (1) logical rigour
in the formulation of a problem, (2) the invention of an instrument capable
of carrying out the key experiment for giving an answer to the problem, and
(3) the reproducibility of the result obtained. The reproducible result is one
of the basic foundations of Galilean Science.

The result must be expressed in mathematically rigorous terms. It is
this that permits the elaboration of a theory capable of describing not only
the reproducible result that is obtained thanks to the invention of the orig-
inal instrument, but it also points out further experiments to be conducted
with new instruments in order to put the new mathematical formulation
under the scrutiny of further experimental tests. An example is at the pres-
ent day frontier of Physics: the Superworld. We think that a description of
the phenomena known so far requires a Space-Time with 43 dimensions:
11 bosonic and 32 fermionic. The elaboration of the mathematical struc-
ture that describes this reality concludes that new particles must exist; we
have dedicated the last decade to the search for these particles without
being able to get any reproducible experimental proof. The Superworld the-
ory is an example in which there is mathematical rigour in the formulation
of the problem but there is no reproducible experimental proof. Therefore
it could be that the Superworld theory is not part of the Logic of Nature.
This is what the years to come will tell. The Superworld is an example of
first-level Galilean Science to the extent that the experimental tests are sus-
ceptible to direct control: in case of doubt it is possible to intervene by
repeating the experiments and by inventing new instruments that allow us
to overcome doubts that may arise in the course of data analysis for a par-
ticular experiment: an experiment that we are able to keep totally under
control, here on Earth.

The second level of Galilean Science is that in which it is impossible to
keep the experimental test under control. There is mathematical rigour in
the formulation of the problem and there is the invention of new instru-
ments for observing the effects searched for, but there is no direct interven-
tion. An example: the theory of stellar evolution. In one part of the sky, we
observe the birth of a Star. In another part, the shining of another Star. In
yet another part, the death of yet another Star.

Different observations of many Stars being born, of others that are liv-
ing and still others that are collapsing, allow for the elaboration of a theory
of stellar evolution. There is mathematical rigour. Reproducibility is guaran-
teed by the observation of different examples of Stars as they are being born,
during their lifetime and as they are dying. What is missing, however, is the
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possibility of direct intervention. In cases of doubt we cannot turn off or turn
on a Star. We cannot change the characteristics of a particular Star in order
to scrutinize, through experimental tests, an idea that could arise from the
theory of stellar evolution’s mathematical elaboration itself.

This theory is strongly linked to the first-level of Galilean Science. Exam-
ple: in the theory of stellar evolution no astrophysicist could have imagined
the existence of neutron Stars. It was first necessary to discover neutrons
here on Earth by conducting Galilean-type experiments at the first level of
Science. It was the discovery of the neutron that permitted the elaboration
of mathematical models that led to the theoretical hypothesis of the exis-
tence of neutron Stars.

Quite recently, the observation of certain stellar phenomena has been
interpreted as indicating the possible existence of ‘quark Stars’. The existence
of this new class of particles, the quarks themselves, however, was discovered
here on Earth by conducting Galilean-type experiments at the first level of
Science. This is the link that exists between the first and the second level.

The third level of Science refers to phenomena that occur only once. At
first glance it could seem that the third level contradicts the notion of
‘experimental reproducibility’. This is not so. The third level needs the
results obtained at the first level, and in no case can it be in contradiction
with the results obtained at the first level where ‘reproducibility’ is granted.

An example of a phenomenon that happens only once is cosmic evolution.
The Cosmos has the Physics of the pre-Big Bang as its initial phase. Then
comes the Big Bang whose duration is Planck’s Time: 54 billionths of bil-
lionths of billionths of billionths of billionths of a second (54-10* sec). Then
comes Alan Guth's Time: 107> sec. At the end of the evolutionary inflation
period in addition to the gravitational force the Three Fundamental Forces
enter into play: strong subnuclear, weak subnuclear and electromagnetic. And
so one arrives at the few seconds necessary for having the Cosmos made
essentially with the particles familiar to us: protons, neutrons and electrons.

The plasma composed of these particles in the sea of ‘photons’ lasts a
few hundreds of thousands of years (according to the most recent data, the
Time interval is 380 thousand years).

At this point the Cosmos, made essentially of protons, electrons and
photons, passes into the phase in which the Stars and the Galaxies are
born. According to the most recent theories, it could be that ‘Black Holes',
made with the very primitive form of elementary particles which existed
before those of the ‘Standard Model’ particles, act as nuclei for the forma-
tion of the first galactic structures in which Stars are born. The duration of
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this phase of cosmic evolution is millions of years. After 15-20 billion years
we reach the present with ourselves, the Sun, the Earth, the Moon, the
oceans, the mountains, the sunrises and sunsets. All this is inert matter.

In addition to inert matter, cosmic evolution, thanks to Big Bang-2, pro-
duced living matter, both vegetable and animal. Among the countless forms
of living matter, thanks to Big Bang-3, one and only one has been endowed
with Reason. It is in fact thanks to Reason that we have Cathedrals,
Michelangelo’s Pieta and the incredible details that have resulted from the
cosmic evolution of inert matter.

Itis thanks to Big Bang-3 that it has been possible to discover Permanent
Collective Memory (PCM), which originates from the most primitive form of
Language, which, via evolution, produces first PCM, then rigorous Logic
and finally Science, as discussed in chapter 10. The evolution which follows
Big Bang-3 produces the whole of our knowledge which we now discuss.

3. THE WHoLE oF OUR KNOWLEDGE: EvVOLUTION AND COMPLEXITY

Figure 3 is a synthesis of all we think we know about the world in which
we live. We see where the three Big Bangs, described in figure 1, are locat-
ed. The content of figure 3 shows how complex it is to study the evolution
in the different fields of our knowledge. In fact evolution exists in many
fields of our world such as Science and History. The whole of our knowl-
edge comes from Big Bang-3.

In the whole of our knowledge, Science is considered the asymptotic
limit of Simplicity, while History is taken to be the asymptotic limit of Com-
plexity. Nature allows for the existence of many other structures whose
Complexity seems to lie in between these two extreme limits. Figure 4
shows a sample of systems, which, according to the present way of looking
at the world, are considered as being complex.

These systems go from the traffic flux, to the internet network, to earth-
quakes and seismicity, to social and economic systems, to the behaviour of
financial markets, to the study of minimal life, of vegetal life, to the study
of cosmological structures, and so on.

Despite the diversity of the fields investigated, the key experimentally
observable quantities which allow these systems to share the property
called ‘Complexity’ are the same:

1) The Anderson-Feynman-Beethoven-type phenomena (AFB) i.e. phe-

nomena whose laws and regularities ignore the existence of the
Fundamental Laws of Nature from which they originate;
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2) The Sarajevo-type effects, i.e. Unexpected Events of quasi irrelevant
magnitude which produce Enormous Consequences (UEEC).

These effects exist at all scales, and therefore Complexity exists at all
scales, as illustrated in figure 5 where we see History at the extreme end of
a high degree of Complexity and Science at the opposite range where the
degree of Complexity is at the minimum value.

AFB and UEEC events are discussed in Appendices I, and Il plus Ill,
respectively. Let us discuss the two asymptotic limits: History and Science.
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Figure 5.

4. EvoLuTIioN IN THE Two AsymMpTOTIC LiMITS OF COMPLEXITY: SCIENCE AND
HisToORY

Science (the asymptotic limit of Simplicity) and History (the asymptot-
ic limit of Complexity), share a property, common to both: evolution.

It is interesting to define Science and History in terms of this property,
probably the only one, which they share; i.e. evolution.

< Science is the Evolution of our Basic Understanding of the laws gov-
erning the world in its Structure =EBUS.
< History is the Evolution of the World in its Real Life =EWRL.

The world is characterized by two basic features, which are on the
opposite side of one another: Simplicity and Complexity.

It is generally accepted that Simplicity is the outcome of Reductionism,
while Complexity is the result of Holism.

The most celebrated example of Simplicity is Science while the most cel-
ebrated example of Complexity is History.

Talking about asymptotic limits, the general trend — as said before — is
to consider History the asymptotic limit of Holism and of Complexity; Sci-
ence as the asymptotic limit of Reductionism and of Simplicity. This is illus-
trated in figure 6.
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THE GENERAL TREND
HISTORY SCIENCE
f f
COMPLEXITY SIMPLICITY
< j—7

- -
The whole of our activity

and existence in the Rigorous Logic
effective world

Figure 6.

In Table 1 we compare these two asymptotic limits — History and Sci-
ence — on the basis of ‘What if?’; a condition elaborated by the specialists in
what is now known as ‘virtual history’ [3].

On the basis of ‘What if?’ these specialists conclude that the world would
not be as it is, if one, or few, or any number of ‘What ifs?’ had not been as
History tells us. They define this as the ‘virtual world'. This is not the case of
Science. The world would have exactly the same laws and regularities,
whether Galileo Galilei or somebody else had discovered F=mg (F = force;
m = mass; g = acceleration due to gravity), and so on for all the other sci-
entific discoveries.

It is in the consequences of ‘What if?’ that the two asymptotic limits of
Simplicity and Complexity seem to diverge, despite the fact that the
sequence of ‘What if?" in Science belongs to the ‘totally unexpected events’
(UEEC) exactly like the others listed in the column of History.
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Table 1.
‘WHATIF?
In History = EWRL In Science = ERBUS

I | What if Julius Caesar had been | 1 |What if Galileo Galilei had not
assassinated many years before? discovered that F=mg ?

I ['What if Napoleon had not been | I | What if Newton had not discovered
bom? that

F=G2L ™2 9
12

o What if America had  been | JT | What if Maxwell had not discovered

discovered o few centuries later? the  unification of  electricity,
magnetism and optical phenomena,
which allowed him to conclude that
light is a vibration of the EM field?

v What if Louis XV]1 had been able | IV |[What if Planck had not discovered
1o win against the “Storming of that
the Bastille'? h=0 7

V. |What if the 1908 Tunguska | V [What if Lorentz had not discovered
Comet had fallen somewhere in that space and time cannot both be
Europe instead of Tunguska in real?

Sibena?

VI |What if the killer of the Austrian | VI | What if Einstein had not discovered
Archduke Francisco  Ferdinand the existence of time-like and space-
had been arrested the day before like real worlds? Only in the time-like
the Sarajevo event? world, simultaneity does not change,

with changing observer.

VIl |What if Lenin had been killed | VIF |What if Rutherford had not
during his travelling through discovered the nucleus?

Germany?

Vil |What if Hitler had not been | VP | What if Hess had not discovered
appointed  Chancellor by  the cosmic rays?
President of the Republic of
Weimar Paul von Hindenburg?

IX | What if the first nuclear weapon | X | What if Dirac had not discovered his
had been built either by Japan equation, which opens new horizons,
before Pearl Harbour (1941) or by iru:}uding the existence of the
Hitler in 1942 or by Stalin in antiworld?

19437

X |What if Nazi Germany bad | X | What if Fermi had not discovered
defeated the Soviet Union? wenk forces?

XI' | What iff Karol Wojtyla had not | XF | What if Fermi and Dirac had not
been elected Pope, thus becoming discovered the Fermi-Dirac statistics?
John Paul 117

X1l |What if the USSR had not | X | What if the ‘strange particles’ had not
collapsed? been discovered in the Blackeu Lab?
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5. EvoLuTioN oF THE UNIVERSE: AN EXAMPLE OF THIRD LEVEL GALILEAN SCIENCE

Cosmic evolution is Galilean Science to the extent that it is formulated in
rigorous mathematical terms and linked to the first level. From the pre-Big
Bang on, everything is based on what has been discovered at the first level. It
is impossible to prove experimentally the reproducibility of cosmic evolution.

No one knows how to make a Big Bang to verify the details that we
would like to put under experimental test. We can only conduct experi-
ments to understand what happens as we come close to the Big Bang.
Today we have arrived at a tenth of a billionth of a second (107'° sec). At
this time we can perform experiments to check our theoretical models.
Since Planck’s Time lasts 54-10~* sec, it is wise not to forget the 34 powers
of ten, which separate us in terms of Planck’s Time from the Big Bang. This
is the instant before inflationary expansion bursts forth. These 34 powers
of ten are the measure of our ignorance in the rigorous knowledge of that
which we call the ‘theory of cosmic evolution'.

This theory helps us to understand just how difficult the study of phe-
nomena belonging to the third level of Galilean Science is.

6. EVOLUTION IN TERMS OF GALILEAN RIGOUR AND EXPERIMENTAL REPRODUCIBILITY

All the phenomena that happen only once, as it is the case for the Biolog-
ical Evolution of the Human Species (BEHS), belong, let us repeat once
again, to the third level of Galilean Science. Our species being the only form
of living matter endowed with Reason, it is important to place the ‘theory of
Biological Evolution of the Human Species’ under the Galilean-type rigour.

There are those who say that this ‘theory’ represents the frontier of
Galilean Science. We would like this to be true. To accomplish this, howev-
er, it is necessary to establish a foundation for this theory in terms of math-
ematical rigour and of experimental reproducibility. Doing this requires an
analysis attentive to the phenomenon called ‘evolution’. Evolution exists at
the level of elementary particles, at the level of aggregates made up of inert
matter, and at the level of aggregates of living matter.

The first rigorous study of evolution at the level of elementary particles
concerns electrons. The electron is the first example of an ‘elementary par-
ticle’ (discovered by Thomson in 1897).

Dirac, fascinated by the discovery of Lorentz that Space-Time could not
be a real quantity but instead a complex one (if Space is real, Time must be
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imaginary, and vice versa), decided to study with rigour the evolution of the
electron in Time and Space. This was how he discovered his equation.

The rigorous study of evolution at the level of elementary particles
brought Dirac to discover a reality that no philosopher, no poet, no thinker
of any epoch or civilization was able to imagine. This reality begins with
antiparticles and brings us to the discovery of antimatter, antistars and anti-
galaxies to arrive at our world, which seems to be made up only of matter,
stars and galaxies, without any antistars or antigalaxies. An experiment to
be conducted in the International Space Station (I1SS) will tell us if it is real-
ly true that in the course of cosmic evolution every trace of antimatter was
annihilated with matter in order to build up a Universe, like the one in
which we are living, that consists only of matter. If in our laboratories we
had discovered that antimatter could not exist, the problem of a Universe
made only of matter would not exist. This is not so. The existence of anti-
matter was established in a rigorously Galilean manner in 1965. Neverthe-
less, in the Universe there is probably no antimatter.

It is possible to formulate in a mathematically rigorous way the theory
of cosmic evolution that cancels out antimatter at a certain point. Accord-
ing to this theory of cosmic evolution, we are here thanks to the fact that,
in the process of ‘annihilation’, a tiny fraction (one part in 10 thousand mil-
lion (1010)) of matter prevailed over antimatter. No one could say if this the-
ory is that which corresponds to the cosmic reality of which we are a min-
imal part. The only certainty is that this theory will be scrutinized closely
via Galilean-type experimental tests in the years to come, thanks to the
AMS experiment in the ISS.

Starting from the evolution of an elementary particle we have arrived at
the problems of cosmic evolution. This means that we have passed from
typical structures of the subnuclear world (107" cm) to galactic structures
up to the borders of the Universe (10°°cm); better still, if the inflationary
evolution of Alan Guth is true, to even greater cosmic distances.

All we have discussed so far deals with the theory of evolution in the
study of inert matter, from the heart of a proton (10_”cm) to the borders
of the Cosmos (lozgcm): an interval of space which extends over 46 powers
of ten. We have done this using the three levels of Galilean Science.

This is the most rigorous knowledge we have, when dealing with the
study of the evolution of inert matter.

Table 2 lists problems encountered in the study of the evolution of inert
matter.
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Table 2. EVOLUTION IN THE STUDY OF INERT MATTER: PROBLEMS

EVOLUTION IN THE
FUNDAMENTAL STRUCTURE OF INERT MATTER

The Elementary Particles and
the Macroscopic Structure of Matter
Evolution in Space-Time of the lightest electrically charged
lepton: the Dirac equation.

Evolution in the description of the elementary processes
involving inert matter: the Feynman diagrams and the
problem of Renormalization (i.e. no divergent results in
theoretical calculations).

Evolution in the macroscopic structure of inert matter.
The crystals.

Other forms of conglomerate matter and the understanding of
their properties.

The Universe
Evolution in the Universe and in its structure.

The Physics of the pre-Big Bang.
The Physics of the Big Bang.

The basic structure of matter and of the Fundamental Forces in
the evolution of the Universe: from the Planck Scale to
present day (see figure 7).

The origin of Galaxies and their distribution in Space-Time.

The origin of a Star and its evolution (Gravitational,
Electroweak and Strong Forces).

The origin of condensed forms of cold matter (Planets,
Asteroids, Comets and others cosmic objects).

Table 3 lists problems concerning the transition from vegetal to animal
forms of living matter. Finally, Table 4 lists problems referring to the evolu-
tion which goes from living matter without Reason to living matter
endowed with Reason. The key question here is why is there only one form
of living matter with Reason: us.
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Table 3. EVOLUTION IN LIVING MATTER: PROBLEMS

THE TRANSITION FROM
INERT MATTER TO LIVING MATTER

Evolution in the enormous variety of “vegetal” forms of
Living Matter.

The transition from “vegetal” to “animal” forms of Living
Matter.

The evolution in the enormous variety of “animal” forms of
Living Matter.

Table 4. EvoLUTION IN LIVING MATTER WITH REASON: PROBLEMS

THE TRANSITION FROM THE INNUMERABLE
POSSIBILITIES OF LIVING FORMS OF MATTER
WITHOUT THE PRIVILEGE OF REASON TO
THAT OF LIVING MATTER WITH “REASON”

The evolution of the specific form of Living Matter called
“the human species”.

The discovery of Collective Memory,i.c. Written Language.

The discovery of Logic and of its most rigorous form:
Mathematics.

The discovery of Science: the Logic of Nature.

Reflections on how it happens that we are the only form of
Living Matter with “Reason”.

All these problems need to be fully understood before we reach the level
where we need to think about how we happen to be the only form of living
matter with ‘Reason’.

In fact, the extraordinary characteristic of the world in which we live is
that the Hardware is the same for all forms of matter: from the most ele-
mentary inert piece of matter to the Universe and finally to the most
advanced form of matter with Life and Reason (the Human Species). The
Hardware will be described in chapter 9.
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Since the Hardware is the same, the following remarks are in order. It
could very well have been that the basic Hardware was there, but not Life
itself. It could also have been that the basic Hardware plus Life were there,
but no Reason. These problems are illustrated in Table 5. It happens that
Reason is present with its three great achievements: Language, Rigorous
Logic and Science, as previously mentioned, and as reported in Table 6.

Table 5. PROBLEMS

THE BASIC HARDWARE IS THE SAME FOR
ALL FORMS OF MATTER WITHOUT AND WITH LIFE

Basic Hardware A/

but no
Life

\
Basic Hardware and Life
but no
Consciousness (free will)

Basic Hardware plus Life and Consciousness
but no
Reason

Table 6.
REASON
v
LANGUAGE:
Written Language
w
La
Permanent Collective Memory L
A
RIGOROUS LOGIC = Lo = Mathematics
\4
SCIENCE = S, , 3= The Logic of Nature

It is thanks to the existence of a rigorous Logic of Nature that the evolution
of the Universe can be described as illustrated in figure 7.
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We see that the ‘Universe’ illustrated in figure 7 consists of many impor-
tant details. The ‘Universe outside’ is the one which comes after the decou-
pling of protons, electrons and photons; when atoms started their forma-
tion, 380 thousands years after Big Bang-1. This part of figure 7 is shown in
figure 8.
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We could not be here if the Logic of Nature did not allow the formation
of Galaxies, Stars and planets. The ‘Universe inside’ is the one which we
study in our Laboratories. The description of the evolution of the Universe,
illustrated in figure 7, could never have been conceived without the exis-
tence of Science at its first level.

7. THE BioLocicaL EvoLuTioN oF THE HumaN Species (BEHS) 1s BELow THE
THIRD LEVEL OF GALILEAN SCIENCE

Let us start with the facts known about the origin and the evolution
of the human species. 1) The Earth has existed for about five billion
years; 2) The evidence of living organisms composed of simple cells goes
back nearly 3.5 billion years; 3) Multicellular organisms have existed for
about seven hundred million years; 4) Vertebrates, for four hundred mil-
lion years; 5) Mammals, for 200 million years; 6) Primates, for seventy
million years.

The group of Hominids starts with the Dryopithecus, about 20 mil-
lion years ago and splits into two branches. One branch, Pongidae,
which produces Chimpanzees, Gorillas and Orangutans. The other
branch, Hominidae, produces Homo habilis (stone age), Homo erectus
(fire age), and Homo sapiens neanderthalensis, with a brain having a vol-
ume larger than our brain.

According to the Biological Theory of Evolution of Human Species
(BEHS), Homo sapiens neanderthalensis disappears, but no one knows
how. And in an analogous unknown way, Homo sapiens appears, twenty to
forty thousands years ago.

This sequence of events is reported in figure 9 which is a very simplified
version of the evolution of living matter.

A ‘theory’ with missing links, extraordinary developments, inexplicable
extinctions, sudden disappearances, is far from being Galilean Science.
This ‘theory’ needs the two pillars of Galilean Science: experimental repro-
ducibility and mathematical rigour to describe the observed facts.

According to Darwin, the living matter species, of which we are an exam-
ple, is the result of small steps in a chaotic series of events where natural
selection played a decisive role. Concerning this basic pillar of Darwinistic
evolution it has been recently pointed out by Gregory G. Gibson that natu-
ral selection is only one, and probably not the most important factor, in the
biological evolution of living matter. Recently the Genome sequence of the
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THE EVOLUTION FROM
INERT MATTER TO LIFE AND REASON
Time (years)
10°
Big Bang-3 Homo
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Chimpanzee

Gorilla Homo Sapiens

Orangutan Neanderthalensis
10°

Homo Erectus
10°
Homo Habilis
7 Pongidae Hominidae
Dryopithecus
10° Primates
Mammals
Vertebrates
10° Multicellular organism
Big Bang-2 Monocellular organism

10 The Earth

Figure 9.
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Ornithorhynchus anatinust has been published [4]. This work, according to
some specialists, corroborates the theoretical idea that the evolution of liv-
ing matter cannot proceed via small steps and random changes.

Concerning the mutations with very low probability, an interesting
result has been published [5] by Richard Lenski from the University of
Michigan. He has observed a mutation in Escherichia coli, after 33,127 gen-
erations. The author estimates that the probability of such an event is in the
order of 1072, Despite this very low probability event Big Bang-3 has not
taken place. This will be the case for an even lower probability event, since
the only species of living matter where Big Bang-3 can take place is the
Human Species.

Many interesting discoveries have been obtained concerning the evolu-
tion of different forms of living matter, but a transition from one species to
another has never been observed. The mechanism which produces muta-
tions and the relevance of natural selection are still open problems.

The theory of BEHS has to take in due account the extremely interest-
ing results on the structure of our brain obtained using the NMR technolo-
gy (Nuclear Magnetic Resonance, now called Resonance Imaging).

These results have opened our eyes to the extraordinary complexity of our
brain. This complexity has twisted the ‘electromagnetic model’ of our brain.

The new modelz has abandoned the ‘circuits’ and has adopted the
‘antenna’; with this choice the number of electromagnetic interactions
between given points in the brain reaches the level of hundreds of powers
ten, 10>100 in order to formulate an original idea.

A further point needs to be put in evidence: to extend to the human
species the results obtained in the study of evolution of other forms of liv-
ing matter is incorrect. In fact, even the lowest probability event observed
by R. Lenski (mentioned above) to occur at the 1072 level has not produced
any Big Bang-3. The reason being that we are the only form of living mat-
ter endowed with a unique privilege: Reason. This privilege has allowed our
species to reach the three great conquests quoted before: Language, Logic
and Science (see chapter 10).

1 A detail concerning the sexual chromosomes. Normal mammals possess a pair of
sexual chromosomes, XX for females, XY for males. The living matter species quoted
above, Ornithorhynchus anatinus, has 10 sexual chromosomes. Five pairs XX for females,
5 Xand 5 Y for males, with a total of 52 chromosomes. We need only 46 chromosomes.

2 Donald Glaser, the inventor of the Bubble Chamber.
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It is thanks to Language that Permanent Collective Memory (PCM), bet-
ter known as Written Language, has been invented. No other form of living
matter has left traces of PCM. And no other forms of living matter have
been able to discover the most rigorous form of Logic, called Mathematics
(for details see chapter 10). Out of all possible forms of rigorous Logic, one
has been selected in order to build the world where we are. This special
form of Logic is called Science and it is the Logic which governs all forms
of inert matter. No other forms of living matter deal with the problems of
Science.

It would be a remarkable step forward to establish what experiments
should be performed in our laboratories in order to discover the experimen-
tal reproducible basis underlying the BEHS theory. At present no one
knows the mathematical structure — corroborated by reproducible experi-
mental results — capable of describing the transition from inert matter to
the various forms of living matter (Big Bang-2). And no one knows how to
go from the innumerable forms of living matter to the one and only one,
which is capable of producing Language, Logic and Science (Big Bang-3).

Waiting for this formidable result to be achieved, it is necessary to call
attention to the fact that BEHS is an activity of study and research,
deprived of experimentally reproducible results and of mathematical rigour
in the description of these results. In fact BEHS has neither first level nor
second level Galileian Science and the third level has no formulation in
terms of mathematical rigour, as it is the case for the cosmic evolution,
illustrated in figure 10, which is a simplified version of figure 7. This is why
BEHS is below the third level of Galilean Science.
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8. THE HARDWARE WHICH GOVERNS ALL MATTER, INERT AND LIVING, IS DoMmI-
NATED BY UEEC EVENTS WHICH REPRESENT THE EVOLUTION OF SCIENCE

In this chapter we briefly recall the sequence of UEEC events from
Galilei to 1947, already used to compare History and Science on the basis
of ‘What if?’ (Table 1).

Point X1V refers to the period which lasted about 3/4 of a century; to be
more precise it started in the early 1930s with Yukawa whose apparently
very simple proposal to explain the reason why protons and neutrons can
stay glued in a nucleus, gave rise to an impressive series of discoveries
defined ‘The Yukawa goldmine’ [6].

This brought us to realize that the two particles called proton and neu-
tron (and thought to be elementary) do in fact contain in their intimate
structure a world totally different from the one we are familiar with, i.e. the
subnuclear world.

It is from this UEEC sequence of events (figure 11) that we have reached
the Hardware which governs all matter, inert and living. This Hardware is the
synthesis of all scientific knowledge [called the SM&B (see chapter 9)].
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“UEEC”

TOTALLY UNEXPECTED DISCOVERIES
FROM GALILEI TO FERMI-DIRAC, THE “STRANGE” PARTICLES
AND THE YUKAWA GOLDMINE

I | Galileo Galilei: F = mg .
II | Newton: F=G2 M2
R7)

III | Maxwell: the unification of electricity, magnetism and
optical phenomena, which allows to conclude that light is
a vibration of the EM field.

IV | Becquerell: radioactivity.

V| Planck: h=0 .

VI | Lorentz: space and time cannot both be real.

VII | Einstein: the existence of time-like and space-like worlds.
Only in the time-like world, simultaneity does not
change, with changing observer.

VIII | Rutherford: the nucleus.

IX | Hess: cosmic rays.

X Dirac discovers his equation, which opens new horizons,
including the existence of the antiworld.

XI | Fermi: weak forces.

XII | Fermi—Dirac and Bose—Einstein discover two completely
different statistical laws.

XIII | The “strange particles” are discovered in the Blackett
Lab.
XIV | The Yukawa goldmine.

Figure 11.
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9. THE HARDWARE OF EVOLUTION: FROM BASIC QUANTITIES TO THE SM&B

My field of scientific activity is subnuclear physics. It is thanks to this
field of Science that it has been possible to identify the Basic Quantities
needed to build the world where we live, as shown in figure 12.

| BASIC QUANTITIES ‘

.--S
L
Lt
m. . J | Real
I{ E | Imaginary (SSB)
e O . " Fermions
—| Bosons

e 3| ~Y Q. : Origin of the
Fundamental Forces

(Gauge Principle:
. SU3)xSU(2)=xU(1))

-

\_.[ Q,: Stability of Matter |
(Flavours = 6 + 675)
Y (f; II; 1)

Figure 12.

From these ‘Basic Quantities’ the evolution of our knowledge brings us
to the most advanced synthesis of scientific knowledge called SM&B, i.e.
the Standard Model and Beyond. The steps needed in this evolution of our
knowledge are reported in Appendices | and Il plus Ill. The SM&B is the
Logic which governs the basic hardware of the fundamental constituents of
all forms of matter.

If the present ideas on the SM&B are valid, the result is that we know
how, from the origin of Space-Time the Superworld started, then by evolu-
tion in Space and Time became our world.
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The three lines in figure 13 are taken from figure 7. They represent the
strengths, respectively o 1 Oy O, of the three Fundamental Forces of Nature
as a function of energy.

The three forces are: the electromagnetic, the weak subnuclear and the
strong subnuclear.

These three forces meet at the energy level called E ;, where GUT
stands for Grand Unified Theory, if the number of expanded Space-Time
dimensions is (3 Space + 1 Time).

If other dimensions are expanded, it could be that E ;. goes down by
many orders of magnitude (for example at the 10* GeV level) as indicated
in figure 13.

The evolution we have so far discussed refers to inert matter where the
interaction with the environment has no effect at all.

When we go from Basic Quantities, Atoms and Molecules to Proteins,
Genes, Living Cells (C) and more complex forms of Living Matter (L), the
interaction with the environment cannot be neglected, as shown in figure 14.

The most intense interaction with the environment and its evolution is
described by History, which is in fact the asymptotic limit of Complexity, as
discussed in chapter 4.

2!
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10. ProoF THAT ONLY ONE SPECIES OF LIVING MATTER 1S ENDOWED WITH REA-
SON: LANGUAGE, LOGIC AND SCIENCE

As stated previously, we are the only form of living matter endowed with
Reason, the proof being that no other forms of living matter have been able
to discover the three conquests of Reason: Language, Logic and Science. The
time-evolution of Language, Logic and Science is reported in figure 15. The
lowest level of Language is the one needed in order to understand a ‘message’
(i.e. a group of words constructed on the basis of appropriate rules).

We can call this level ‘Language-understanding’. The next level is at a
much higher degree of intellectual ability. It is the one needed in order to elab-
orate a ‘message’. Our species is the only species able to elaborate ‘messages’.

The Time-Sequence of Language — Logic — Science
PCM
I
E
=1
2
2l s
5 AR
Z O | E S
o S|z Z
7 = 5
M N 2
400 3000
I 10 100 10} 1ot 10°
MNow Years

Figure 15.

In figure 16 we report the intellectual achievements due to Language at
its highest level.

The most clear way to realize what are the activities defined by the word
‘Language’ can be obtained by pointing out that all these activities would
exist even if neither Rigorous Logic nor Science had been discovered.
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® Poetry
» Literature
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J C * Philosophy
PCM '

—* Economy
* Fashion
= All other intellectual acrivities
* History

(Permanent Collective Memory)

All these intellectual activities would exist
even if neither Logic (Mathematics)
nor Science had been discovered

Figure 16.

In figure 17 the main achievements of Rigorous Logic are reported. All
these achievements would exist even if Science had never been discovered.

LOGIC [™Arithmetic |~ Algebra [ Analysis ™ Topology

Theory of Theory of Theory of Theory of
numbers variables functions domains
0.1,2,3..) % v.%..) Fixyz..) where
(real numbers) functions

(ag. @) & (og @) 3 (oo a,) 30 exist

All these activities would exist even
if Science had never been discovered

Figure 17.
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In the following figures (18, 19, 20) the point to notice is the vital condition
which allows the three achievements to exist; i.e. ‘to be fascinating' for Lan-
guage,? the ‘non-contradiction’ for Logic and the ‘the real world’ for Science.

In figure 18 there is an attempt to express Language in terms of a math-
ematical formalism. The symbols refer to sum ‘Y’ and product | of the var-
ious functions ‘f’ describing the large number of constituents of a linguis-
tic structure, as indicated by the symbols R, Cr, Co, Li and U, whose mean-
ing is reported.

LasF.R.C.CoLiU)m ¥ [fLwef, ef, caefrwief; L)

e [ [f.wef.cef, cef wef, W]

= Be Fascinating

Reason s B = j = [,13... n;
Creativity s Or= k= Li}....m
Self Conscience m Co= 1 = [, 2,3, .....0
Life m Li= m= 1,23,. -
Universe = U = an= 1133. i,

:LANGUAGEI

Figure 18.

3 Jorge Luis Borges says: with Language we can say anything including its opposite.
The result is ‘nothing’. This ‘nothing’ must be fascinating. Poetry is the supreme expression
of Language. Let me give you an example of a poem whose purpose is to say nothing, but
possesses the privilege of being ‘fascinating’: ‘... Pellegrina colomba immaginaria che
accendi nel cuore gli ultimi amori, anima della musica e dei fiori, pellegrina colomba
immaginaria’. (Imaginary wandering dove lighting final loves in the heart, spirit of music
and of flowers, imaginary wandering dove). Jorge Luis Borges in Conversazioni, Tascabili
Bompiani 2000, p. 19.
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LO = FLo (Arithmetic; Algebra; Analysis; Topology) =

=2 Non-Contradiction

LOGIC

Figure 19.

Sl 2.3 = FS (Inventions; Discoveries; Measurements) =
= 1,2,3

=> The Real World

SCIENCE

Figure 20.

As pointed out in chapter 2 there are three levels of Galilean Science, S,
S, and S;. The most spectacular example of third level Science is the evo-
lution of the Universe.
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11. BRIEF RECAPITULATION

No matter what, everything which exists in Space and Time is subject
to the process of evolution. This can be rigorously studied for elementary
particles, for example the ‘electron’, with results which go beyond the pow-
er of human imagination, as is the existence of antiparticles, antimatter,
antiworld. It is from these studies that the various theories of cosmic evo-
lution have been formulated, including Big Bang-1, which describes the
transition from the vacuum to the Universe of inert matter. Evolution also
affects very complex systems; the asymptotic example of Complexity being
History. Here evolution is dominated by UEEC (Unexpected Events with
Enormous Consequences, called Sarajevo-type events by historians). The
experimentally observable quantities, for Complexity to exist, are UEEC
events and AFB phenomena. The most famous example of AFB is
Beethoven who was able to compose masterpieces of music while having
never studied QED (Quantum ElectroDynamics). But if QED laws were not
there, neither music nor mankind could exist. Examples of complex sys-
tems have been reviewed together with the three levels of Galilean Science,
whose third level is needed to describe events which happen only once. The
Biological Evolution of Human Species (BEHS) needs two such events: Big
Bang-2, to describe the transition from inert matter to living matter, and Big
Bang-3, to describe the transition from living matter without reason to liv-
ing matter endowed with reason. A comparison between cosmic evolution
and the evolution of the human species shows that BEHS is below the third
level of Galilean Science. It is to be pointed out that there is one, and only
one, form of living matter endowed with Reason. It is therefore not obvious
that results obtained with other forms of living matter can be extended to
the human species. A theory of evolution, no matter in what field, cannot
ignore the pillars of Galilean Science: experimental reproducibility and
mathematical rigour. Where this is not the case, no one can claim that the
research work being implemented is Galilean Science.

12. FINAL CONCLUSION

The most spectacular example of third level Galilean Science is the evo-
lution of the Universe illustrated in figure 7 of chapter 7. Let us not forget
that it is thanks to Galilean Science that the Logic of Nature has been dis-
covered. This corroborates the famous Statement by John Paul II: ‘Science
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has its roots in the Immanent but leads man towards the Transcendent’. In
fact if there is a Logic, the Author of this Logic must exist. We have seen
that far from having a rigorous, Galilean-type, scientific foundation, the
Biological Evolution of the Human Species (BEHS), illustrated in figure 9
of chapter 7, is below the third level of Galilean Science.

We would like to encourage our colleagues engaged in the study of bio-
logical evolution to reach the goal of bringing BEHS (the Biological Evolu-
tion of the Human Species) to the third level of Galilean Science, as it is the
case for the evolution of the Universe, cosmic evolution.

The impressive series of problems discussed, and awaiting a rigorous
scientific solution, point to the conclusion that probably help from the tran-
scendental sphere of our existence is needed.

Let me close with the first ‘Easter Vigil' (15 April 2006) of Benedict XVI
where in the Homily of His Holiness the words ‘evolution’ and ‘mutation’
are introduced in a context which refers to the transcendental sphere of our
existence:

Christ’s Resurrection is something more, something different. If we
may borrow the language of the theory of evolution, it is the great-
est ‘mutation’, absolutely the most crucial leap into a totally new
dimension that there has ever been in the long history of life and its
development: a leap into a completely new order which does con-
cern us, and concerns the whole of history (...) It is a qualitative leap
in the history of ‘evolution’ and of life in general towards a new
future life, towards a new world which, starting from Christ, already
continuously permeates this world of ours, transforms it and draws
it to itself.
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APPENDIX |

AFB PHENOMENA FROM BEETHOVEN TO THE SUPERWORLD

Beethoven and the laws of acoustics

Beethoven could compose superb masterpieces of music without any
knowledge of the laws governing acoustic phenomena. But these master-
pieces could not exist if the laws of acoustics were not there.

The living cell and QED

To study the mechanisms governing a living cell, we do not need to
know the laws of electromagnetic phenomena whose advanced formulation
is QED. All mechanisms needed for life are, to a great extent, examples of
electromagnetic processes. If QED was not there, Life could not exist.

Nuclear physics and QCD

Proton and neutron interactions appear as if a fundamental force of
nature is at work: the nuclear force, with its rules and its regularities. These
interactions ignore that protons and neutrons are made with quarks and
gluons.

Nuclear physics does not appear to care about the existence of Quan-
tum ChromoDynamics (QCD), the fundamental force acting between
quarks and gluons at the heart of the subnuclear world.

Nuclear physics ignores QCD but all phenomena occurring in nuclear
physics have their roots in the interactions of quarks and gluons.

In other words, protons and neutrons behave like Beethoven: they inter-
act and build up nuclear physics without ‘knowing’ the laws governing QCD.

The most recent example of an Anderson-Feynman-Beethoven-type
phenomenon: apparently the World could not care less about the existence of
the Superworld.
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APPENDIX 11
Ueec EVENTSs, FRoM GALILEI Up To SM&B

In figure 11 there is a sequence of UEEC events from Galilei to Fermi-
Dirac and the ‘strange particles’. This figure has already been reported in
chapter 8 and it is here for the convenience of the reader. In figures 21, 22,
23 there is the sequence of UEEC from Fermi-Dirac to the construction of
the Standard Model. These figures (21, 22, 23) cover the first fifty years of
Subnuclear Physics, whose detailed description can be found in my book
whose front cover is reproduced here. In figure 24 there is a synthesis of the
UEEC events in what we now call the Standard Model and Beyond (SM&B).

SUBNUCLEAR
PHysics
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“UEEC”

TOTALLY UNEXPECTED DISCOVERIES
FROM GALILEI TO FERMI-DIRAC, THE “STRANGE” PARTICLES
AND THE YUKAWA GOLDMINE

I | Galileo Galilei: F = mg .
II | Newton: F=G™L M2
Ri

III | Maxwell: the unification of electricity, magnetism and
optical phenomena, which allows to conclude that light is
a vibration of the EM field.

IV | Becquerell: radioactivity.

V| Planck: h=0 .

VI | Lorentz: space and time cannot both be real.

VII | Einstein: the existence of time-like and space-like worlds.
Only in the time-like world, simultaneity does not
change, with changing observer.

VIII | Rutherford: the nucleus.

IX | Hess: cosmic rays.

X Dirac discovers his equation, which opens new horizons,
including the existence of the antiworld.

XI | Fermi: weak forces.

XII | Fermi-Dirac and Bose—Einstein discover two completely
different statistical laws.

XIII | The “strange particles” are discovered in the Blackett
Lab.
XIV | The Yukawa goldmine.

Figure 11 (from page 128).
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SM&B

THE STANDARD MODEL AND BEYOND

©®  RGEs (afiml, 2.0 m (=g L G H): f(K),
* GUT (mguy = 1724) & GAP(10' - 10" Gev.
= SUSY (o stubilize mpmp = 10717),
*  ROQST (1o quantize Gravity).

&  Gauge Principle (hidden and expanded dimensions),
— How a Fundamental Force is generated: SU(3): SUG2)Y Uil ) and Gravity.

@ The Physics of Imaginary Masses: S5B.

— The Imaginary Mass in SU2ixU(1} produces masses ( mty . it P
;). including m.|.=t'l.

— 'The Imaginary Mass in SUCSi==SUCESUR UL or inoany higher (not
containing U(1)) Symmetry Group ==  SU(3=SU(2)U( 1) produces
Monopales,

— The Imaginary Massin SU(3), generates Confinement.

@ Flavour Mixings & CPs ,T#=.

—  No need for it but it is there.

& Anomalies & Instantons.
—  Basic Features of all Non-Abelian Forces.

Mote: g = quark and squark; My = Fermi mass scale;
I = lepton and slepton: = Planck mass scale:
G = Gauge boson and Gaugino; &= quadrimomentum;
H = Higgs and Shiggs: C = Charge Conjugation;
RGEs = Renormalization Group Equations: P = Pasity;
GUT = Grand Unified Theory: T = Time Reversal:
SUSY = Supersymmetry; # = Hreakdown of Symmetry Operatons,
ROST =  Relativistic Quantum String Theory:
S5 = Spontaneous Symmetry Breaking,

The five basic steps in our understanding of nature. (0 The renormalization group
equations (RGEs) imply that the gauge couplings (o) and the masses (m) all mn
with k%, It is this running which allows GUT, suggests SUSY and produces the need
fior o non point-like description (RQST) of physics processes, thus opening the way
to quantize gravity. & All forces originate in the same way: the gauge principle. @
Imaginary masses play a central role in describing nature, @ The mass-gigenstates
are mixed when the Fermi forces come in. & The Abelian force QED has lost its
role of being the guide for all fundamental forces. The non-Abelian gauge forces
dominate and have features which are not present in QED.

Figure 24.

Let me devote some attention to the discussion of UEEC events in
nuclear physics.
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Nuclear Physics and UEEC events

It is considered standard wisdom that nuclear physics is based on perfect-
ly sound theoretical predictions. People forget the impressive series of UEEC
events discovered in what | have decided to call the “Yukawa goldmine’ [6].

Let me quote just three of them:

1 The first experimental evidence for a cosmic ray particle believed to
be the Yukawa meson was a lepton: the muon.

2 The decay-chain: @ - e was found to break the symmetry laws of
Parity and Charge Conjugation.

3 The intrinsic structure of the Yukawa particle was found to be gov-
erned by a new fundamental force of Nature, Quantum Chromo
Dynamics: QCD.

As you know 2007 was the centenary of the birth of Hideki Yukawa, the
father of theoretical nuclear physics. In 1935 the existence of a particle,
with mass intermediate (this is the origin of ‘mesotron’ now ‘meson’)
between the light electron, m,, and the heavy nucleon (proton or neutron),
m,, was proposed by Yukawa [7].

This intermediate mass value was deduced by Yukawa from the range
of the nuclear forces. Contrary to the general wisdom of the time, Yukawa
was convinced that the particles known (electrons, protons, neutrons and
photons), could not explain how protons and neutrons are bound into the
extremely small dimensions of a nucleus.

In order to make this ‘prediction’, Yukawa needed the Heisenberg
uncertainty principle: a totally unexpected theoretical discovery. The origin
of it was the totally unexpected discovery of the dual nature of the electron
(wave and particle) and of the photon (wave and particle). Heisenberg him-
self tried to explain the binding forces between the proton and the neutron,
via the exchange of electrons, in order not to postulate the existence of a
new particle. The very light electron, m,, could not stay in the very small
dimension of the nucleus.

The author of the uncertainty principle and father, with Dirac and Pauli,
of Quantum Mechanics, did not realise this contradiction. The need for a
new ‘particle’ was the reason. What no one was able to predict is the ‘gold-
mine’ hidden in the production, decay and intrinsic structure of this new
‘particle’. This ‘goldmine’ is still being explored nowadays and its present
frontier is the Quark-Gluon-Coloured-World (QGCW) [8].

I have recently described [6] the unexpected conceptual developments
coming from the study of the production, the decay and the intrinsic struc-
ture of the Yukawa particle.
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Let me just quote the most relevant UEEC events: chirality—invariance,
spontaneous symmetry breaking, symmetry breaking of fundamental
invariance laws (P, C, T), anomalies, and ‘anomaly-free condition’, existence
of a third family of fundamental fermions, gauge principle for non-Abelian
forces, instantons and existence of a pseudoscalar particle made of the
quanta of a new fundamental force of Nature acting between the con-
stituents of the Yukawa particle.

The SM&B is the greatest synthesis of all times in the study of the funda-
mental phenomena governing the Universe in all its structures. The basic
achievements of the SM&B have been obtained via UEEC events; moreover the
SM&B could not care less about the existence of Platonic Simplicity. An exam-
ple is shown in figure 25 where the straight line (small dots) would be the Pla-
tonic simple solution towards the Unification of all Fundamental Forces.

The points have a sequence of 100 GeV in energy. The last point
where the “ideal” platonic straight line intercepts the theoretical
prediction is at the energy of the Grand Unification. This
corresponds to Egy = 10162 GeV. Other detailed information on
the theoretical inputs: the number of fermionic families, N , is 3;
the number of Higgs particles, Ny , is 2. The input values of the
gauge couplings at the Z0-mass is a3 (My) = 0.118 = 0.008; the
other input is the ratio of weak and electromagnetic couplings also
measured at the Z0-mass value: sin? Oy (M) = 0.2334 = 0.0008.

Figure 25.

Nevertheless the effective unification is expected to be along the
sequence of points (the big ones) computed using the Renormalization
Group Equations (RGEs) [9].
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APPENDIX 111

ExampPLES oF UEec EVENTS IN THE CONSTRUCTION
OF THE STANDARD MODEL AND BEYOND: A PERSONAL EXPERIENCE

There are many UEEC events in the construction of the Standard Mod-
el and Beyond (SM&B). In some of them | have been directly involved. They
are summarized in figure 26.

Each UEEC event (except the last one) is coupled with a despite, in
order to emphasize the reason why the event is unexpected. The no. 7 event
has only the unexpected details.

UEEC EVENTS
IN THE CONSTRUCTION OF THE
SM&B = MY PERSONAL EXPERIENCE

S

The 3™ lepton, HL (now called t) with its own
neutrino, vy (now called vy),

despite the abundance of neutrinos: v, and v,,.
Antimatter

despite S-matrix and C, P, CP, T breakings.
Nucleon Time-like EM structure

despite S-matrix

No quarks in violent (pp) collisions

despite scaling.

Meson mixings

Oy = Opg:(51°) =(10°) =0 despite SU(3),,, -
Effective energy: the Gribov QCD-light

despite QCD.

The running of o, a, o versus energy:

the EGM effect, the GAP between Eqyr and Eg,

and the absence of the Platonic straight line
convergence.

Q ® ©® & ©® ©

Figure 26.

Let me explain some of these UEEC events. 1) Antimatter: the mass =
matter problem; 2) Meson mixings; 3) Effective energy: the Gribov QCD-
light; 4) The running of o, «, a, versus energy: the gap between the GUT
energy and the string unification energy.
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APPENDIX 111.1

FROM THE ANTIELECTRON TO ANTIMATTER THE MASS = MATTER PROBLEM

Seven decades of totally unexpected discoveries were needed to go from
the antielectron to antimatter in order to understand a fundamental prop-
erty which guarantees our existence: the stability of matter.

The fact that mass and matter had to be two different physical quantities, i.e.
the mass = matter problem, started with Einstein’s discovery that E = mc?. The
symbol ‘m’ was originally considered to represent ‘matter’ and thus the famous
Einstein equation became the problem of explaining the stability of matter.

The meaning of ‘m’ had to be different from ‘matter’. This is how the
distinction between ‘matter’ and ‘mass’ came to the forefront of fundamen-
tal physics. Einstein proposed to solve the problem mass = matter, saying
that matter is coupled with a ‘charge’, the electromagnetic one. Since this
‘charge’ is a conserved quantity, matter cannot transform itself into energy.
Thus the famous Einstein equation is valid, provided that mass is not cou-
pled with an electric charge, and the stability of matter is granted.

Figure 27 shows the final result of seven decades of experimental and
theoretical research work. The solution of the mass = matter problem

Mass = Matter

m,j = Massm Antimass m | i}

i= 1 (Intrinsic); i= 2 (Confinement); i= 3 (Binding)
(.'|||1i:Il=|n|.i::I EXxa|
imL23

:ml I:}J} = Matter w Antimatier = :ml ﬁjﬁ
[.]lj = Flavour Charges

jemiond ¢ s &t h) =i L5456

(¥e € vy B vy HLT) = 7,8,9,10,10,12)
)
Ve T
clmQ) = Im@)

im1,23; Jwl, 2,34,567,8910,11,12

Figure 27.
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THE INCREDIBLE SERIES OF UEEC EVENTS
NEEDED TO EXPLAIN THE STABILITY OF MATTER
SEVEN DECADES: FROM THE ANTIELECTRON TO ANTIMATTER
AND THE UNIFICATION OF ALL GAUGE FORCES

. 'I'Ilw w.llldill} ol Cin vuri?,m:r from 1927 to 1957, i

CAer e discovery by Thomson in 1897 ol the first example of an elementary paicle, the

fectron, if ook the geiius of Dirae b theoretically discover the Anbelectron thifty vears after

T

1927 = [dirge equation | 10]; the existence of the antielectron is, soon after, theoretically
predicted, Only a few vears were needed. after Dirac’s theoretical discovery, 1o
experimentully confirm § Anderson, Blacken and Chechialing 1111 the existenie of
the Dirac anticlectron

1930-1957 = Discovery of the C opeeator |(charge conjugation) H. Weyl and PLAM. Dirac
[12]]: discovery of the * Symmetry Operator [EP Wigner, GO, Wick amd A5,
Wightman [ 13, 14)]; discovery of the T operator (hime reversal) [EP. Wigner, ).
Schwinger amd LS. Bell [15, 16, 17, 18]):  discovery of the CPT Symmetry
Operutor from RQFT § 1455-57) [ 19].

19271957 —  Validity of Civarance: ¢ [P (200 0 20k KS =32 [22] but see LOY
23],

® Thenew erastaris: Ce ;P i CP e " '

1956 == Lee & Yoang P=; Ce [24]

1957 == Hefone the experimental discovers of P o= & €=, Lee, Ochme, Yong (LOY)
[ 23] point ot hat the existence of the second newtral K-meson, K = 31,05 prool
neither of C mvaniance nor of CF invaniance. Fliwour antiflavour mising docs not
imply CP invariance.

1957 —~ U5 Wuetal Pe: Co |23 CP ok |20,

1964 -+ Ki = K : CPa |27

171967 = QED divergences & Landim poles,

1950-1970 —=  The crisis of RQFT & the triumph of Somatris theory (e, the negation of ROFT)
1965 == Nuclear antimatter is texpenimentally ) discovered 28], See also |29,

1965 —=  The discovery |30] at SLAC of Scaling i free quarks inside 2 nucleon at very high

g1 but in violent (ppi collisions ne free quarks at the 15K are 1'.~.p:n|11|:r|l-.1llg.'1u|||1d
[31], Theorists consider Scaling as being evidence for ROFT not 1o be able 1w
describe the Physics of Strong Interaciions. The only exception is G. 't Hoolt who
-.Ilaflnwn in 1971 that the f-function has negative sign for non-Abelian theories
1321.

19711973 == [i=- ; 1t Hooft; Politeer: Gross & Wilceek, The discovery of non-Abelion gauge
theories, Asymptotic freedom in the interaction between quarks and gloons |32],

1974 — Al gauge L':mplillg.\ ity its oty mun with g bt they do not converge towards a
WU point.

149749 = AP & AL point out thar the new degree of frecdmm due 10 SUSY allows the
three couplings o) oy oy o converge fowards 2 unigue poing | 33],

1480 == QO s o hinduen” siddie the mmltitudbe of fimal states for each mair of inlercting
particles: (e¥e™: pp: aps Ky v rp: el | _
The imroduction of the Effective Energy allows o discover the Universality
properties |34 in the multihadronic final states.

1952 == All gauge couplings converge towands o unique point af the gouge umification
energy: Egom 100 GeVowith o, = 1724 |35, 38]

== The Gap [9] between Egp: & the Stnng Unification Energy: B, = E
1993 - % s s b the Planck scale (1D, Levi 137,

i : s | 38].
19952000 = AL poants own the need for sew experiments o establish if mater-amimatter
SV oF asymmelry ane $f work.

"y Thessmbol = stunds for *Svmmetrs Breakdown”,

Figure 28.
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proved to be very different from what Einstein had in mind. There are three
classes of ‘masses’: intrinsic, confinement and binding. There are 12
‘flavour’ charges to distinguish ‘matter’

from ‘mass’. These ‘flavour charges’ are the basic quantities which guar-
antee the stability of matter.

The incredible series of UEEC events needed to discover the origin of the
fundamental forces and of the stability of matter is described in figure 28.

During these seven decades it has been discovered that the same word
‘charge’ corresponds to two basic properties of Nature. This is why the
word ‘charge’ has been coupled with another term, either ‘gauge’ or
‘flavour’. The ‘gauge charge’, in recent times also called ‘colour charge’, gen-
erates a Fundamental Force of Nature, while the ‘flavour charge’ is respon-
sible for the stability of matter.

APPENDIX 111.2

MESON MIXINGS THE PSEUDOSCALAR AND VECTOR MESONIC MIXINGS

The problem started when experimental physics was dominated by
bubble chambers and the ‘mixing’ was determined using mass-formulae:
i.e. a tautology. | designed and built a non-bubble-chamber detector, NBC;
it consisted of an original neutron missing mass spectrometer coupled with
a powerful electromagnetic detector which allowed to clearly identify all
final states of the decaying mesons into (ee") or (yy) pairs. The mass of the
meson (be it pseudoscalar or vector) was measured by the neutron missing
mass spectrometer. The two ‘mixing angles’, the pseudoscalar 6., and the
vector 6,,, were directly measured (without using the masses) to be, not as
expected by SU(3), .. i-e. 8,4=6,,=0, but, 6,,=0, 6,, =0 and totally different
B,5=8,,. Many years were needed and Gerard ‘t Hooft instantons to explain
why 6,,~=10° and 6, ~51°.
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Figure 29.
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APPENDIX 111.3

EFFeECTIVE ENERGY THE GRIBOV QCD LIGHT

When the physics of strong interactions finally became the physics of
quarks and gluons, QCD had a problem, defined by Gribov as being its ‘hid-
den QCD side’: i.e., the large number of different final states produced by
different pairs of interacting particles, such as (np, pp, pp, Kp, €*e”, p, Up,
ep, etc.). 1 did not limit myself to suggesting that a totally different
approach was needed to put all these final states on the same basis. | found
what this basis could be and this is how the ‘Effective Energy’ became the
correct quantity to be measured in each interaction.

The ‘Effective Energy’ was not predicted by QCD. To perform this study,
it was necessary to analyze tens of thousands of (pp) interactions at the
ISR. This was done despite all the difficulties to overcome. And this is how
what Vladimir Gribov defined the ‘QCD light’ was discovered (figures 30
and 31). Gribov pointed out what follows. Newton discovered that QED
light is the sum of different colours. In QCD we have quarks and gluons
interacting and producing Jets made of many pions, as for example in the
(pp) reaction

pp » t+X

whose spectrum is shown in figure 30. The horizontal axis is for the frac-
tional energy of the pion (also called Feynman x), while the vertical axis is for
the number of pions having fractional energy X_. The spectrum in figure 30
is the sum (3) of all spectra shown if figure 31 where each one corresponds
to a single value of the ‘Effective Energy’ (defined in terms of 2E,,q).
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pp—=at+X
Nominal Energy of the (pp) collision =s= 24 GeV
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APPENDIX 111.4

THE RUNNING OF (0L1 a, a3) VERsUs ENERGY THE GAP BETWEEN E ;. AND E

The exact use of the Renormalization Group Equations, RGEs, for the
running of the three gauge couplings (o, o, o) has given many interesting
results. One of these is the existence of a gap between the energy E ;. where
the three gauge couplings converge and the String Unification Energy E .

The value of E ; is two powers of ten below E . This is shown in fig-
ure 7 (which is the same as figure 7 of chapter 6).

The details which refer to the Gap between E
shown in figure 32.

The lines are the result of calculations executed with a supercomputer
using a system of three weakly coupled differential non-linear equations:

da; _ bi 2, E—bij o o
u dM - 21 1 , 8le2 ] 1
j

ESU and E are

GUT’ Planck

describing the evolution of all phenomena including the superworld, from

the maximum level of energy, E ,;, to our world at the minimum of energy.



ANTONINO ZICHICHI

156

. w— g
OSSVS Nv4O | _ L
ABD ) 2 @z,
£ 01 w0t w0t ._' T .18 L0t ..u; oL ﬂ: L0t ﬂ w_ﬂ_r SOk
L _ T 1 L _ ] 1 _ 1 L] _ 1 4 L ] 1 — ] L]
o e I t/4 t
Tk 3= = = 0z
| = =
3 o S
I ;
2
Bl | -ave po uilug _._m e o or
15 = 5
_m A | =
155 “ = SV
1= 1
1= BOO0T gLIDE o “ -
““ 9000 KL D= f,um - 1 T
el : 1
— ] I . (7 v swsma prioms - i
e Lo ] B | manamg pmoyg ssessg ussEED EUW | o] Sy, Ny nog Buung samng soEeT|— ““
1 spiousaig) Aasgi=H |y sppoysaiy) b= 1)y “ “ H
i Hiy Ty, i !
o i Q3aN1INI S3SSVI 340 NOLLNTOAS : i
Il e n-... ais .____.___l.“ [Zd 0w ) I4DIIHZ = WD = || = DUy “ "
i < NOLLYDIHINN ONVHOHINS : |
> )
DivE- L8 + + SDHYE-IHE m#ﬂuhu.rw‘._. MU
B g 3 g 2 wid 2 N
1 # 2 s 2 mmmm, 23
£ § 2 g & g 53
: G
i - ol
raq z d37 =01
]
. _ IANSHI ISHIAINN THL _

HSHHAINN dHL A0 NOLLNTOAY dHL

Figure 7 (from p. 120).



157

RIGOROUS LOGIC IN THE THEORY OF EVOLUTION

A2D

1201 oz0! 6101 7101

[OSSVS NYHE|

01

g101

w101

101

L B | #

T __ﬂ_
ﬁcmﬁm ns

+ 1 + H .N _._.—ﬂ I N Ew_
mu+nn ﬁ:_& ,.u; E: __..___-i

80000 I #0000 = [(*w) e us ] wm:us_v 0, us ]

ur

gLi'o= (W) ndui auo Ajup

I

Figure 32.



158 ANTONINO ZICHICHI

APPENDIX IV

THE PLATONIC GRAND UNIFICATION

Let us look at figure 25 from Appendix Il again, since this is the best
example of Platonic Grand Unification. The points have a sequence of 100
GeV in energy. The last point where the ‘ideal’ platonic straight line intercepts
the theoretical prediction is at the energy of the Grand Unification. This cor-
responds to E = 10" GeV. Other detailed information on the theoretical
inputs: the number of fermionic families, N_, is 3; the number of Higgs par-
ticles, N,,, is 2. The input values of the gauge couplings at the Z°-mass is Q,
(M,)=0. 118+O 008; the other mput is the ratio of weak and electromagnetlc
couplings also measured at the Z°-mass value: sin® 8,, (M,)=0.2334+0.0008.

The Platonic Grand Unification should be along the stralght line, small
dots (blue), but Nature seems to follow the big dots (red).

o =

g -

T2
0005 .

nogs

Lo

Figure 25 (from p. 146).
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APPENDIX V

THE PLATONIC SUPERSYMMETRY

THE PLATONIC CONCEPT OF SUPERSYMMETRY

The Gauge Principle should generate a
Gauge Force —— Gauge Bosons
If NATURE was platonically SUPERSYMMETRIC
Supersymmetry Transformation should generate Gauginos

§ I DEVIATION FROM PLATONIC SIMPLICITY |

OUR FERMIONS ARE NOT THE GAUGINOS P

/ 2" DEVIATION FROM PLATONIC SIMPL]EITYK‘
THE FUNDAMENTAL FERMIONS ARE OF TWO
DIFFERENT CLASSES: LEPTONS AND QUARKS

I

3" DEVIATION FROM PLATONIC SIMFLICITY\"-

THERE IS NOT ONLY ONE BUT THREE FAMILIES
N OF FUNDAMENTAL FERMIONS -

1

J

%

4" DEVIATION FROM PLATONIC SIMPLICITY \|

THE FUNDAMENTAL FERMIONS BECOME MIXED WHEN THE

WEAK FORCES ARE SWITCHED ON: MIXINGS EXIST {J

5" DEVIATION FROM PLATONIC SIMPLICITY A
THERE ARE DIFFERENT MIXINGS

Figure 33.
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APPENDIX VI

SEVEN DEFINITIONS OF COMPLEXITY

People speak of ‘Complexity’ as a source of new insights in physics, biol-
ogy, geology, cosmology, social sciences, evolution of the human species
and in all intellectual activities which look at the world through the lens of
a standard analysis in terms of either Simplicity or Complexity. But ‘Com-
plexity’ is ill-defined, as shown by the existence of at least seven definitions
of Complexity.

Definition Number 1

Complexity is a property of systems that are somewhere in between a
completely random and a completely regular state, often described by a
highly non linear set of equations but sometimes not describable by equa-
tions at all.

Definition Number 2

Bad ones:

1) Chaos.

2) The need for lengthy calculations.

3) The need for many distinct variables.

Better ones:

4) Unexpected difficulty when attempting to describe
something in a precisely formulated theory.

5) What is left over after all systematic approaches failed.
But it could also be that: Complexity is an excuse for sloppy
thinking.

Definition Number 3

The Complexity of a theory (problem) is the minimum amount of com-
puter time and storage required to simulate (solve) it to a specified level of
precision.
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Definition Number 4

If we admit that biological or linguistic evolution, or financial dynamics
are complex phenomena, then their typical dynamics are somehow between
strong chaos (i.e. positive Lyapunov exponents) and simple orbits (i.e. nega-
tive Lyapunov exponents). In other words, Complexity (or at least some form
of it) is deeply related to the edge of chaos (i.e. vanishing maximal Lyapunov
exponent). Since the edge of chaos appears to be related paradigmatically to
an entropy index ‘q’ different from unity, there must be some deep connec-
tion between Complexity and generalized entropies such as ‘Sq'.

Definition Number 5

From the mathematical point of view:

* A problem can be polynomial, which means that it is not to hard to
predict surprises.

e A problem can be NP or NP-complete, which represent different
degrees of difficulty in predicting surprises.

ee Surprises means: UEEC event (see later).

= That degree of difficulty can be associated with the level of Com-
plexity.

Definition Number 6

A system is ‘complex’ when it is no longer useful to describe it in terms
of its fundamental constituents.

Definition Number 7

The simplest definition of Complexity: ‘Complexity is the opposite of
Simplicity’. This is why we have studied the platonic Grand Unification
(Appendix V) and its extension to the platonic Superworld (Appendix V),
in order to show that Nature does not follow Platonic Simplicity.
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APPENDIX VII

THE Basic PoINTS ON THE CORRELATION
BETWEEN PREDICTIONS AND UEEC

It is often stated that scientific predictions are the most advanced fron-
tiers of our exact knowledge.

It is therefore necessary to clearly establish the relation which exists
between scientific predictions and progress at the frontier of our knowledge
which, as we have emphasized on several occasions, is based on UEEC events.

It is also necessary to clarify the experimental evidence for the existence
of predictions and how predictions are correlated with UEEC. Predictions.

The experimental evidence for the existence of predictions is the result
of many scientific reproducible experiments.

Quantum ElectroDynamics, QED, is the best example. The anomalous
magnetic moments, in symbols (g-2), of the electron (e) and of the muon (u):

(g_z)eY U

are theoretically computed at an extraordinary level of precision (few
parts in ten billion parts for the electron) and are experimentally verified to
be correct. Could the

(g_z)eY u

be theoretically predicted before the discovery of the Maxwell equations
and the existence of Quantum ElectroDynamics (QED)? The answer is
obviously no.

The sequence which correlates UEEC events and predictions is very clear.

Predictions at the fundamental level of scientific knowledge depend on
UEEC events.

For example: it is the discovery of the laws governing electric, magnetic
and optical phenomena (all totally unpredicted) which produced the math-
ematical structure called QED.

The mathematical structure was not discovered before the innumerable
series of UEEC events was found in electricity, magnetism and optics. This
series of UEEC events allowed Maxwell to express 200 years of experimen-
tal discoveries in a set of 4 equations.

Mathematical formalism comes after a totally unexpected discovery: an
UEEC event which no one was able to predict.
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In the whole of our knowledge rigorous predictions exist only in Sci-
ence. These predictions are based on the mathematical description of a sin-
gle UEEC event or a series of UEEC events. This description can either be
the result of new mathematics (for example the Dirac 8-function) or the use
of existing mathematical formalism (example: Einstein’s use of the Ricci
tensor calculus). The UEEC event at the origin of the Dirac equation is the
fact that the electron was not a ‘scalar’ particle but a spin %2 object.

The UEEC events at the origin of Einstein’s mathematical formulation
of the gravitational forces are the discoveries of Galilei (F=mg), of

Newton (F =G mlla'zmz ),
12

and of Lorentz that Space and Time could not be both real and that all elec-
tromagnetic phenomena obeyed a new invariance law, now called Lorentz-
invariance. These are just two examples of the fact that the greatest steps in
the progress of Science come from totally unpredicted discoveries. It is the
mathematical formulation of these discoveries which allows predictions to
be made. Once made, these predictions need experimental checks.

Even when we have a mathematical formalism coming from a series of
UEEC events, if this formalism opens a new frontier, as it is in the case for
the Superworld, experimental proof is needed to verify the validity of the
new theoretical frontier.

Today we have a reasonable mathematical formalism to describe the
Superworld, but in order to know if the Superworld exists we need, as point-
ed out in previous chapters, the experimentally reproducible proof of its
existence. And it could be that, while searching for the Superworld, a total-
ly unexpected discovery (UEEC) is found. This is the reason why we need
to perform experiments, as Galileo Galilei realized 400 years ago.
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APPENDIX VIII

THE TEN CHALLENGES IN THE EvoLuTION oF OUuR UNDERSTANDING
THE BAsic HARDWARE OF ALL FORMS oF MATTER

Here is the list

1. Non-perturbative QCD.

2. Anomalies and Instantons.

3. The Physics of NSSB (non-Spontaneous Symmetry Breaking: CP=,T =,
CPT= ¢ Matter-Antimatter Symmetry).

4. The Physics of Imaginary Masses: SSB (part of this is the Higgs parti-
cle/particles).

5. The Physics of 43 dimensions (part of this is Supersymmetry).

6. Flavour mixing in the quark sector.

7. Flavour mixing in the leptonic sector.

8. The problem of the missing mass in the Universe.

9. The problem of Hierarchy.

10. Physics at the Planck scale and the number of expanded dimensions.
Here the most interesting consequence would be that, given the best val-
ue for an expanded dimension, it could be that the E ; scale goes down
to the range of the Fermi scale, as illustrated in figure 13 of chapter 9.

4 The symbol = means that a Symmetry law is non spontaneously broken as it happens
with C, P, CP and T). [C (charge conjugation, i.e. interchange of charges with anti-charges);
P (parity, i.e. interchange of left and right); T (inversion of the arrow of Time)].The products
CP and CPT mean the simultaneous Symmetry laws for all operations CP and CPT, respec-
tively. The existence of Matter-Antimatter Asymmetry would be a proof of CPT = .
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Pror. ARBER: Thank you very much. Big Bang 3: According to your def-
inition: you said that it has occurred only once, is that limited to our plan-
et or to our galaxy or the entire universe?

PROF. ZicHICHI: Very interesting question, thank you. | have not yet pub-
lished a work that | have been engaged in for the last couple of years. Never-
theless, 1 will give you the results. When you compute the conditions to have
life endowed with reason such as ours, able to transmit signals, therefore
quantum electrodynamics has been discovered, the standard model has been
discovered, what Edward Witten is studying has been understood, which is
not the case now, once you take all this into account, the result is that the
probability for the existence of life like our life in the universe is 10-54. Since
there are 1022 stars, the probability for existence of life in the cosmos is
10-32, This means that Big Bang 3 is limited to our planet. It is a miracle that
we are here. On the other hand if you look at SETI, like our friend Swarup,
this means that you are looking for another miracle. In fact we have to look
for the existence of life capable of communicating with us, so they must be
as smart as we are or even smarter than us, sending electromagnetic signals.

Pror. VicuNA: Dr Zichichi, you mentioned twice that Big Bang 1 is a
transition from the vacuum to a universe of inert matter. In this context,
does vacuum have a physical meaning or a philosophical meaning?

Pror. ZicHicHI: No, no, it is a physical vacuum, which is the state of min-
imum level of energy. The laws of vacuum are the laws of nature. There are
theories which have vacua which describe the world in 43 dimensions. Out
of these 43 dimensions only 3+1 (three space and one time) are expanded,
the other dimensions remain collapsed. There are vacua with different laws,
different regularities, different couplings, different constants than those of
our world. The reason why | like string theory is because we have learned a
lot on fundamental concepts, not because string theory is Galilean science.
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If | ask my friend Ed Witten what experiment should | do to find out if string
theory is right or wrong, there is no experiment to be done. So the answer
to your guestion is that vacuum is not a philosophical concept, it is a phys-
ical concept, it is the status of minimum energy. According to string theory
there is an infinite number of possible vacua, called ‘vacuum landscape’ by
Leonard Susskind who has been heavily engaged in this field.

PRroF. CaBIBBO: 10590, according to Susskind.
ProF. ZicHicHI: Yes, 10500, it is now infinite.

Pror. HANscH: Professor Zichichi, couldn't one argue that DNA repre-
sents some kind of written language and collective memory, so in this way
we are not that unique?

Pror. ZicHicHI: No. DNA is not a written language. Written language is
the result of DNA having produced man-like organs. These organs like ours,
need a certain number of protons, neutrons and electrons to exist; but they
have to produce permanent collective memory. The point you have raised
is very interesting. | have discussed it with some of my friends, but the con-
clusion, which is also my personal conclusion, is that DNA is a necessary
but not a sufficient condition to create you and me-like objects. For this to
happen we need Big Bang 3.

Pror. GojoBorl: | would like to address one question about your state-
ment that the study of evolution is below Galilean science according to your
definition, because | understand that you stated that this may not be repro-
ducible in terms of experiment. However, | would like to say that, in the
case of RNA viruses, which change a million times faster than our organ-
ism, therefore, if you take RNA viruses you can observe a million years’
time as just one year in humans. So how do you respond?

PRrRoF. ZicHicHI: My answer to your question is the following: 150 years
of experimental discoveries in electricity, magnetism and optics have pro-
duced, thanks to Maxwell, the four Maxwell equations, which have allowed
us to understand an enormous variety of reproducible processes. If you
have reproducible processes with very high mutation rates you should be
able to find the few fundamental equations from which you deduce BEHS,
the biological evolution of the human species. | have nothing against the
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field of biological evolution; I would like to see the equivalent of quantum
electrodynamics coming from these reproducible experiments, otherwise
you are still waiting for the new Maxwell to express this enormous variety
of discoveries, totally unexpected, into a rigorous mathematical formalism.

Pror. M. SINGER: | think that your response to the last question clarified
for me the question | want to ask. You appear to be saying that only the
methods of physics can stand as science and you are trying to lay on biolo-
gy that requirement, whereas, in fact, biology is very different from physics.
It is not at all clear that the same kind of standard is relevant and, in part,
that is because of the contingency of the evolutionary process and also the
contingency of much that goes on in cells, and therefore in organisms. It is
important for me to understand what you are requiring, so that | can decide
whether | think that your comment is useful in my trying to understand
biology. Thank you.

PRrROF. ZicHICHI: You say that my requirements for science concern only
physics and cannot be extended to biology. This is why | cannot say, either
you do what we do or you are out of science. What | want to say is that you
have to be like we have been in the past, namely using intellectual humili-
ty, not to claim that you have understood something, when it is not true that
you have really understood what you claim you have understood. Why?
Because there are different levels of understanding. Let us imagine that we
turn back the clock by 150 years. Then we physicists have a tremendous
amount of discoveries in electricity, totally unexpected, in magnetism, total-
ly unexpected, and in optics, again totally unexpected. We would discuss
here what we are doing, and then you would say that physics is a complex
system, like biology. There are people who claim that there are fields of our
knowledge, like the one you mention, i.e. biology and especially the biolog-
ical evolution of the human species (BEHS) that belong to the so-called sci-
ence of complexity. | have been interacting with these specialists and found
that there are 70 definitions of complexity. Complexity is ill defined. The
reason why you cannot reduce all you know to a few equations is because
BEHS is not as simple as physics. | invite you to please read my paper and
write to me ‘on page n. X you made a mistake’. | would be grateful to you.
The point is that the basic experimentally observable quantities, which
allow anyone to conclude that a given field is complex, are UEEC events,
(Sarajevo-type events) and Anderson-Feynman-Beethoven phenomenology.
As reported in my lecture these two effects exist in physics; so our field is
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like your field but we have been using intellectual humility. Instead of stat-
ing that we have understood everything we have continued our research
and have been probably lucky enough to discover the few fundamental laws
which generate the enormous number of reproducible phenomena called
physics. So the day when you will find the fundamental laws which allow
you to derive the enormous amount of reproducible phenomena in biology
from these few equations, we will say that biology is Galilean science. Let
me give you an example. Quantum electrodynamics allows to understand
the enormous variety of phenomena we are familiar with: this microphone,
television, radio, computer, nanotechnology. When you are able to tell us
what are the few fundamental equations which produce the enormous
amount of reproducible phenomena discovered in your field, we can say
that your field is Galilean science. | am not against your field. | would like
this field to become Galilean science.

ProF. DEHAENE: Professor Zichichi, thank you very much for remind-
ing us of the exigency which physics requires from both the theory and
the data. | think that this is a well-taken point. Certainly, even in psychol-
ogy, some physicists have made very important contribution to the cur-
rently prevailing rigour. Helmoltz and Mach were among the first, actual-
ly, to contribute to our field, but of course there are domains that are
more advanced than others and | always cite in this context Richard
Feynman, one of the heroes of physics, who said that physicists should
not have contempt for biologists because physicists took all of the easy
problems and the biologists are left with the hard ones (the hard ones, not
necessarily the complex ones). But | want to address specifically the
notion of reproducibility in the domain of the evolution of human reason.
I think there are several solid discoveries which actually make this sci-
ence fit well within what you call the second level of Galilean science.
One, and | think we may hear Professor Coppens about that, is the dis-
covery of fossils, of precursors of humans, some of which are different
species. We know now that Neanderthal is a different species, and yet it
had reason, at least sufficient enough to bury its dead or enjoy works of
art. The second concerns the issue of reproducibility. Every day, on earth,
about several million babies are born and these babies develop reasoning
abilities. We can measure it and study it, and, of course, this is what we
do in psychology. Furthermore, because of unfortunate experiments of
nature, some of these babies do not reach the level of reason that you are
describing. For instance, some, like Professor Lejeune described, will
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have trisomy on chromosome 21 and will not develop the brain architec-
tures that allow for reason. These are two sources of reproducible find-
ings in the study of human evolution, and there are many others. | would
argue that every discovery of a new human fossil is a test of the theory
that Yves Coppens and other people are describing. Such tests, in my
opinion, make these studies fully part of the second Galilean level that
you described.

PRroF. ZicHIcHI: The clearest example of second level Galilean science is
stellar evolution. The clearest example of third level Galilean science is cos-
mic evolution. Why are stellar evolution and cosmic evolution Galilean sci-
ence? Because no fellow can ever propose a theory of stellar evolution or of
cosmic evolution which violates the fundamental laws established at the
first level. This is why I insist on the first level: there cannot be a second and
third level if the first level Galilean science is missing. So even if you satis-
fy the condition of the second level, the first needs to be there, to give cred-
ibility to the other levels, otherwise you are not in the field of Galilean sci-
ence. Galilei is the greatest fellow ever born on this planet. Let me tell you,
once again, why. How do you explain the existence of science? Why didn't
other civilisations discover science? Read Galilei as | did, when | was
young. These readings either you do when you are very young and you have
time, or you never do them. | am not a historian of science, | was fascinat-
ed by Galilei when | was very young so | read all Galilei. If you read you
find out why science was discovered by Galilei. He said: the fellow who
built the world must be smarter than all of us, no one excluded. This is why
we have to put questions to him, and how do you put questions to him? In
Galilei’s time there was no telephone, but even now | cannot phone the fel-
low who created the world to ask him if the superworld exists. We have
problems understanding cosmic evolution. If a detail is not there evolution
stops. At present evolution brings us to formulate the mathematical exis-
tence of the superworld. If the superworld is not there we have to under-
stand why. In order to know where to go, the only way is to implement
experimentally reproducible results and this is what we will do with LHC,
the new CERN collider capable of reaching the highest energy levels in this
world. The problem described by Professor Lejeune and mentioned by you
refers to BEHS (the biological evolution of the human species) and has to
be scientifically investigated. Exactly as it happens to be the case in our
field when we discover that something does not follow what is expected by
our understanding.
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Pror. MENON: | am afraid we now have to stop the discussion. The last
question will be by the President.

Pror. CaBIBBO: It is not a question but a statement. | have a very deep
respect for biological science for a very simple reason: many of us would
not be here if biological science were not really so effective. First thing. Sec-
ondly, your argument is essentially Bellarmino’s argument. Bellarmino told
Galilei, ‘1 don't believe in your ideas about Copernicus and the moving earth
etc and | will only believe it when you show it to me, when you give me a
proof. This is in a letter to Foscarini that you probably know and I think
your argument against biologists is not Galilean but Bellarminian, and |
think the argument of Bellarmino and therefore your argument is wrong,
because, in fact, he was right in that Galilei had no proof of Copernican
motions. In fact he had proof but it was wrong, but he was right in a
prophetic way because the real proof arrived later, for example aberration
of stellar light was about a hundred years after Galilei died, and Foucault’s
experiment two hundred years after Galilei died, etc so | think these ideas
of logic sometimes do not work and | think Bellarmino’s logic was wrong
and it was the basis for the famous trial against Galilei.

PRror. ZicHicHI: First answer: for ‘biological science’ to exist we need to
understand the transition from inert matter to living matter: i.e. Big Bang
2. No one knows how to study this transition in terms of Galilean science.
To answer your second point it is necessary to explain why my classifica-
tion of BEHS in terms of Galilean science is not Bellarmino's logic but rig-
orously Galilean logic. Let me start with your ‘prophetic’ definition of
Galilei’'s work. Galilei was not ‘prophetic’ about the two earth motions.
Galilei was able to explain why a stone dropped from the leaning tower of
Pisa does not go a hundred metres towards the West. This was the
strongest argument from all those who did not want the earth to have a
motion around its own axis (spin motion). If this motion exists it is the
earth which rotates not the stars and all celestial bodies. During thousands
of years since the first proposal of the earth’s spin motion by the Greeks
(Heraclitus, 1V BC) no one was able to give an answer to the argument
against the earth’s spin motion. Galilei, in fact, predicted that the stone
would fall displaced by a few centimetres towards the East, due to the fact
that the speed at the top of the tower is higher than the speed at the basis
of the same tower. This displacement was measured in 1791 by Giovanni
Battista Guglielmini, a professor at the Bologna University. This is the first
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proof of the earth’s spin motion. Foucault pendulum came sixty years lat-
er, in 1851. Concerning the other motion of the earth around the Sun (pro-
posed by Aristarchus in 111 Bc many centuries before Copernicus) Galilei
knew that the decisive proof was to measure the parallax of a star. He tried
to measure the parallax but did not succeed. The reason being — according
to Galilei - that the stars are much more distant that thought at that time.
Galilei was right. James Bradley discovered the aberration of light in 1727
while he was trying to measure stellar parallax. He did not succeed in
measuring the parallax. Bradley would not have been able to explain the
aberration of light if Romer had not been able to measure, fifty years
before, the speed of light, using Galilei's ‘celestial clock’ (based on the
Jupiter satellite 10). The fellow who finally succeeded in measuring the
stellar ‘parallax’ was Bessel in 1837, a hundred and ten years after Bradley,
and more than two centuries after Galilei’'s first attempts to measure it.
This is the correct sequence of events after Galilei. Foucault's pendulum
was invented in 1851 in order to provide a spectacular proof of the spin
motion of the earth, not because there was any doubt about its existence,
established by Guglielmini 60 years before. Concerning your statement
about Bellarminian logic let me explain why my logic is Galilean. Bel-
larmino’s logic was: give me the direct proof of the earth’s motions. Here
comes a clear case of second and first level Galilean science. The study of
the earth’s motion is second level Galilean science. The understanding of
this motion needs first level Galilean science. In no case can the under-
standing of the earth’s motion be in contradiction with the results which
we are able to get in a series of reproducible experiments implemented in
our laboratory where we can change conditions and details in order to find
a rigorous mathematical description of the results obtained. Galilei, on the
basis of first level science, discovered the principle of inertia, the law of
composition of velocities, the equivalence of inertial and gravitational
masses, the correct law which establishes that a force is not proportional
to a velocity but to the change of velocity (acceleration); he invented the
pendulum in order to study friction-free motions; on the basis of these
studies he extrapolated the results of first level science to the motion of the
liguid earth surface where the reason why ‘tides’ exist had never been
found. He knew that the direct proof of the orbital motion of the earth is
the stellar ‘parallax’ and in fact he tried to measure it. He correctly inter-
preted the negative result obtained in terms of the distance of the stars,
which Galilei correctly thought had to be much more distant from the
earth than thought at the time. Galilei wanted to explain the tides using
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the discovery of the composition of velocities, which is first level Galilean
science. He knew that the velocity of the earth’s surface due to its spin
motion was very high and in fact he discovered, at first level science, the
principle of conservation of the linear momentum (called quantity of
motion), thus explaining why the trajectory of a stone falling down, if
launched from the Pisa tower is not displaced hundreds of metres towards
the West. He could not imagine that the velocity of the earth around the
Sun is hundreds of times higher than the velocity at the earth’s surface due
to its spin motion. This is why the composition of velocities discovered by
Galilei at first level science could have no effect on the ‘tides’. Galilei could
not imagine the tides due to the gravitational attraction of the moon and
of the Sun. The tides have a period of 12 hours while the composition of
the two velocities (due to spin and orbital motion) repeat every 24 hours.
There was a flagrant discrepancy. But Galilei thought this could be solved
later. He was interested to find other laws at first level science. For exam-
ple to measure the acceleration by gravity ‘g’, using the invention of the
‘inclined plane’, one of the greatest inventions of mankind. Without the
value of ‘g’, Newton could not have discovered that the moon falls down
like a stone launched from the Pisa tower. Galilei’s attempt to explain the
‘tides’ with the law of composition of velocities, discovered using first lev-
el science, is the first example of extension to second level science of what
is found at the first level. This extension has allowed mankind, in the very
short period of 400 years, to understand the enormous variety of phenom-
ena observed in the sky and never understood during thousands and thou-
sands of years. Galilei's extension of what he was discovering at the first
level to the second level science has allowed mankind to understand the
real nature of a star. Something that could never be explained if mankind
continued to work using only second level science. The fact that his extrap-
olation was wrong can be justified by the fact that this is the beginning of
the most fascinating conquest of our intellect: the discovery of first level
science, and the possible extension of the laws discovered at the first level
to the phenomena observed at the second level. During these last four hun-
dred years we have seen the formidable results of this extrapolation. For
example neutron stars. No one could have imagined the existence of a neu-
tron star if Chadwich in 1932 had not discovered, using first level science,
the existence of the neutron. So much in order to defend Galilei from the
attack for his attempt to explain the tides. Let me now go back to Bellarmi-
no’s logic. The reason why Galilei is the father of science is not because of
the geocentric versus the heliocentric theory. This is second level Galilean
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science. The reason why Galileo Galilei is the father of science is his other
book, ‘Discorsi e Dimostrazioni Matematiche intorno a due nuove scienze’
(Dialogues Concerning the Two New Sciences): this is where Galilei discov-
ered the first fundamental laws of nature. This is the reason why Galilei
was celebrated in China in 1991. China’s is the only government of the
planet who celebrated the famous discovery of Galilei, F=mg. If you read
the Encyclopaedia Britannica this is attributed to Newton. It is not true.
And how did it happen that Chinese culture knew this? Because immedi-
ately after the publication of Galilei's book in Holland, the Jesuits translat-
ed it into Chinese and brought it to China. | am referring to Galilei’s book
quoted above. In this book there are no errors made by Galileo Galilei. He
is the father of the first three fundamental laws of mechanics, which in the
Encyclopaedia Britannica are attributed to Newton and which in my book,
which has been translated in Chinese, are correctly attributed to Galilei
with all quotations. Bradley (1727), Guglielmini (1791), Bessel (1837) is
the correct sequence of discoveries needed for proving that Galilei was
right in establishing via first level Galilean science the understanding of
the spin and of the orbital earth motions. The understanding of BEHS in
terms of first level Galilean science is at present missing and therefore my
classification of BEHS in terms of Galilean science is not Bellarmino’s log-
ic. It is rigorously Galilean logic. A final remark. The sentence following
the famous trial against Galilei that you mentioned was not signed by
three Cardinals and never signed by the Pope.

Pror. MENON: Galileo is certainly someone we all honour, as you are
all aware. As we meet in this Academy of Sciences we are not discussing
conflicts between physical sciences and biological sciences and the like,
what we are really talking about is the scientific method as applicable
across the whole spectrum, which has been marvellous, and Galileo is
certainly one of the pioneers in that. Thank you all very much for a very
interesting morning.
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THE SEARCH FOR THE CHEMISTRY OF LIFE'S ORIGIN

ALBERT ESCHENMOSER

A central postulate of contemporary natural science states that life
emerged on Earth (or elsewhere) through a transition of chemical matter
from non-living to living. The transition is seen as a contingent consequence
of the second law of thermodynamics and the chemical properties of matter
by one group of scientists, and as an imperative of that law and those prop-
erties according to the belief of others. Chemical matter is postulated to have
been capable of organizing itself out of disorder by channeling exergonic
geochemical reactions into reaction networks that had a dynamic structure
with kinetic (as opposed to thermodynamic) stability and were driven by
autocatalytic molecular replication cycles. The postulate implicates that
such chemical systems eventually became self-sustaining (capable of exploit-
ing environmental sources for reconstituting itself), adaptive (capable of
reacting to physical or chemical changes in the environment such that sur-
vival as a system is maintained) and — by operating in compartments — capa-
ble of evolving. From this perspective, life's origin is seen as a seamless tran-
sition from self-ordering chemical reactions to self-sustaining chemical sys-
tems that are capable of Darwinian evolution [1]. Figure 1 delineates — in
terms of a ‘conceptual cartoon’ — such a programmatic view in more detail.

Evidence from paleontology, biology, geology and planetary science
posits the appearance of life on Earth into a period of 3 to 4 billion years
ago. Whereas the course of biological evolution is documented by a wealth
of fossils of extinct organisms and, more recently, by information from
comparative analysis of the genomes of biological species, there are no ‘fos-
sils’ that would reliably document the nature of the molecules that were
involved in the chemical processes at the dawn of life. We do not know
whether at the beginning there existed a multitude of different life forms
from one of which the one we know today has derived, neither do we know
whether the type of molecules and chemical processes on which such



182 ALBERT ESCHENMOSER

A “Conceptual Cartoon” of Chemical Self-Organization:

Due to the existence of kinetic barriers to transformations of molecules, an assemblage of
chemicals can exist in a chemically immobilized state
far from thermodynamic equilibrium,

Equilibration, as demanded by the 2nd law of thermodynamics,
may selectively be accelerated by catalysts, such that chemical changes towards equilibrium
proceed preferably along the specific reaction channels opened by catalysts.

Along such channels, new substrates and new catalysts may be formed or encountered, new
reaction channels may be opened and, in principle,
catalysts may emerge that catalyze their own formation.

Substrates, catalysts and self-replicating catalysts may constitute cooperative chemical
systems that have a dynamic structure with kinetic (as opposed to thermodynamic) stability.

When such a system - driven by the free energy of its chemical input and assisted by
compartmentalization — will have acquired
(a) the capability of producing its constituents under the control of replicating catalysts,
(b) the complexity for being capable to adapt teleonomically to external changes, and
(c) the potential to evolve along gradients of increasing kinetic stability and chemical autonomy,
it may be said to be “alive”.

Figure 1. A ‘conceptual cartoon’ of chemical matter’s self-organization towards life.

ancestral lives may have been based were or were not akin to the biological
molecules and processes we are familiar with today. Such uncertainty
notwithstanding, observations made in half a century of prebiotic chem-
istry (see below) point to a high probability for an origin of life scenario, in
which the continuity postulated to have connected the emergence of adap-
tive behaviour on the chemical level with the beginnings of evolutionary
processes on the biological level was paralleled by a constitutional continu-
ity in the type of molecules that were involved in the transition. This conti-
nuity is supposed to be embodied in the chemical structures of a-amino
acids, sugars, nucleobases, cofactor molecules and, in addition, in basic
biochemical reactions that we find operating still today as enzyme-assisted
processes in primitive anaerobic microbes.

The experimental search for the chemistry of life’'s origin has been pro-
ceeding under the label ‘prebiotic chemistry’ for more than half a century
now. This field of research has its conceptual roots in the writings of the
Russian biochemist A.l. Oparin [2] and the British biologist J.B.S. Haldane
[3] who, around the first quarter of the last century, independently pro-
pounded for the first time explicit views on a natural chemical origin of life
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A.l. Oparin (1924)
J.B.S. Haldane (1929)

S.L. Miller (1953)
J.0ro (1960)
L.E. Orgel (1968)

PLATE I. The cover of the
1938 English translation of
Oparin's book Origin of

Life, ]‘uls_h-hc\l by BY A. I. OPARIN
Macmillan, New York. et ok At b foe W

Figure 2. Pioneers of conceptual and experimental prebiotic chemistry in the last century

[21[31[41[5]-

on Earth (Figure 2). These views were launched into public awareness by
the famous experiment of Stanley L. Miller [4] in 1953, where it was shown
that hammering with excess of energy on gaseous mixtures of hydrogen,
methane, ammonia and water induces the formation of — apart from large
amounts of undefined organic material — the simplest representatives of the
family of proteinogenic a-amino acids (Figure 3). In 1960, the Catalanian
biochemist Juan Oro [5] discovered the formation of adenine — a molecule
prototypical of contemporary biology — from HCN (hydrocyanic acid) in
aqueous solution (Figure 4). Leslie D. Orgel, the last of the chemical pio-
neers listed in Figure 2, initiated in 1968 systematic experimental work
towards the non-enzymic simulation of biology’s arguably most important
life process, the autocatalytic replication of nucleic acids [6].

Hydrocyanic acid (HCN), an unambiguously elementary, highly reac-
tive organic molecule, is a central intermediate in Miller-type experiments
[4,7] and known to be present on celestial bodies such as Titan and others
(Figure 5), as well as to exist in astronomical quantities in interstellar space
[8}. Chemically highly significant coincidences were observed between the
constitutional spectrum of products formed in Miller-type experiments and
the spectrum of organic compounds found in carbonaceous meteorites [9].
A recently published long-time/low-temperature experiment (Figure 6)
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Figure 3. Recent re-analysis by modern analytical methods of the composition of authentic
product mixtures obtained by Stanley Miller (deceased 2005) in the 1950s [7]. Absolute and
relative amounts of biomolecules are still extremely low in such experiments, yet higher
than observed before, and many more different molecules have now been identified.
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Figure 4. The central biomolecular structure of adenine is composed — formally as well as
experimentally — of five molecules of HCN. A close and equally astonishing chemical rela-
tionship exists between related elementary carbon/nitrogen compounds and other canoni-
cal nucleobases. The lower part of the Figure depicts the two canonical Watson-Crick base-
pairs, one of the, if not the, most fundamental biomolecular interactions in whole biology.



THE SEARCH FOR THE CHEMISTRY OF LIFE’'S ORIGIN

185

Composition of

Major C,H,N-compounds

the atmosphere of the produced in gas
Saturn satellite TITAN simulation experiments
on NpéCHd atmospheres
N ca82% Hz ca. 210'% (e.g. by electrical discharge)
Ar ca. 12% c=0
CHy ca 6% CHyCH,
CH3CH;CH;
HC=CH HeCHN
HC=CH, HCE=C—C=N
H=CEN HC—CEN
HCIC=CN HC=CH-C=N
NEC—CEN NEC—CEN
H,C=CamN HC-CH-C=N
HC=C—C=CH

0=C=0 ca10%%
{surface temperature of TITAN: 95°K

From: F. Raulin, D. Gautier, W_H. Ip, Exobiology and the Solar System: The Cassini Mission to Titan
Origins of life 14, 817 (1984)

Figure 5. Whenever excessive energy hammers on carbon, nitrogen and hydrogen con-
taining material of any sort, highly reactive carbon/nitrogen/hydrogen compounds such
as HCN and higher derivatives of it (nitriles) are formed. Some of them (see formulae in
bold, with triple-bonds) are highly reactive and, as HCN itself, chemically closely related
to the structure of biomolecules. Note the similarity in the structure type of nitriles of
extraterrestrial (natural) and terrestrial (experimental) origin.

THE COLD ORIGIN OF LIFE:
B. IMPLICATIONS BASED ON PYRIMIDINES AND PURINES
PRODUCED FROM FROZEN AMMONIUM CYANIDE SOLUTIONS
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Abstract. A wide variety of pyrimidines and purines were identified as products of a dilute frozen
ammonium cyanide solution that had been held at <78°C for 27 years. This demonstrates that both

0.15 M HCN —78° hydrolysis uv
5 > -
v ]i\:}]jlg 27 years pH 8/140°/3d  GC-MS
2 ' 6N HC1/ 100° / 24h

Figure 6. In a recently disclosed remarkable long-time/low-temperature experiment by
Stanley Miller and (former) collaborators [10], the ammonium salt of HCN in aqueous
medium was frozen to solid CO2 temperature, kept for 27 years, and finally its product
composition analyzed after hydrolysis with aqueous acid or aqueous base (see Figure 7).
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Figure 1. Strectures of the synthesized pynimidines and purines,

Figure 7. Chemical structures of heterocyclic organic compounds that have been identi-
fied (out of a mixture containing a large number of unidentified components) in the
experiment described in Figure 6. Among the identified components are two canonical
purines (adenine and guanine) and one canonical pyrimidine (uracil), besides two puri-
nes (hypoxanthine, xanthine) and one pyrimidine (orotic acid) that are part of the con-
temporary metabolism.

most impressively demonstrates the remarkably close chemical relation-
ship between HCN and some of the fundamental biomolecules. Prominent
in the palette of identified products of that experiment (Figure 7) are
canonical purines and pyrimidines, basic constituents of the contemporary
nucleic acids [10].

Experimental prebiotic chemistry suffers from the kind of handicap
that is inherent in empirical research on historic processes. One is
reminded of the fate of the anthropologist's Thor Heyerdahl famous Kon-
Tiki experiment in 1947 (Figure 8) [11] by which it had been demonstrat-
ed that the original population of the Polynesian Islands could have come
from South America. Yet that splendid demonstration of what is techni-
cally possible became eventually overridden by criteria anthropological in
nature, convincing scientists that Polynesia’s original population came
from Asia.
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Figure 8. The balsa raft ‘Kon-Tiki’ on which the Norwegian anthropologist Thor Heyerdahl
and a crew of five men embarked on a legendary expedition on April 28th 1947, starting
in Callao (Peru). After 108 days they landed on the Polynesian Tuamotu Islands, thus
demonstrating experimentally that Heyerdahl's theory, according to which the population
of the Polynesian Islands came originally from South America, is compatible with what is
technically feasible. Ironically, based on criteria anthropological in nature, scientists even-
tually convinced themselves that the Polynesian population originally came from Asia.

The possibility notwithstanding that conclusions in prebiotic chemistry
eventually might suffer a fate similar to that of the Heyerdahl-experiment,
the experimental results accumulated over the last half century [12] are in
any case of lasting significance and importance. This is true irrespective of
whether the organic material that had accumulated on the primordial
Earth as the result of (geochemical) prebiotic processes and been delivered
to the Earth by carbonaceous meteorites [9] was, or was not, relevant for
life’s actual emergence. What experimental prebiotic chemistry did achieve,
is to conclusively demonstrate that the major types of low-molecular-weight
building blocks of the life we know today have chemically elementary struc-
tures, elementary in the sense that their formation from (essentially) the
chemical elements proceed quasi deterministically under an extraordinari-
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ly broad range of (potentially geochemical) conditions (Figures 5 and 9).
This does not necessarily mean, however, that those prebiotic organics of
terrestrial or extraterrestrial origin in the primordial Earth were actually
the starting materials for the critical self-organization process. In fact, there
are two sharply opposing views on this point: the notions of a heterotroph-
ic [2][4][12][13] versus an autotrophic [14][15] origin of life (Figure 10).

The proponents of a heterotrophic origin take for granted that the accu-
mulation of organic matter by high energy processes on Earth, or by deliv-
ery to the Earth by meteorites, was the chemical source for the process of
self-organization eventually leading to life's origin. In contrast, the concept
of an autotrophic origin maintains that any such globally distributed mix-
ture of organic material was irrelevant to the process(es) that led to self-
organization. Reasons brought forward against heterotrophy refer to prob-
lems of selection, accumulation and concentration of specific substrates
out of complex mixtures of chemicals, and of combinatorial reactivity and
the short survival times of chemically activated substrates in unorganized
chemical environments. The concept of autotrophy postulates the emer-
gence of de novo pathways to starting materials and intermediates from ele-
mental geochemical sources as an integral part of the very process that con-
stituted self-organization (Figure 11). From the chemical viewpoint, both
concepts are burdened with a great many open questions, such as the
chemical nature of start-up substrates and catalysts, of primordial metabo-
lism, of primordial replicating entities, be they metabolic or genetic cycles,
the role and nature of compartmentalization, last but not least cellulariza-
tion. Leaning towards one or the other of the two concepts remains still
today a matter of reasoned opinion. This should not be taken as being sci-
entifically contra-productive, since in any search for events of the past,
commitment to basically different views leads committed researchers to
focus on correspondingly different experimental strategies, that in turn
may lead to potentially complementary insights.

Besides the debate on heterotrophy versus autotrophy, there is another
dichotomy dividing researchers into two camps in their conceptual and
experimental search for the chemistry of life’s origin: the ‘geneticists’ [16-
18], versus the ‘metabolists’ [14,15,21]. While both agree on the postulate
that crucial to any beginning must have been the emergence of chemical
reaction cycles that amounted to autocatalytic replication of molecules
(Figure 11), the two camps differ in their view about the chemical nature of
those cycles (Figure 12). The controversy [22,23] between the ‘geneticists’
and the ‘metabolists’ is the denial by the former of a claim made by the lat-
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Prebiotic chemistry of the last century has
conclusively shown that the major types of low-
molecular-weight building blocks of life

amino acids
sugars
nucleobases

have elementary chemical structures in the sense
that their formation from (essentially) the
elements can proceed under an extraordinarily
broad range of (potentially) geochemical
conditions

Figure 9.

Two opposing views:

Organic material that accumulated on the Earth’s
surface 4 to 3,5 billion years ago delivered the
substrates for the self-organization processes that
eventually led to life’s origin.

(= heterotrophic origin of life)

The organic material that had accumulated on the
Earth’s surface was not relevant for the processes that
led to self-organization; those processes built their
chemical substrates themselves from elemental
geochemical sources.

(= autotrophic origin of life)

Figure 10.
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ter, which is, that a chemical ‘metabolic’ system may have been capable to
evolve and become ‘alive’ before it acquired a genetic system. To ‘geneti-
cists’, the indispensible prerequisite for the emergence of a chemical system
that deserves to be called ‘alive’ is the operation of a primordial genetic sys-
tem. Geneticists challenge the view that autocatalytic metabolic cycles
could have evolved with any degree of efficiency. They point to the paucity
of such a type of cycles with regard to constitutional diversity and flexibil-
ity, as contrasted with replicating informational oligomers with their poten-
tial to store structural information in the form of a quasi unlimited consti-
tutional diversity (sequence of specific recognition elements) and, there-
with, the chance to give rise in principle to a large spectrum of phenotypic
catalytic capabilities.

In the focus of the search for the
chemistry of life’s origin is the search
for potentially primordial

autocatalytic cycles

Figure 11.

Such primordial autocatalytic cycles could have
been:

Autocatalytic replication cycles of “informational”
oligomers, such as RNA, or ancestors of RNA

(= the “geneticists” point of view)
or

Autocatalytic “proto-metabolic” cycles, such as
primordial variants of the reductive citric acid cycle

(= the “metabolists” point of view)

Figure 12.
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What the standpoint ‘metabolism first’ in the debate between
metabolists and geneticists implies is perhaps most clearly expressed by the
bold proposal of Morowitz [24,25] which plainly states that ‘life started
with the reductive citric acid cycle’, implying that this type of cycle original-
ly was capable of operating without the assistance of enzymes (Figure 13).
Irrespective of the serious doubts that may be raised against the validity of
this latter assumption, the merit of the proposal lies in its exemplification
of how, in principle, such a metabolic cycle could act as the heart of a repli-
cating chemical system. The cycle (running in the reductive direction which
is constitutionally opposite to that of the contemporary citric acid cycle)
would be autocatalytic, since each run through both branches of the cycle
would convert input materials (CO, and reductants) not in one, but in two

Morowitz hypothesis : Reductive Citric Acid Cycle as Primordial Metabolic Core
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Figure 13. Harold Morowitz's proposal that (a non-enzymic version of) the reductive
citric acid cycle has been the seed for life’s origin [24,25]. The serious doubts organic
chemists may have concerning the presumed operation of such a cycle operate without
enzymes notwithstanding, the reductive citric acid cycle is a good example to exemplify
essentials of an autocatalytic metabolic cycle: exergonic input reactions are to drive a
reaction cycle in which two equivalents of each cycle-constituents are formed in each
run and in which each cycle constituent is a catalyst both for its own formation as well
as for the formation of all the other constituents of the cycle.
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equivalents of any given cycle constituent, and each of these constituents —
by virtue of their very affiliation to the cycle — would act as catalyst for the
formation of itself and of all other constituents of the cycle. Running
through the cycle would amount to the self-replication of a family of cata-
lysts. The appeal of the reductive citric acid cycle as the seed of life’s origin
derives from the role that enzymic versions of the cycle play in some anaer-
obic microorganism (CO, assimilation) and on the fact that the con-
stituents of an oxidative version of the cycle proceeding in contemporary
organisms plays an absolutely central role in metabolism.

In the geneticists’ view, genetic function is to be assigned unequivocal
supremacy over metabolic function when it comes to define the require-
ments for an organized chemical system to be capable of undergoing Dar-
winian evolution. Molecular evolvability has as its prerequisite the func-
tioning of an oligomer system that is capable of storing, replicating, and
stochastically varying structural information, whereby at least part of it
(the ‘genotype’) must be connectable to specific catalytic functions (the
‘Phenotype’). The viewpoint received its theoretical inauguration in Man-
fred Eigen’s classic publication entitled ‘Self-Organization of Matter and
the Evolution of Biological Macromolecules’ in 1971 [17] in which for the
first time the concept of evolutionary processes on the molecular level was
propounded and the kinetic principles that will dominate such processes
delineated in conceptual and mathematical terms. Shortly afterwards, a
paper entitled ‘Self-Organization of Molecular Systems and Evolution of
the Genetic Apparatus’ appeared, in which its author, Hans Kuhn [18], pro-
pounded and exemplified the pragmatic paradigm that the conundrum of
life’s origin should be approached as a physico-chemical engineering prob-
lem. Both papers, pioneering in their time and focusing on concepts, had
to circumvent the specific chemical questions that from today’s point of
view are the central ones, namely, the questions concerning the nature of
the chemistry of life’s origin.

In contemporary living cells a molecular machinery of extraordinary
structural and functional complexity, the ribosome, fulfills the extraordi-
narily complex task of translating — mediated by the genetic code — the
genetic information stored in the constitutional diversity of one type of
biopolymer (the nucleic acids) into a constitutionally different type of
biopolymer (the proteins). If a chemist undertook the attempt to think of
the chemistry of a primordial molecular machinery by which a replicat-
ing oligomer system would be capable of performing a genotype-to-phe-
notype translation modeled after today’s ribosome function, he would run
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Figure 14. The first page of Manfred Eigen’s classic paper [17] containing handwritten
personal comments made by the organic chemist Leopold Ruzicka (1987-1976).

into difficulties that are immense to the extent of being hopeless. This is
why the notion of the ‘RNA world’ [26] (Figure 15), a ‘world’ supposed to
have preceded our ‘DNA-RNA-Protein’ world and one in which RNA ful-
filled the functions of both the genotype and the phenotype, appears con-
ceptually so attractive. In essence, it reduces the coding problem from
(complex) chemistry to (‘simple’) physics in the sense of replacing an
intermolecularly operating chemical coding process by an intramolecular
physical relationship between an oligomer molecule’s constitution and its
conformation. Any specific constitution (base sequence) of an RNA mole-
cule induces the molecule to adopt a specific shape (conformation). We
may say, the RNA molecule’s constitution ‘codes’ for that shape. In a sys-
tem that could screen a population of RNA shapes (and implicitly RNA
sequences) for catalytic capabilities, any RNA sequence turning out to be
capable of a catalytic function that exerts a positive feedback on RNA syn-
thesis would amount to the acquisition of a catalyst that will boost the
system’s survival. The concept of the RNA world implicates the capabili-
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“If there are two enzymic activities associated
with RNA, there may be more. And if there
are activities among these RNA enzymes, or
ribozymes, that can catalyze the synthesis of
a new RNA molecule from precursors and an
RNA template, then there is no need for
protein enzymes at the beginning of
evolution. One can contemplate an RNA
world, containing only RNA molecules that
serve to catalyze the synthesis of themselves.

W. Gilbert, “The RNA World”, Nature 1986

Figure 15. Walter Gilbert’s pronouncement of the notion of ‘RNA World' [26] in the wake
of Tom Ceck’s and Sidney Altman’s discovery [29] of catalytic RNAs (‘ribozymes’).

ty of RNA sequences to replicate, mutate, select for RNA catalysts and,
therefore, to undergo Darwinian evolution.

The important idea that RNA could originally have fulfilled both a
genetic and a phenetic function had been adumbrated by F. Crick [27],
L.E. Orgel [16], and C. Woese [28] as early as 1968. It became a realistic
concept in 1986 [26] in the wake of the discovery of ribozymes [29].
Since then, massive support for the RNA-world concept has come from
structural biology, as well as from research operating with the technique
of in vitro evolution of RNA sequences. Comprehensive X-ray structure
analyses in various laboratories revealed the structure of the (microbial)
ribosome to document the surprising as well as highly significant fact
that the ribosome is in essence a ribozyme, since the molecules within
the ribosome that are most intimately engaged in catalyzing protein syn-
thesis are RNA molecules and not proteins. By in vitro evolution (Figure
16) a host of new ribozymes have been uncovered, RNA molecules that
are capable of catalyzing a large diversity of chemical reactions [30], the
most dramatic of them being a specific ribozyme’s own replication (see
below).
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Figure 16. General principle of the experimental search for RNA sequences that fulfill a
specific function (e.g. complexing with a specific biomolecules or displaying catalytic
activity for a specific chemical reaction) by in vitro evolution [30].

The advent of the RNA-world concept had a marked impact on the
thinking of researchers in the origin of life field and, at the same time, re-
invigorated projects of exploring the potential of RNA to be generated
under potentially prebiotic conditions. Significant progress in this direction
has been made, especially on the formation of the sugar unit and certain of
its nucleosides, on template-assisted oligomerization of suitably activated
monomers in solution and on mineral surfaces [12]. However, no genera-
tional pathway to RNA that could be said to be potentially prebiotic has
been demonstrated thus far. Much attention has been and is being devoted
to providing experimental ‘proofs of principle’ for the feasibility of molecu-
lar replications with chemical systems under conditions not subjected to
any sort of prebiotic constraints; such demonstrations have been achieved
with both oligonucleotides [31] and oligopeptides [32]. Very recently, Ger-
ald Joyce at the Scripps Institute succeeded in creating by in vitro RNA evo-
lution ribozymes which, by template controlled cross-catalytic ligation of
two RNA components, are capable of exponentially reproducing them-
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Self-Sustained Replication SCIENCE VOL 323 27 FEBRUARY 2009
of an RNA Enzyme
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Figure 17. Gerald Joyce’s most recent RNA self-replication experiment [33], thus far the
most advanced ‘proof of principle’ in support of the RNA world concept. — Scheme (A)
on the left part of the Figure: A, B, E and A, B’, E' denote RNA sequences. The two
ribozymes (E and E’) catalyze each others’ synthesis from four oligonucleotide substra-
tes (A, B, A and B’). E’ catalyzes the ligation of substrates A and B to form ribozyme E
which, in turn, catalyzes ligation of corresponding substrates A and B’ to form ribozy-
me E’. Importantly, the duplex between the two ribozymes E and E’ (center of the sche-
me on the left) dissociates into the single strands under the reaction conditions such that
the process can repeat ‘indefinitely’ as long as the four substrates are provided. — Part B
of the Figure: RNA sequence formula of the (transiently formed) complex between
ribozyme E’ and the (complementary) substrates A and B . The arrow indicates the posi-
tion at which the ligation occurs by elimination of pyrophosphate (excerpt from Fig. 1
in [33]). — The chemical formula on the upper right is to remind the reader of the che-
mical structure of the nucleotide unit of RNA (B = Nucleobase, A or G or U or C). Note
that the replication process does not require any protein enzymes and that (in principle)
the RNA sequences used in the experiment can be synthesized by chemical methods.
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selves without any assistance by a protein [33] (Figure 17). While this and
all the earlier replication experiments are of considerable theoretical inter-
est, they also make clear how far we still are from corresponding experi-
ments under conditions that could be said to be compatible with the con-
straints of prebiotic chemistry. Figure 18 summarizes the research field’s
rather sobering state of the art.

Thus far:

Neither the formation, nor the autocatalytic
replication of an informational oligomer
under potentially prebiotic conditions have
been convincingly demonstrated
experimentally.

No case of autocatalytic “proto-metabolic
cycle” has been demonstrated to operate
efficiently under potentially prebiotic
conditions

Figure 18.

The intrinsic limits any attempt of retrodicting chemical events of the
past is facing will induce chemists to launch research on self-organizing
chemical systems in complete independence from the environmental and
geochemical constraints that the search for the chemistry of life's origin is
subjected to. The quest is to think of, synthesize and study adaptive and
self-sustaining chemical systems and, in the (perhaps very) long run, to cre-
ate what will amount to elementary forms of artificial chemical life. Among
those who are challenged are primarily physical-organic chemists who are
prone to engage themselves in what today is recognized as the emerging
field of ‘'systems chemistry’ [34]. Its task is to deal with the wealth of prob-
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lems dynamic structures of autocatalytic chemical systems are going to
pose and to explore the new horizons they will open. Research toward the
creation of artificial chemical life will be an important, if not the most
important empirical source of knowledge for our eventual comprehension
of life’s origin.
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DISCUSSION ON PROF. ESCHENMOSER'’S PAPER

Pror. b Duve: | would like to congratulate Albert Eschenmoser
because he has given a masterful survey of the present research in this field.
But there is a glaring gap in your presentation, Albert, you did not mention
your own work.

Pror. EscHENMOSER: | had no time!
Pror. be DuvE: That is not objective, it is very modest but not objective.
ProF. EscHENMOSER: It is an enforced modesty.

Pror. be Duve: The second point | would like to make is that, as he
mentioned, there are many different clubs in this field, metabolists and
geneticists and biochemists and organic chemists and so on but I think
we all agree on one point, namely that the origin of life is a chemical
problem. Now, chemistry deals with highly deterministic reproducible
events. If it did not we would not have chemical factories or chemical
laboratories. If there was a slight element of chance in a chemical reac-
tion, we simply could not afford the risk of having chemical factories. So
chemistry deals with highly deterministic events which therefore occur
obligatorily when specific conditions are realised. The reason | am say-
ing this is that, if the same conditions that occurred on earth or wherev-
er life started should be reproduced elsewhere in the universe, because
of this nature of chemistry, we would expect life to arise similarly. Not
only similarly in general terms but similarly in chemical terms, DNA and
RNA and proteins, so that the main question is to what extent will those
special conditions be reproduced exactly elsewhere. The answer to that
question is relevant to the frequency of extraterrestrial life, at least life as
we know it.



THE BIRTH OF OXYGEN*

JOHN ABELSON

PROLOGUE

This paper discusses a quintessential problem in the field of geobiology.
Geobiology can be defined in a single sentence: Evolution can only be under-
stood in the context of geology...and vice versa. | am a biochemist but I have
been a student of geobiology for the past five years and as President of the
Agouron Institute, a patron of the field.

A word about the Agouron Institute: From 1968 to 1982 | was in the
Department of Chemistry at the University of California, San Diego. When
the recombinant DNA revolution occurred in the 1970s, my friend and col-
league Mel Simon and | responded, not by forming a biotech company as
some of my colleagues did, but by forming a non-profit institute, the
Agouron Institute. Later a for-profit company, Agouron Pharmaceuticals,
was spawned from the Institute to exploit advances we had made in the area
of rational drug design. Agouron Pharmaceuticals was eventually a success.
We discovered and marketed Viracept, an HIV protease inhibitor. This drug
helped to save many lives. In 1998 Agouron Pharmaceuticals was sold to
Warner Lambert, now a part of Pfizer. In the process the Agouron Institute
obtained a significant endowment. We have used this money to support new
fields. Geobiology is one of them. (see www.agi.org). For the past seven
years we have supported a course in geobiology. The course has included a
geology field trip led by John Grotzinger of Caltech and Andy Knoll of Har-

! This talk was given at a meeting of the Pontifical Academy of Sciences in Rome on
November 1, 2008. | have also given the talk at a meeting of the American Academy of
Arts and Sciences and a version of the paper, similar to this one, was published in the
Bulletin of the American Academy of Arts and Sciences.
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vard. | have been on all of the field trips. We have also carried out a drilling
project in South Africa in which some 3000 meters of core were obtained
that cover the period about 2.5 billion years to 2.2 billion years. It was dur-
ing that period that oxygen first appeared in the atmosphere. In 2007 we
sponsored an interdisciplinary meeting, ‘Oxygen’ in Santa Fe, New Mexico.
About 40 chemists, biochemists, geologists, and microbiologists discussed
the problem of the origin of oxygenic photosynthesis. This report represents
my attempt to synthesize the ideas expressed in this exciting meeting.

We take it for granted that our atmosphere contains oxygen but we
and most other animals would die within minutes if it were removed. It
is not widely appreciated that for half of the earth’s history there was vir-
tually no oxygen in the atmosphere. Then 2.45 billion years ago oxygen
appeared and has been present ever since though not always at its pres-
ent level of 21%. More than 99% of the oxygen in the atmosphere is pro-
duced biologically, by photosynthesis. Arguably the biological invention
of photosynthesis was, after the origin of life itself, the most important
development in the history of our planet. About 12 times as much energy
is derived from the aerobic metabolism of a molecule of glucose com-
pared to the energy obtained from anaerobic metabolism. Without the
invention of oxygenic photosynthesis multi-cellular organisms could not
have evolved. Furthermore, the presence of oxygen in the atmosphere
leads to an ozone layer that protects life from the lethal effects of ioniz-
ing radiation and allows life to flourish on land.

After life originated on earth there has been a continuous interplay
between geological and biological evolution. The closely linked evolution
of photosynthesis and the evolution of the atmosphere is perhaps the best
example of the interdependence of geological and biological processes.

In chronicling the rise of oxygen, | will first describe photosynthesis
and its origins. Then | will turn to a discussion of the state of the earth
and its atmosphere before and during the rise of oxygen. After the rise of
oxygen the atmosphere and the oceans went through some initial cata-
clysmic and finally very slow changes. Finally 540 million years ago,
almost 2 billion years after the initial rise of oxygen, roughly the present
levels of oxygen in the atmosphere and in the ocean were attained. It was
only then that multi-cellular life began to flourish.

The story of oxygen and its effects takes place over a vast expanse of
time - see the geologic time scale below. | will refer to the archean, the
proterzoic and phanerozoic eons and sometimes to the Precambrian (all
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time up to 544 million years ago) and to the Cambrian (the 39 million
years after). In geology 1 billion years is abbreviated Ga and 1 million
years Ma (see Figure 1, p. 596).

One way to comprehend this vast expanse of time is to compare it with
the time it takes the continents to completely rearrange themselves via plate
tectonics. 225 million years ago all of the continents were together in the
super-continent, Pangaea. In 225 million years the continents separated and
the Atlantic and Indian oceans were formed. This is about 5% of earth’s his-
tory and about one tenth of the time period we chronicle here.

It is also useful to consider how much biological change can take
place in 2 billion years. A heritable and selectable change, a mutation, can
take place at every cellular division. The earth’s oceans contain about 4x
10%* ml. of water. If we conservatively assume a steady state of 1000 cells/
ml in the ocean and a division time of one week (during this period most
cells are unicellular microorganisms), then in two billion years something
like 10% divisions could take place. Specific mutations in bacteria take
place at a frequency of about 10®. Even more rapid changes can occur
when genes are transferred between different organisms. In 2 billion
years, there is an enormous potential for evolutionary change.

PHOTOSYNTHESIS

In photosynthesis, the energy of light is used to extract electrons and
protons from a donor molecule H,A which are then used to reduce car-
bon dioxide, in the reactions:

2H,A> 4H*+4e +2A
CO,+ 4H*+4e"> (CH,0) +H,0

The donor molecule, H,A can be a variety of reduced compounds
including H,S, Fe**, H,, various organic compounds and H,O. Use of the
former group of donors probably pre-dated the use of water in photosyn-
thesis. The cellular machinery for oxygenic photosynthesis (in which
water is used as the donor) is in part derived from it predecessors.

In oxygenic photosynthesis the electrons from water are extracted and
used to generate energy and to reduce carbon dioxide to a carbohydrate
according to the equation:
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H,0+CO, > (CH,0)+0,

It has been known since the work of Martin Kamen and Samuel
Ruben more than 50 years ago that the O, generated in photosynthesis is
entirely derived from H,O so water is dissociated in photosynthesis
according to the equation:

2H,0> 4H"+4e'+0,

It takes an enormous amount of energy to extract an electron from water
because oxygen has a high affinity for electrons. One photon of light is
required to extract each electron so photosynthesis is a four electron process.

Oxygenic photosynthesis takes place in one class of bacteria,
cyanobacteria. It also takes place in a number of eukaryotic organisms,
e.g. algae and plants but photosynthesis in eukaryotes and in cyanobacte-
ria is almost exactly the same because photosynthetic eukaryotes are all
derived from a symbiotic event in which a primitive eukaryote captured
a cyanobacterium, so in discussing photosynthesis and its origin it is
appropriate to focus on cyanobacteria.

In cyanobacterium the photosynthetic machinery is located in a system
of layered thylakoid membranes. The membranes enclose an interior space,
the lumen. The machinery consists of many pigmented proteins, many of
them extending across the thylakoid membrane to the exterior space, the
stroma. Some of the proteins and pigments in the thylakoid membrane
serve as antennae to funnel light energy into the reaction center.

The reaction center consists of two complex multi-protein assemblies,
termed Photosystem | and Photosystem Il (PSI and PSII). At the heart of
both PSI and PSII is a cofactor chlorophyll molecule.

The figure below is complex but successfully depicts the major multi-
protein complexes involved in photosynthesis.

There isn't sufficient space here to discuss photosynthesis in depth. A
book is required to do it justice. Instead | will focus only on the mecha-
nisms of oxygen synthesis. This reaction takes place in photosystem 2
(PSII). The active site for di-oxygen synthesis is called the Oxygen Evolv-
ing Center (OEC). This site contains four manganese atoms and one cal-
cium atom, coordinated mainly to one core PSII protein. The mechanism
of water splitting is unique and so far, at least, a related metallo-protein
has not been identified. The OEC allows for the integration of a one elec-
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Figure 2. From Molecular Mechanisms of Photosynthesis, Robert E. Blankenship.

tron process, the excitation of cytochrome P680, with a four electron
process, the splitting of H,O to form O,. A beautiful experiment done 50
years ago independently by Pierre Joliot and Bessel Kok proves that the
OEC abstracts protons and electrons step-wise from water to evolve oxy-
gen. Alternative models, ruled out by this experiment, include the cooper-
ation of four reaction centers to cleave a single molecule of H,O or that
one center accumulates four oxidizing equivalents prior to oxidizing
water in a single concerted step.

The OEC can now be understood more clearly because a 3.5A crystal
structure has been obtained of PS Il by J. Barber in London and a higher
resolution structure of the OEC manganese oxide core by K. Sauer and W.
Saenger et al. determined by x-ray absorption spectroscopy on single crys-
tals of PSII (see Figure 3, p. 596).

In photosynthesis the manganese oxide cluster binds two molecules of
H,O. The energy of one quanta of light abstracts one proton and one elec-
tron. Thus this structure is the integrator of four electron transfer reac-
tions resulting in the synthesis of one molecule of di-oxygen from two
molecules of water. The invention of this mechanism was a unique event
in evolution. When did it happen?
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A DATE FOR THE EvoLUTION OF OXYGENIC PHOTOSYNTHESIS?

Oxygen first appeared in the atmosphere 2.45 billion years ago and |
will summarize the geological evidence for that below. Oxygenic photo-
synthesis must have evolved by that time but how much earlier did it
evolve? There is a single piece of data that suggests that it had evolved by
2.7 billion years ago, 250 million years before the appearance of oxygen
in the atmosphere.

Roger Summons, an Australian now working at MIT, has developed
powerful analytical techniques (gas chromatography and mass spectrom-
etry) for detecting minute traces of biological compounds (termed bio-
markers) in ancient rocks. Rocks formed billions of years ago have gone
through cycles of heating (termed diagenesis). The preservation of organ-
ic chemicals in ancient rocks is rare and when they are found they are
limited to hydrocarbons.

In samples derived from black shales deposited in northwestern Aus-
tralia 2.7 billion years ago a class of hydrocarbons called stearanes were
found. Stearanes are derived diagenetically from steroids now found
almost exclusively in eukaryotic cells. Cholesterol, e.g. is a steroid.

Steroid synthesis involves a number of steps requiring molecular oxy-
gen. For example in the synthesis of cholesterol starting with squalene,
eleven separate steps require molecular oxygen. It seems very unlikely to me
that all of these steps would have used some other oxidant and different
enzymes prior to the advent of oxygen and then been altered with the advent
of oxygen. Thus the presence of stearanes in the Australian black shales
argues for the presence of molecular oxygen in the ocean at 2.7 billion years.

Although the rocks from which these samples were extracted are cor-
rectly dated, it is more difficult to be sure that the biomarkers were
deposited in the rocks at that date. They could have been the result of
ground water penetration from the surface or penetration of oils from
younger rocks into the older rocks. Or they could have been contamina-
tion from the drilling fluid. Great precautions are taken to avoid the lat-
ter artifact. The exterior surface of the drill cores is shaved off and the
sample is taken from the interior of the core. But the cores used in this
experiment were drilled with organic fluids and given the importance of
this sort of result it is now considered imperative to drill with only water
as a lubricant and this is being done (for example in our South Africa
cores). It is also important, insofar as it is feasible, to investigate biomark-
ers in yet older rocks. The possibility that oxygenic photosynthesis
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evolved 300 million years before the advent of oxygen in the atmosphere
poses the obvious question of why it took so long. We need to know what
the earth was like prior to the appearance of oxygen in the ocean and
what events might have triggered its rise in the atmosphere.

THE ARCHEAN EARTH AND THE RISE oF OXYGEN

In the Archean eon prior to 2.5 billion years ago, the atmosphere was
reducing; the major components being N,, CO,, and perhaps CH,,
methane. The argument for methane is that at the origin of the earth the
sun was 30% fainter than it is now and it can be calculated that without
a greenhouse gas the earth would have been frozen until 2 billion years
ago. The geological record shows that liquid water was present during the
Archean eon and that the temperature was likely warmer than now. Cer-
tainly carbon dioxide would have provided a greenhouse effect but with-
out oxygen in the atmosphere, methane, likely produced by methanogenic
bacteria, could have accumulated to 1000 ppm; it is present at about 2
ppm now. The composition of the Archean ocean is less certain but geo-
logical evidence suggests that there was much less sulphate than now and
there was certainly very little dissolved oxygen because there was abun-
dant dissolved iron, Fe**. In the Archean world organisms only lived in
the ocean and the primary producers were likely the non-oxygenic photo-
synthesizers (although remember, we do not know for certain how early
oxygenic photosynthesis evolved).

Geologists have known for more than 50 years that oxygen appeared
in the atmosphere about 2.3 billion years ago. Preston Cloud and Dick
Holland were the first to make this observation. What they realized early
on and could see at many places around the world can perhaps most sim-
ply be chronicled in the Huronian Supergroup in southern Canada.

In the Matinenda formation (2.45 Ga) conglomerates can be seen that
contain uraninite and pyrite. These conglomerates are detrital deposits
meaning that were washed into the sea by ancient rivers. Uraninite, UO,, is
insoluble whereas unlike for iron the more oxidized form, UQ, is soluble. If
oxygen had been present in the atmosphere, UO, would have been oxidized
and solubilized. Pyrite (FeS,) is rapidly converted to hematite, Fe, O3 in the
presence of oxygen. Pyrites and uraninites are not seen in the sediments
above the Matinenda formation in the Huronian and they are not generally
seen anywhere in detrital deposits younger than 2.3 billion years.
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Between the Matinenda and the Lorraine formation in the Huronian
can be found evidence for three glaciation events. We shall return to these
glaciations later but when we reach the Lorrain formation (2.2 Ga) we
first encounter red beds. These are sandstone beds, deposited by rivers or
sand blown dust. Red crystals of hematite coat the sandstone grains. The
presence of red beds is indicative of an oxidizing atmosphere. The earli-
est red beds were formed about 2.2 billion years ago. Oxygen must have
appeared in the atmosphere after the deposition of the Matinenda forma-
tion, 2.45 Ga and before the deposition of the Lorrain formation, 2.2 Ga.

A more recent result has firmly pegged the rise of oxygen at 2.45 Ga. In
order to understand this result we must briefly review the use of atomic iso-
topes in geochemistry. Four isotopes of sulfur occur naturally ?S (94.9%),
333 (.76%), 3*S (4.29%) and 35S (.02%). In biological processes, for example
SOy reduction to SO,, *2S is used preferentially to the other isotopes. S is
discriminated against by about half as much as 34S. Starting with the work
of Farquhar and Thiemens at the Scripps Institution of Oceanography, the
isotopic abundances of the sulfur isotopes in various rocks has been meas-
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Figure 4. See J. Farquhar et al., Science 289: 756 (2000) (updated by S. Ohno).
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ured. All modern rocks contain the same ratio of S to 3*S because in mod-
ern rocks the ratio has been determined by the preferential use of *3S to 34S
in biological processes. A quantity 33S is a measure of the deviation of the
abundance of 33S from that ratio. In all modern rocks S is zero. The fig-
ure below shows a recent compilation of the data.

In rocks before 2.45 Ga, the value of 3S is zero; in rocks older than
2.45 Ga the value is different from zero - it is negative if the sulfur is
derived from barite (BaSO,) and positive if the sulfur is derived from
pyrite (FeS,). The variation of 33S from zero is called mass independent
fractionation. One is led to the conclusion that non-biological processes
were at work on sulfur before 2.45 Ga. These processes were photochem-
ical and the change that occurred at 2.45 Ga was the creation of an ozone
shield due to the appearance of oxygen in the atmosphere. Ozone absorbs
ultraviolet light, active in a number of photochemical processes in the
atmosphere. For sulfur these could include reduction or oxidation of SO,
or H,S, leading to elemental sulfur or H,SO, both of which can be incor-
porated into rocks. In the modern ocean all atmospheric sulfur is protect-
ed from photochemistry by the ozone layer and in the ocean is subjected
to mass dependent fractionation. A level of oxygen in the atmosphere that
is 1/100 the present level would lead to an effective ozone shield.

The sulfur isotope data fairly precisely determine the time for the rise
of oxygen at some level. The biomarker data suggest that oxygenic photo-
synthesis originated at least 300 million years earlier. What prevented
oxygen from appearing in the atmosphere earlier? Though this question
has been frequently asked there is as yet no universally accepted answer.
There could be either geological or biological reasons for the delay or
both. Perhaps the level of reductants supplied to the atmosphere and the
ocean by vulcanism decreased because of altered chemistry in the man-
tle. Or perhaps oxygenic photosynthesis, though it evolved earlier, had
only become effective enough to alter the atmosphere at 2.45 Ga.

Interestingly the appearance of oxygen in the atmosphere had some
relatively near term effects on the geology of the earth but did not
markedly influence the biology at least as seen in the fossil record for
another 1.8 billion years.

THE PROTEROZOIC EARTH AFTER THE RISE OF OXYGEN

In the Huronian Supergroup evidence can be seen for three separate
glaciation events between the anoxygenic uraninite conglomerates at 2.45
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Ga and the oxygenic red bed deposits at 2.2 Ga. The glaciation events are
seen as large dropstones, left behind in the sediment as the glacier
recedes or as scratches in bed rock made as the glacier moves over it. Evi-
dently in the period between 2.45 Ga and 2.2 Ga the earth went through
a pronounced cooling period.

In South Africa evidence is seen in the Makganyene formation of
another glaciation event at 2.2 Ga. Joe Kirschvink at Caltech has shown
by paleomagnetism that the Makganyene glacial event took place when
the Transvaal Craton was near the equator. This means that the entire
earth was glaciated, a ‘snowball earth’ event. The most plausible cause of
the cooling is that the rise of oxygen in the atmosphere destroyed the
methane and thus the greenhouse effect that was warming the earth. As
the earth cooled and ice formed, more and more solar radiation was
reflected (ice reflects eight times as much radiation as water). Once ice
had covered the poles to the thirtieth latitude north and south a positive
feedback loop insured that a sheet of ice about two kilometers in depth
would cover the earth.

Why did the earth not remain in a frozen state? How could life have
survived? Likely through vulcanism; life would have been confined to
heated regions near vents. Carbon dioxide escaping into the atmosphere
would accumulate because it could not dissolve in the ocean and be lost
in weathering processes as it is normally. It could have taken 30 to 50 mil-
lion years for a sufficient level (350 times the current level) of carbon
dioxide to accumulate providing a greenhouse level that would melt the
ice. When a sufficient greenhouse had been attained, the reverse positive
feedback loop would occur and melting of the ice could have taken place
in a few hundred years.

In the aftermath of the snowball earth the intense greenhouse is pre-
dicted to have raised the surface temperature to 50°C — a hothouse earth.
Carbon dioxide dissolved in the ocean and a massive precipitation of
CaCO5 and MgCO4 (dolomite) occurred. These precipitates are called cap
carbonates and they can be as much as 400m thick.

The post snowball earth ocean was rich in nutrients and cyanobacte-
ria flourished, raising the level of oxygen in the ocean and in the atmos-
phere. Dissolved iron precipitated as hematite and manganese as MnO.,.
South Africa possesses some of the richest manganese deposits in the
world as a result of this event.

The Makganyene was the first snowball earth event (there were earli-
er regional glaciations) but it was not the only one. Two more snowball
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earth events took place in the period between 800 million years and 600
million years ago. In the intervening billion years the earth was relatively
quiet. Geologists call this period the ‘boring billion’.

THE BORING BILLION

Following a proposal made by Don Canfield in 1998 consensus is
building among geologists that except for the likely spike after the Mak-
ganyene glaciation, the level of oxygen in the atmosphere remained low
for more than one billion years and did not rise to present levels until the
end of the proterozoic eon at 540 mY (see Figure 1, p. 596).

The modest levels of oxygen in the atmosphere could have led to an
ocean that while weakly oxygenated at the surface was anoxic below and
like the Black Sea today sulfidic. It is not possible here to review all of the
geological data supporting this conclusion but one line of evidence from
Ariel Anbar and Tim Lyons involving the level of molybdenum in black
shales of the proterozoic strongly supports this model. In an oxic atmos-
phere, molybdenum is washed into the ocean by rivers as the soluble
MbO,? anion. Molybdenum is thus abundant in today’s oceans.

A survey of molybdenum in black shales through time reveals that
molybdenum is low during the archean, slightly elevated in the mid proter-
zoic and abundant in the phanaerozoic period. The relatively anoxic ocean
of the mid-proterozoic could not have supported multi-cellular life and it
would have been a poor environment for eukaryotes. There is plenty of evi-
dence for single cell eukaryotes in the proterozoic, but Cyanobacteria
would have dominated the shallow oceans and tidal flats. Beginning in the
late proterozoic, as oxygen levels rose the multi-cellular eukaryotes make a
modest appearance in the fossil record. It is the end of the boring billion.

THE RISE OF MULTI-CELLULAR EUKARYOTES

The end of the proterozoic eon is punctuated by two snowball earth
events: one at 750Ma and the other at 600Ma. These were not caused by
oxidation of methane in the atmosphere but likely by a fall in carbon diox-
ide levels. At this time all of the land mass of the earth was near the equa-
tor and so none of it would have been covered with ice as Antarctica is
today. Thus the entire land mass of the earth would have been available for
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removing CO, from the atmosphere by atmospheric weathering leading to
a gradual cooling of the planet. The rich aftermath of the snowball earth
events could have oxygenized the oceans and led to the initial rise of mul-
ti-cellular animals. Fossils from this period (called the Ediacaran or Vendi-
an period) can be seen in many parts of the world. At the boundary between
the Cambrian and the Precambrian at 542 Ma a mass extinction occurred.
The Ediacaran animals disappeared and the modern world followed.

However we have to look at rocks deposited some 40 million years later
to see the blossoming of animal life in the Cambrian as seen in the Burgess
shales. The Burgess shales record a wonderful zoo of animals that have
clearly developed many of the body plans seen later in evolution as well as
mind boggling creatures that we never see again. Here are some of my
favorites from Steven Gould's book Wonderful Life (see Figure 5, p. 597).

In an artist’s rendering we see the entire community just before it was
entombed for 500 million years by a mud slide.

By the Cambrian period, oxygen was near its present level in the
atmosphere and the ocean. Animal evolution was on its way.

EPILOGUE

The unique and powerful process of oxygenic photosynthesis nearly
resulted in the extinction of all life in the Makganyene glaciation. The
earth itself with its molten core came to the rescue. After a period of near-
ly 2 billion years, however, photosynthesis made possible the evolution of
multi-cellular animal life, a process still going on today.

Although it is in its infancy from a geological perspective, human intel-
ligence may be as unique and potent a force for change on earth as photo-
synthesis was. Will human intelligence lead to a flowering of the earth as
photosynthesis did or will it lead to the extinction of life? It is too early to
say. Geology tells us that we will have to wait 2 billion years to know.
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DISCUSSION ON PROF. ABELSON'S PAPER

ProF. ARBER: You mentioned that in the anaerobic time life was rather
limited to water. What about the deepness of the earth’s crust and the same
question would go to Albert Eschenmoser, could the origin of life be some
kilometres down in the earth’s crust?

Pror. ABELSON: Life now exists deep in the earth but the geological
record does not tell us where life originated. It seems more likely to me that
it originated near vents or in the shallow ocean.

Pror. ArReeR: | will repeat my question which goes also to Prof. Eschen-
moser: Do you consider that the origin of life could be a few kilometres
down in the earth’s crust, not on the surface of the earth?

Pror. EscHENMOSER: We really do not know, but starting life might have
been simpler on, or near, the surface of the earth than deep in its crust.

Pror. LE DouarIN: You mentioned that the appearance of the photosyn-
thesis chemical apparatus is the result of the fusion of two bacteria, one that
had the photosynthetic system 1 and one that had the photosynthetic system
2. This was a very important step in evolution and | would like to think about
this problem of evolution not only by mutations, by changing the genome of
organisms, but also by cooperation between different organisms which cre-
ate something new. This is the case, for example, of the cell. The cell is sup-
posed to have evolved by the fusion of two bacteria or even three and the
apparition of mitochondria is another type of symbiotic association and, in
this case you have mentioned, something extremely important took place
because this is how oxygen could arise in the atmosphere because two bac-
teria cooperated to produce a new apparatus to use the CO,.

Pror. ABELSON: | think that is an excellent point. We certainly know that
gene transfer is taking place rampantly in the ocean today, not only by the
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transfer of DNA, via mating between bacteria, but also by transfer via virus-
es. For example, there are cyanobacterial viruses in the ocean today that
actually contain elements of photosystem Il. The genes for photosynthesis
are being transferred around at a high rate. There are ten viruses in the
ocean for every bacteria, so there is a tremendous amount of gene transfer
going on and a view of evolution involving simply point mutations is sim-
ply not what happened and is happening. Gene transfer is rampant. | am
sure that Dr Collins can speak about what we know about this from
sequencing.

Pror. CoLLins: | think that is absolutely incontrovertibly shown now by
the sequence data that shows that horizontal transfer is a major event in
early life and amongst microbes today and it makes it very difficult, of
course, to decide what is a species anymore, because those usual ideas
about trees of evolution are confused by all the cross talk between the
branches. | want to ask in terms of also an evolutionary question that both
photosynthesis systems, as you say, seem to have in common a core protein
and, of course, | assume that protein had some other function and gradu-
ally got recruited to this. Is it known what that original protein’s function
was, is there some guess at that, how did this whole thing get started?

PRrRoF. ABELSON: This is all in the realm of speculation but the homology
between these two core proteins would suggest that there was a much more
primitive kind of photosynthesis that took place and gave rise to both pho-
tosystem 1 and photosystem 2. They specialised and then finally came
together and with further evolution made it possible to use water as the
reductant in photosynthesis.

Pror. CoLLINS: But are these proteins homologous to other transmem-
brane proteins that perform other functions that might give you a clue look-
ing even further back?

Pror. ABELSON: No, I believe that no one has identified a protein with
homology to the core proteins but with a different function (though I
should add parenthetically that the homology between these core proteins
is only in the topology of their transmembrane sequences and there could
certainly be other proteins with similar topology). Further more no one has
identified proteins with a manganese oxide core that could have evolved to
become the oxygen evolving center.



THE GENETIC CODE AND EVOLUTION

MARSHALL NIRENBERG

“For in the first place, as Augustine says (Gen. Ad lit. vi, 10), they [the semi-
nal virtues that determine phenotypic traits] are principally and originally in
the Word of God, as ‘typal ideas’. Secondly, they are in the elements of the
world, where they were produced altogether at the beginning, as in ‘univer-
sal causes’. Thirdly, they are in those things which, in the succession of time,
are produced by universal causes, for instance in this plant, and in that ani-
mal, as in ‘particular causes’. Fourthly, they are in the ‘seeds’ produced from
animals and plants. And these again are compared to further particular
effects, as the primordial universal causes to the first effects produced”.
Thomas Aquinas, Summa Theologica, Question 115, Article 2.!

The DNA that we inherit from our parents contains the information that
is needed to make the thousands of kinds of RNA and proteins that are the
molecular machinery of the body. As shown in Fig. 1 (see p. 598), DNA con-
sists of 4 kinds of letters, termed bases, T, C, A, and G, in long sequences. T
forms hydrogen bonds with A, and C pairs with G. The backbone of DNA is
composed of repeating sugar-phosphate moieties, and two complementary
strands of DNA interact via base pairs and form a double helix.

The number of base pairs and genes in the DNA of some organisms is
shown in Fig. 2. The sequence of bases in the DNA of each species shown
has been determined. Mycoplasma genitalium has a very small genome con-
sisting only of 580,000 base pairs and 470 genes. The genome of the bac-
terium, E. coli, consists of 4,600,000 base pairs, which encode 4,288 genes.
Rice has a large genome consisting of 466,000,000 base pairs and contains
30,000 genes. The genome of the nematode, C. elegans, contains 97,000,000
base pairs and encodes 18,424 genes. The genome of the fruit fly, Drosophi-

'T thank Professor Mark Sagoff for suggesting this quotation.
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NUMBER OF BASE PAIRS AND GENES IN
GENOMES OF DIFFERENT ORGANISMS

DNA
SPECIES BASE GENES

PAIRS

x108

Mycoplasma

genitalium 0.58 470
E. coli 4.6 4,288
Rice 466 30,000
C. elegans 97 18,424
D. melanogaster 165 ~14,500
Man 3,300 ~25,000

Figure 2.

la melanogaster, consists of 165,000,000 base pairs and encodes approxi-
mately 14,500 genes. The Human genome consists of about 3.2 billion base
pairs, which encode 20,000 to 25,000 genes. Only about 1.5 percent of the
DNA in man encodes protein; additional DNA regulates gene expression.
Some DNA consists of repeated transposable elements. DNA also contains
nonfunctional pseudo-genes that may be experiments that failed during
evolution. Finally, the function of much DNA is unknown.

There are 20 kinds of common amino acids found in proteins. The aver-
age protein consists of about 300 sequential amino acid residues, but some
large proteins consist of thousands of amino acid residues. The genetic code
refers to the translation of base sequences in DNA, which has a 4 letter alpha-
bet to sequences of amino acids in protein, which has a 20 letter alphabet.

When I started to work on protein synthesis in 1958 the mechanism of
protein synthesis was not known. Amino acids were known to be incorpo-
rated into protein on organelles termed ribosomes and amino acids had
been found to be covalently attached to RNAs termed tRNA. Messenger
RNA (mRNA) had not been discovered. The first question I asked using a
bacterial cell-free protein synthesizing system was: ‘Does DNA directly code
for protein synthesis, or does RNA, which is transcribed from DNA, code
for protein synthesis?” We found that RNA rather then DNA directs the
incorporation of amino acids into protein.
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In Fig. 3 is shown a simple outline of protein synthesis. We showed
definitively that mRNA exists and directs the synthesis of protein (1). One
strand of DNA is transcribed to mRNA, the mRNA then associates with
ribosomes, and proteins are synthesized amino acid by amino acid on ribo-
somes. Enzymes with specificity for each kind of amino acid and the appro-
priate species of tRNA catalyze the ATP dependent activation of the amino
acid and the covalent transfer of the amino acid to the tRNA. We showed
that 3 bases in mRNA correspond to 1 amino acid in protein. Each 3 base
codon in mRNA is recognized by an appropriate 3 base anticodon in tRNA

SATGCGAATGATCGAATGTCTGTTGTGCGCT...3'

DNA |
mRNA “zasseipee
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Figure 3.

by the formation of hydrogen bonds. The elongating peptide chain is then
transferred to the amino acid attached to tRNA, the free tRNA is released
from the ribosome and the tRNA with the attached peptide chain then is
transferred to site of the vacated tRNA.

There are 4 kinds of bases in RNA, U, C, A, and G. U in RNA corresponds
to T in DNA. U base pairs with A and C base pairs with G. With 4 kinds of
bases in RNA there are 64 possible combinations of 3 bases, i.e., triplets. The
genetic code, that is the 64 possible triplets which are termed codons and the
3 letter abbreviations of the amino acid that corresponds to each triplet is
shown in Fig. 4 (see p. 599). All 64 triplets have meaning. My colleagues and
I deciphered the genetic code between 1961 and 1966 (2). We found that the
3rd bases of synonym RNA codons varies systematically. For example UUU
and UUC correspond to phenylalanine. Three amino acids, leucine, serine,
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and arginine each correspond to 6 synonym codons. For each of 5 amino
acids - valine, alanine, glycine, threonine, and proline — there are 4 synonym
codons. There are 3 synonym codons for isoleucine. The 3rd base of codons
for 6 amino acids can be either U or C. The 3rd base of codons for 3 amino
acids can be either A or G. Only 2 amino acids, methionine, shown in green,
and tryptophan, each correspond to only a single codon. There are two
species of tRNA for methionine, one species initiates protein synthesis (4),
the other species corresponds to methionine in internal positions of pro-
teins. Three codons, UAA, UAG, and UGA, shown in red, correspond to the
termination of protein synthesis (5-7).

The arrangement of codons for amino acids is not random. For example
amino acids with structurally similar side chains, such as aspartic acid and
glutamic acid, have similar codons. Asparagine and glutamine also have sim-
ilar side chains and correspond to similar codons. Most hydrophobic amino
acids have U in the central position of the codon; whereas most hydrophilic
amino acids have A as the second base in the codon. Thus the effects of muta-
tions due to replacement of one base by another often are minimized.

After we deciphered the code for E. coli Richard Marshall, Thomas
Caskey, and I (3) asked the question, is the genetic code the same in higher
organisms? We determined the genetic code in the amphibian, Xenopus lae-
vis, and in a mammalian tissue, guinea pig liver. We found that the genetic
code is the same in E. coli, the amphibian, and the mammal. We also exam-
ined different guinea pig tissues and found that the code is the same in dif-
ferent tissues. We purified tRNA from E. coli, yeast, and guinea pig liver,
and showed that some species of highly purified tRNA recognize only G in
the third position of the codon, others recognize U or C, others recognize A

(1) —— G
(2) —— U
——C
(3) —— A
—— G
4 —— U
——
—— A

Figure 5.
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or G, and still other species of tRNA recognize U, C, or A in the third posi-
tion of codons (Fig. 5) (8). We showed that yeast alanine tRNA that had
been sequenced by Robert Holley recognizes three codons, GCU, GCC, and
GCA, and showed that inosine in the tRNA anticodon recognizes either U,
C, or A in the 3rd position of the alanine codons (9). Many investigators
have shown that there are different modified bases either in the tRNA anti-
codon or next to the anticodon that result in alternate recognition of 3rd
bases in synonym codons.

21st AND 2274 AMINO ACIDS

21st,  SELENOCYSTEINE UGA
22, PYRROLYSINE UAG

Figure 6.

In 1986 the 21st amino acid, selenocysteine, was found (Fig. 6) (10,11).
Selenocysteine is found in the active centers of some oxidation-reduction
enzymes, such as formate dehydrogenase. There is a special tRNA for
selenocysteine that accepts serine. There also is an enzyme that catalyzes
the acylation of this tRNA with serine and two enzymes that convert the
serine attached to the tRNA to selenocysteine. Selenocysteine recognizes
the termination codon UGA only if in the downstream region there is a
stem-loop secondary structure in the mRNA. The mRNA folds back on itself
and base pairs forming a hairpin-like stem-loop structure. There are either
1 or 2 proteins, depending on the species, that recognize both the seleno-
cysteine tRNA and the stem-loop structure, and only then does UGA corre-
spond to selenocysteine.

Pyrrolysine is the 22nd amino acid, which was found in 2002 (12, 13).
This is a very rare amino acid, found only in a few species of primitive bac-
teria. It is found in the active centers of methylamino-, dimethylamino-,
and trimethylamino-transferases and in transposase as well. There is a spe-
cial tRNA for pyrrolysine that recognizes the codon UAG, and an enzyme
that catalyzes the acylation of this tRNA with pyrrolysine. Whether this is
a conditional recognition in which a protein recognizes pyrrolysine-tRNA
and a stem-loop type of mRNA structure is not known.
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There is only one genetic code that is used on this planet; hence, the code
is a universal code. However, variants of the code have been found in some
organisms. For example, in Fig. 7 (see p. 599) are shown some dramatic
events that occurred during the evolution of some ciliated protozoa (14). The
standard codons recognized by glutamine-tRNA are CAA and CAG. During
evolution the gene for glutamine tRNA was duplicated; then a mutation in
the anticodon of the second gene for glutamine tRNA replaced G with A;
therefore, the tRNA corresponding to the second gene for glutamine tRNA
recognized UAA and UAG that are terminator codons in the standard code.
Later in evolution the second gene for glutamine tRNA was duplicated and
a mutation in the anticodon of the third gene for glutamine tRNA resulted
in a replacement of U with C. The tRNA corresponding to the third gene for
glutamine tRNA then recognized the codon UAG. So in Tetrahymena, CAA,
CAG, UAA and UAG correspond to glutamine tRNA. Changes in the mean-
ing of codons are rare events, but there are a number of other organisms
that have been found with changes in the translation of some codons.

A number of changes in the genetic code of mitochondria have been
found in many organisms. Mitochondria are the organelles that produce
energy for cells. Mitochondria have a small amount of DNA that contains
about 10 genes and proteins corresponding to these genes are synthesized in
mitochondria. Most of the genes for mitochondrial proteins reside in genom-
ic DNA in the nucleus of cells and the proteins that are synthesized in the
cytoplasm are imported into mitochondria. Some of the changes in the genet-
ic code in mitochondria are shown in Fig. 8 (see p. 600). In the standard
genetic code, UGA corresponds to the termination of synthesis and UGG cor-
responds to tryptophan. However, in the mitochondria of Tiypanosomes, Neu-
rospora, yeast, Drosophila and mammals both UGG and UGA correspond to
tryptophan. In the standard genetic code AUA corresponds to isoleucine and
AUG corresponds to methionine; whereas, in the mitochondria of yeast,
Drosophila, and mammals, both AUA and AUG correspond to methionine. In
the standard code CUU, CUC, CUA, and CUG correspond to leucine; where-
as, in yeast mitochondria these codons correspond to threonine. In the stan-
dard code AGA and AGG correspond to arginine; whereas in the mitochon-
dria of Drosophila these codons correspond to serine but in mammalian
mitochondria these codons correspond to termination of protein synthesis.
Additional changes in the translation of codons in mitochondria have been
found in other organisms. The changes that have been found in the transla-
tion of codons in mitochondria probably are tolerated because mitochondri-
al genes only encode about 10 proteins. Similar changes in the translation of
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proteins encoded by nuclear genes, which would affect the synthesis of many
thousands of proteins, almost surely would be lethal.

A summary of results is shown in Fig. 9. The results strongly suggest
that the genetic code appeared very early during biological evolution, that
all forms of life on Earth use the same or very similar genetic codes, that all
forms of life on Earth descended from a common ancestor and thus, that
all forms of life on this planet are related to one another. The messages in
DNA that we inherit from our parents contain wisdom gradually accumu-
lated over billions of years. The messages slowly change with time, but the
translation of the language remains essentially constant. The molecular
language is used to solve the problem of biological time, for it is easier to
construct a new organism using the information encoded in DNA then it is
to fix an aging, malfunctioning one.

SUMMARY

1. The genetic code appeared very early during biological evolution.
2. All forms of life on Earth use the same or very similar genetic codes.

3. All forms of life on Earth descended from a common ancestor and
thus, all forms of life on this planet are related to one another.

4. The messages in DNA that we inherit from our parents contain wisdom
gradually accumulated over billions of years. The messages slowly
change with time, but the translation of the language remains essen-
tially constant.

5. The molecular language is used to solve the problem of biological time
for it is easier to construct a new organism using the information
encoded in DNA than it is to repair an aging malfunctioning one.

Figure 9.
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PROF. W. SINGER: Is there a possibility that that mechanisms are imple-
mented in these non coding regions that promote evolution by promoting
variability, that is, something that evolution has discovered that helps sur-
vival by creating variability from which then one can select, variability
being a measure of robustness, that these non coding parts do something
to the genome in order to make this work?

PRrROF. NIRENBERG: In DNA?
PrOF. W. SINGER: Yes, on the DNA site.

PROF. NIRENBERG: Certainly, new genes can be formed in non-coding
parts of DNA in many ways: by mutation, by gene duplication followed by
mutation, or by transposition of DNA corresponding to part of a gene or to
transposition and splicing together of DNA from multiple genes to name
only a few of the many mechanisms that might be used to create new genes.
Some non-coding DNA clearly is involved in regulation of gene expression.
Recently, many genes were found for micro RNAs that regulate translation
of proteins. Non-coding parts of DNA also contain pseudo-genes that may
have been expressed earlier in evolution but no longer are functional. Non-
coding parts of DNA also contain many transposable elements that have
infected DNA and during evolution have undergone extensive duplication.

PROF. ARBER: I am aware that there may be chemical reasons for this
particular code to be in general use rather than other codes. There are pub-
lications on that. On the other hand, we know that horizontal transfer of
genes is an important evolutionary strategy. That, however, can only work
if the donor and the recipient use the same genetic code. One can thus
assume that there was a high selective pressure for a widespread code, and
this can finally have resulted in the universal code. The mitochondria might
have an interest to possess a variant code: they cohabitate in the same cell
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with the nucleus, and cohabitation favours an occasional, horizontal trans-
fer of genes. In order to avoid acceptance of nuclear genes, it might be good
for mitochondria to have their own specific code.

PRrROF. NIRENBERG: That is a very interesting idea.

PROF. LE DOUARIN: I have a question. It is known now that a large part
of DNA, which is not coding for proteins, is transcribed and particularly the
DNA which gives rise to the micro-RNA, which are supposed to be regula-
tory elements for gene expression as you mentioned just now. Is it known
whether these micro-RNA, evolutionary speaking, are old, that means, did
they arise at the same time as the genetic code was established?

PRrROF. NIRENBERG: miRNAs have been found in the nematode, C. elegans,
in plants, and in Drosophila, as well as higher forms of life. I do not know
if they are present in bacteria, or whether they originated at the same time
as the genetic code.

PRrROF. LE DoUARIN: The last question, M. de Duve.

PROF. DE DUVE: You did not speak about the origin of the genetic code and
there is evidence, I am thinking of the work of Freeland, for instance, that the
genetic code is a product of natural selection. What is your opinion on that?

PROF. NIRENBERG: I think that amino acids were polymerized randomly
and very slowly at first. Then amino acids became activated by covalent
attachment to nucleotides and to RNA. Then hydrogen bonding between
some bases in the precursor of aminoacyl-tRNA and the precursor of
mRNA increased the local concentrations of activated amino acids which
then were polymerized to peptides and proteins at much faster rates than
had occurred previously. The fact that amino acids with chemically similar
side chains have chemically similar codons suggests that at some early
stage in the origin of the code amino acid side chains may have interacted
directly with part of the tRNA precursors, with the anticodon, or the codon.
Knight and Landweber (15) have reported some evidence for this. Alterna-
tively, there may have been a population of genetic codes and one code was
selected from this population that minimized the effect of mutations involv-
ing the replacement of one base by other. The two possibilities are not
mutually exclusive.
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PRrROF. LE DouARIN: One quick last question because of the time.

PRrROF. CoLLINS: So there is, as you know, difference between organisms
in terms of codon usage, when you have this degeneracy of the code that
allows multiple anticodons to represent the same amino acid and you look
at quite wild swings in terms of what is the favoured balance. Is that a com-
pletely understood enterprise, now, just in terms of the abundance of the
transfer RNAs or is there some drift going on? Do we understand codon
usage differences between organisms?

PRrOF. NIRENBERG: We compared purified species of tRNA from E. coli
and guinea pig liver and codons recognized by these tRNAs and found
major differences in tRNA species expressed by E. coli and liver, which
probably explains some of the differences in codon usage (8). At one time a
study was done in my lab in the 1960s, which showed that relatively low
amounts of E. coli tRNA for arginine that recognize AGA and AGG limits
the rate of protein synthesis if there are multiple arginine codons of this
kind in mRNA. I have not worked on the genetic code for about 40 years,
so there probably are relevant papers that I am unaware of. However, my
guess is that some synonym codons in mRNA have been selected during
evolution that are translated more accurately and/or faster than other syn-
onym codons. Nucleotide sequences recognised by mRNAs also might
influence the process of selection. Organisms differ in the number of tRNA
genes for each amino acid, tRNA anticodons and the nucleotide sequences
of the rest of the tRNAs, posttranscriptional modifications of tRNAs, and
amino acid sequences of aminoacyl tRNA synthetases. All of these factors
and additional factors may influence the affinity of codon-anticodon inter-
actions and the accuracy and rate of translation of codons. Therefore, the
process of selection for synonym codons in mRNA may be different in dif-
ferent organismes.

PRrROF. ABELSON: I had one response to Dr de Duve’s question. Michael
Yarus at the University of Colorado has been doing a number of experi-
ments to investigate the question of whether there is a physical basis for the
genetic code or not. He randomises sequences of RNA and asks which ones
can bind to a particular amino acid and goes through a cycle of selections.
He then sequences the RNAs that can bind to arginine. These sequences
are enriched in arginine codons, as I recall to AGA. When he selects for
sequences that will bind to isoleucine he finds an enrichment for the
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isoleucine codon AUA. However it is difficult to imagine how an RNA
sequence could specifically recognize glycine. There could be some struc-
tural meaning for at least some of the code.

PRrROF. NIRENBERG: I think you are right, you are absolutely right. T am
familiar with those papers but I think more work has to be done to really
understand how the code evolved.



THE ROLE OF CHANCE IN EVOLUTION

GIORGIO BERNARDI

I would like to start this contribution on a personal note by mentioning
that I come from one of the few, perhaps the only Institute in the world, the
Stazione Zoologica of Naples, which was established in order to prove a the-
ory, in our case Darwin’s theory (1). After its foundation by Anton Dohrn in
1873, investigations at the Stazione concentrated on what was possible to
investigate at that time, namely the morphology, the physiology and the
embryology of marine organisms, their great biodiversity being the main rea-
son for the choice of Naples as the seat of the Institute. For a century after
the death of Anton Dohrn in 1909 practically no work on evolution was done.
At the beginning of 1998 T took the direction of the Stazione Zoologica and
started a Laboratory of Molecular Evolution which still is very active. I will
report here on our work on genome evolution and its general implications.

THE ROLE OF CHANCE IN EVOLUTION

The first question one may raise about the role of chance in evolution is
why this issue is so important. One may think about a number of explana-
tions, but I prefer here to use a shortcut, by concentrating on the position pre-
sented in 1970 by Jacques Monod in his famous book Le hasard et la néces-
sité (2). There are three main reasons for this choice. The first one is the clar-
ity of the ideas, the second the extreme stand and the third the discussion of
its implications. These points make it easier to understand the problem under
consideration here. Some key sentences clearly summarize the stand of the
author: (i) The origin of life on earth was due to a single chance event and, since
all living organisms descend from a common ancestor; (ii) ‘the biosphere is
completely separated from the inanimate environment’, and ‘Man knows to
be alone in the indifferent immensity of the Universe, from which he emerged
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by chance’. As far as the evolution of living organisms was concerned, Mon-
od expressed the opinion that (iii) ‘Mutations are accidents that happen at
random. Since they represent the only source of changes in the genetic text,
which is the only repository of inherited structures of organisms, it necessar-
ily follows that chance is responsible for any novelty, for any creation in the
biosphere’, the conclusion being that ‘Chance only is the source of every nov-
elty, of every creation in the biosphere. Sheer chance, chance only, absolute
but blind freedom at the very roots of evolution: this central notion in mod-
ern biology is not anymore a hypothesis among other possible or at least con-
ceivable ones. This hypothesis is the only conceivable one, since it is the only
one which is compatible with observation and experience. And nothing
allows us to imagine (or to hope) that our ideas on this point will need, or will
be subject to, revision’. Finally, Monod considered the implications of his con-
clusions and proposed an ‘ethics of knowledge’, which will be discussed at the
end of this paper.

The best comment on Monod’s book was made by Eigen (3) ‘The only
thing lacking in molecular biology was its integration into a general under-
standing of Nature. So far, such an attempt has been undertaken only once,
by Jacques Monod. This was a fascinating and ambitious attempt, in which
Monod did not shrink from drawing philosophical conclusions. It culminat-
ed in an apotheosis of chance’.

THE CLASSICAL EVOLUTIONARY THEORIES

The role of chance in evolution was not, however, a new problem. Let
us look at which way mutations were visualized by the classical evolution-
ists. The most famous sentence in The Origin of Species (1) was the follow-
ing: ‘T have called Natural Selection, or the Survival of the Fittest, this
preservation of favorable individual differences and variations and the
destruction of those which are injurious variations’. This statement looks
extremely simple, but Crick (4) remarked that ‘Natural Selection is the
basic mechanism that makes biology different from all other sciences. Of
course anyone can grasp the mechanism itself, though remarkably few peo-
ple actually do so’. Indeed, Darwin’s sentence seemed to indicate a dichoto-
my, and was widely interpreted that way. The sentence was, however, imme-
diately followed by another one, which is only rarely quoted: ‘Variations
neither useful nor injurious would not be affected by natural selection and
would be left either a fluctuating element ... or would ultimately become
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fixed’. This still is the best definition of neutral changes. In other words,
Darwin distinguished not two but three kinds of changes or mutations
(which he called ‘variations’): advantageous, deleterious and neutral.

Advantageous changes will tend to expand in the progeny, because the
carriers and their progeny will reproduce more abundantly than average
(this is the positive or Darwinian selection). In contrast, deleterious
changes will tend to disappear from the population, because the carriers
and their progeny will reproduce less abundantly (this is the negative or
purifying selection). Finally, neutral changes may be fixed in the population
(like advantageous changes) or disappear (like deleterious changes).

The idea of neutral changes was later obliterated by the neo-darwini-
ans, the selectionists Fisher (5) and Haldane (6), only to be resurrected, lat-
er, by Kimura (7, 8) in his mutation-random drift theory. According to this
neutral