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PREFACE

“Le monde est fail pour aboutir & un livre”
Stéphane Mallarmé

La vingt-huitiéme réunion plénicre de I'Académie Pontilicale des
Sciences, qui s'est tenue & la Casina Pio IV, au Vatican, du 27 au 30 Qctobre
1992, a été marquée par deux événements importants dont ce Volume
perpétue la mémoire.

D'abord, comme il est de tradition dans ces réunions, I'Académic a
consacré une grande partie de son activité & une discussion scientifique. Le
theme offert & sa réflexion par le Conseil sur proposition de son Président, le
Professeur Marini-Beltolo (malheurcusement absent de la réunion pour
cause de maladie): “L'émergence de la Complexité en Mathématique
Physique, Chimie et Biologie”, a é1é particulierement bien choisi & cause de
son importance dans le contexte scientifique actuel, de son aspect
pluridisciplinaire et aussi en raison de sa poriée philosophique et des
résonances religieuses que certaines de ses ouverlures ne manquent pas de
susciter chez certains. Il répond par son envergure a fa vocatien de
I'Académie Pontificale qui est de “promouvoir les progrés des sciences et
'étude des problémes épistémologiques s'y référant ... et pouvant contribuer
& I'approfondissement des questions morales, sociales el spirituelles”
(articles 2 et 3 des Statuls).

Rien n'illustre mieux la richesse des débats dont le theme choisi a é1¢
l'objet que la nature des mots-clés qui apparaissent constamment sous la
plume des participants et dont chacun pourrait constituer, seul ou couplé
avec un terme complémentaire ou opposé judicieusement choisi, le théme
d'une réunion séparée. Ordre et désordre, chaos et organisation, diversité et
classification, hasard el nécessité, origine {du monde, de la vie, de la mort) et
évolution, entropie et anthropie, le plein et le vide (le plein du vide et le vide
du plein), la téléonomie et la téléologie, le réductionnisme et le holisme, sont
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quelques-uns des concepts qui constituent les multiples facettes du probléme
de Pémergence de la complexité, autour desquelles se sont organisées des
discussions hardies et animées, Les familiers de I'histoire et de la philosophie
des sciences reconnaitront dans le choix de ces concepts 'écho des angoisses
spirituelles qui accompagnent la réflexion des hommes sur la nature et le
sens de I'Univers depuis la plus lointaine Antiquité.

Qui dit émergence de complexité présuppose un instant de départ ot
celle-ci fut absente. Il est aujourd'hui quasiment admis que tel était la
situation aux origines du monde — au Big Bang, 4 la naissance de l'espace,
de la matiére, de I'énergie et du temps — et que l'univers a commencé dans
l'état le plus simple d'équilibre thermodynamique. C'est en particulier la
thése défendue, entre autres, par notre éminent confrére Stephen Hawking.
La complexification du monde, l'apparition et le développement des
structures diverses et composées et des forces multiples est une
caractéristique de son évolution et de son ... refroidissement. L'amplification
de la complexité parait avoir été progressive — confirmant ainsi la réalité
d'une “fleche de temps” cosmologique —, les &tres vivants doués de
conscience représentant son apogée momentanée.

Les mémoires contenus dans ce Volume traitent en grande partie de la
matérialité de cette évolution dont ils soumettent le(s) mécanisme(s) a une
analyse scientifique et philosophique. En eflet, contrairement & ce que
croyait Diderot lorsqu'il écrivait que “Cesprit doit étre plus étonné de la durée
hypothétique du chaos que de la naissance de I'Univers”, ce schéma
évolutionnaire, qui implique la génération de l'ordre & partir du désordre, se
heurte, a premigre vue, au 2¢ principe de la thermodynamique qui nous
enseigne juste le contraire, a savoir que l'univers doit évoluer toujours dans
le sens du désordre croissant. Il parait établi aujourd'hui que ce conflit n'est
qu'apparent et que cette loi ne s'oppose pas & la création de 'ordre
(organisation des structures et leur complexification) en certain endroits de
I'Univers & condition que se produise en d'autres lieux un désordre
compensatoire plus grand, de sorte que le bilan net soit un désordre
croissant. L'expansion de 1'Univers et la création continue du désordre par
les étoiles qui convertissent leurs atomes (d'hydrogéne) en énergie (lumiere
et chaleur) garantissent sinon la pérennité du moins la longévité de cette
compensation. De fameux développements récents auxquels sont attachés les
noms d'lya Prigogine et de notre confrére Manfred Eigen ont montré que les
systemes physiques déportés loin de I'équilibre thermodynamique
deviennent instables et assument spontanément, par l'établissement de
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corrélations de longue portée, des structures organisées (“structures
dissipatives”). Ces phénomeénes s'observent aujourd'hui facilement dans le
monde inanimé. De 1a a imaginer qu'ils ont pu se produire & une échelle plus
complexe et étre & l'origine de Ja formation des structures primitives pouvant
conduire éventuellement a l'apparition des organismes vivants, il n'y a qu'un
pas, grand il est vrai, que certains n'hésitent toutefois pas a franchir. Paul
Valéry, lui, exprime cette réussite de la matidre par un des aphorismes,
quelque peu paradoxaux, dont il a le secret: “La Vie est un désordre qui
fonctionne”.

La siructuration et la complexification ainsi permises par les lois de la
physique, une question cruciale qui se pose est de savoir s'il est possible
d'expliciter, dans le méme cadre, les caractéristiques des "propriétés
émergentes”, propriétés nouvelles qui apparaissent lors de la structuration
d'un ensemble plus ou moins complexe & partir de constituants plus simples.
Clest le vieux probleme du tout qui est plus que la somme des parties, de
Pinformation englobée dans le tout dépassant la somme des informations
contenues dans les parties. Dans la terminologie moderne il met en jeu les
approches dites holiste et réductionniste de la vision des choses.

Le probléme apparaft naturellement déja au niveau de l'émergence des
complexités les plus élémentaires. Toutefois, dans le monde matériel auquel
nous avons aujourd'hui affaire, tout au moins en chimie, physique et
biologie, il se pose d'une fagon particulierement évidente au niveau de la
combinaison de ces briques fondamentales, sinon élémentales, dont sont
consiruits tous les objets de I'Univers, a savoir au niveau de l'association des
atomes(*). Rappelons que l'objection principale contre la doctrine
démocritienne, qui affirmait que tous les objets étaient formés par
“l'agglomération”, “l'agglutination” des atomes indivisibles et impénétrables,
était que cetle représentation ne permetiait pas d'expliquer et encore moins
de prévoir I'émergence et la nature des propriétés nouvelles dont étaient
doués les objets composés (nous dirions aujourd'hui, en premier lieu, les
molécules). L'objection, formulée déja par Aristote et reprise au cours des
siecles, en fait des millenaires, par tous les antiatomistes de I'histoire — et
Diecu sait s'il en eut et ceci jusqu'au début du siécle actuel -, n'a été mise en
défaut que durant les derniéres décennies, en fait depuis 'avénement de la

{*) Que T'on ne s'imagine pas pour autant que le deuxiéme “principe” constitutif de
I'Univers selon Démocrite — 2 cbté des atomes — & savoir le vide est lui le prototype de
simplicité. Les théories actuelles nous montrent un vide aussi complexe, sinon plus, que le
plein, comme T'ont souligné notre Président Nicela Cabbibo et Carlo Rubia.
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mécanique quantique dont les méthodes permettent de comprendre le
mécanisme de la formation des associations d'atemes (atomes “modernes”, il
est vrai, qui ne sont plus aussi simples que les atomes “antiques”) et de
prévoir la nature des propriétés émergentes. A ce point de vue, I'étude
quantique de la molecule d'hydrogene, en 1924, par Heitler et London
représente une étape cruciale dans le traitement explicite des propriéiés
émergentes des structures composées (A distinguer de I'émergence des
propriéles statistiques, résultant d'une action combinée d'une grande
quantité d'entités indépendantes, telles les propriétés thermodynamiques,
dans 'étude desguelles se sont illusirés au siécle dernier James Clerk
Maxwell et Ludwig Boltzmann),

11 est long, bien sir, le chemin gui conduit de la molécule d'hydrogene
aux grandes macromolecules biologigues et encore plus long est celui qui
aboutit aux &res vivants. Si nul ne saurait objecter que, quelle que soit la
dimension et la complexité d'un arrangement pelyatomique, cet
arrangement est déterminant pour fa nature des propriéiés émergenies, les
avis deviennent plus nuancés quant a la poriée exhaustive de ce facteur au
fur et & mesure de l'accroissement de la complexité. De plus, si personne
aujourd'hui ne défend la cause “d'atomes vivants, sensibles et intelligents”
(comme le [irent, au Sigcle des Lumidres, Maupertuis et Diderot), I'étude des
caractéristiques de la complexité dans les siructures vivantes ne saurait se
passer d'une prise en compte du réle de l'environnement: une bactérie, en
fait n'importe guel &tre vivant, a la méme structure atomique dans la
seconde qui a précedé sa morl et dans la seconde qui l'a suivi. Ce sont ses
modalités d'interaction avec I'environnement qui font la différence. De
méme, il convient de ne pas oublier que la mécanique quantique, doctrine
holistique par excellence, soulighe {a nécessité incontournable d'inclure dans
celte vision I'observateur et ses moyens d'investigation et de mesure.

Le prebleme que pose alors certains est de savoir s'il convient d'attribuer
a de tels systémes trés complexes des lois holistiques qui se surajouteraient
aux lois qui définissent les propriétés des unités constituanies, Grelfé sur ces
réflexions est encore linterrogation, non moins énigmatique, que pose le
principe anthropique, avec son parfum finaliste d'un univers réglé de fagon &
conduire nécessairement, 4 une époque de son existence, & 'émergence des
élres conscients,

Tous ces problemes furent évoqués et discutés au cours de notre réunion.
Heureusement, le devoir de réserve auquel est tenu le présentateur d'un
Symposium polyvalent et multifacial m'autorise, m'invite méme, 4 ne pas
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prendre position sur ces questions délicates et qui suscitent beaucoup de
passions, comme en témoignent certaines des présentations et des
interventions reproduites dans ce Volume. Je me bornerai simplement a
rappeler ici la phrase célebre de Blaise Pascal qui, je l'espére, satislera, elle,
tout le monde: “Toutes choses étant causées el causanies, aidées et aidantes,
mddiates et immédiates, et {oules s'entrelenant par un len natural et insensible
qui lie les plus éloignées et les plus différentes, je tiens impossible de connailre
les parties sans connaiire le toul, non plus que de connaitre le tout sans
connaiire particuliérement les parties”. Nul n'a mieux exprimé la
complémentarité des visions réductionniste et holiste du monde. Dans
l'exploration de 1'Univers, elles correspondent aux deux vues que I'on obtient
par les deux bouts d'une méme lorgnette.

Si ce premier événement, que j'ai qualifié¢ d'important, de la 282 Session
Pléniere de I'Académie Pontificale s'est déroulé souvent sur un terrain
mouvant et semé d'embiiches, le deuxietme {rappe, au contraire, par son
allure de grandiose solidité. Il s'agit de I'Audience solennelle que Sa Sainteté
le pape Jean-Paul II a bien voulu accorder a tous les participants a la Session
Pléniere et & laquelle furent aussi conviés les dignitaires de I'Eglise et les
membres du corps diplomatique accrédités au Vatican. Solennelle déja par le
cadre dans lequel elle s'est tenue (Sala Regia) et la composition de
P'auditoire, elle I'a été surtout par ce qui en fut I'épisode historiquement le
plus significatif et le plus émouvant et qu'il est conventionnel d'appeler la
“réhabilitation” de Galilée. “L'affaire Galilée”, qui fut depuis plus de 3 siécles
et demi une pomme de discorde entre la Science et I'Eglise a trouvé ce jour-
Ia {31 Octobre 1992) un dénouement heureux. Ce [ut I'aboutissement d'une
initiative prise par Jean-Paul II, peu de temps aprés son élévation au
Pontificat, désirant voir le cas Galilée réexaminé dans un esprit d’équité par
un ensemble de personnalités polyvalentes de stature incontestable. Dans ce
but, le Pape a institué le 3 Juin 1981, une “Commission Pontificale pour
I'étude de la controverse ptoleméo-copernicienne aux XVI¢ et XVII¢ siecles”,
une maniére élégante de considérer le cas Galilée dans une optique plus
générale et de le replacer dans I'atmosphére de I'époque, conditions jugées
indispensables pour un jugement éclairé et équilibré. Les conclusions
auxquelles ont abouti les efforts de cette Commission ont été exposées a
I'Académie Pontificale par son Président, Paul Cardinal Poupard, Président
du Conseil Pontifical pour la Culture. Le texte de ce rapport figure dans
I'annexe de ce Volume et chacun peut donc se rendre compte de I'important
travail d'exégése historique et de réflexion qui fut accompli par les membres
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de la Commission. On ne peut aussi quadmirer Ia {ranchise intellectuelle et
1a noblesse de termes qui caractérisent ce texte, rédigé dans le but évident de
mettre un terme définitivement aux querelles du passé. La reponse du Saint-
Pere, également reproduite in extenso dans l'annexe de ce livre, non
seulement endosse les conclusions de la Commission et reconnaft les torts
dont Galilée a eu 2 souffrir de {a part de 'Eglise mais, decidément tournée
vers l'avenir, réaffirme l'orientation franchement positive que ce Pape a
imprimée, dés le debut de son Pontificat, a l'attitude de I'Eglise envers la
recherche scientifique et qui repose sur le respect mutuel de I'indépendance
de la démarche scientifigue et de la démarche religieuse, dont les
méthodologies propres, estime-t-il, “permetient de mettre en évidence des
aspects differents de la véalité”.

De par ces événements importants et réconfortants qui ont jalonné la 28¢
Session Pleniére, cette réunion occupera une place particuligrement
significative dans 'histoire de I'Académie Pontificale.

Je ne saurais terminer cette Préface sans exprimer, au nom de tous les
participants, notre profonde reconnaissance au Professeur Cabibbo,
Président de 1'Académie Pontificale et & Monseigneur Dardozzi, Chancelier,
pour l'excellente organisation intellectuelle et matérielle de cette réunion.

BERNARD PULLMAN
Académicien Pontifical
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DAY ONE
27 OCTOBER 1992



OPENING REMARKS

G.V. COYNE

Pontifical Academician

Fellow colleagues, Ladies and Gentlemen,

It is my pleasant duty to formally welcome you all to this Plenary
Session. I should let you know why I am doing this and why Professor
Dallaporta is here with me to welcome you in the name of our President G.B.
Marini-Bettolo who, as most of you are well aware, after a serious sickness
but fine recovery is unable to be with us at this meeting.

Our first point of business is the message that we would like to send to
the Holy Father. The text in Italian is:

Il corpo accademico, riunito in Sessione Plenaria per trattare insieme agli
esperti del campo il tema della Complessita e per esaminare il ruolo
dell'Accademia Pontificia delle Science di fronte ai problemi delly modernitd,
invia un devoto pensiero alla Santitd vostra e attende la Vostra HMluminata
parola in attesa dell'Udienza di sabato 31 Otiobre 1992.

Con devozione.

The English translation is:

The Academic body of the Academy gathered for the Plenary Session to deal
with the theme of Complexity and also to re-examine the role of the Academy in
modern society sends its mosit devoted thoughts to Your Holiness and we are
waiting for your words to us on the occasion of the solemn Papal Audience to
be held on this coming Saturday 31st October.

With great devotion.

We also propose the following message to the President.

Dear Professor Marini-Bettolo, as we convene our meeting this morning
our first moments were spent in thinking of you. We know that you are with us
in spirit and we were happy to hear from the Council of the Academy on their
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visit to you yesterday of your splendid recovery and we send you our finest best
wishes that this recovery will continue,

I now ask Professor Dallaporta to continue the introduction.

N. DALLAPORTA

Pontifical Academician

Excellencies, Ladies and Gentlemen,

As an introduction to the 1992 Plenary Session of the Pontifical Academy
of Sciences I would like, as Professor Coyne has already done, to express our
best wishes for the rapid and complete recovery of our president Professor
Marini-Bettdlo whom Professor Coyne and mysell have been invited to
represent on this occasion.

I should like to give a brief outline of the general structure of our
meeting. First of all the Council of the Academy, as already mentioned
yesterday evening by Monsignor Dardozzi, has chosen Complexity as the
theme for this year's discussions.

The reason for this choice is already known to most participants but
perhaps I can briefly remind you of it. We should see that our Plenary
Session is dedicated to dicussing some important interdisciplinary questions
of great topical and cultural relevance.

Now, Complexity certainly falls into this category and is perhaps on the
scientific horizon the theme that appears to be the newest, the most
fundamental and the richest as regards its cultural implications. Therefore
this choice was almost obligatory.

As this is a theme which has been in existence for only a few years and
yet at the same time is a highly extensive one, it was considered advisable
that speakers belonging to the Academy should be supplemented by a
number of outside experts whose help was likely to enable a sufficiently
complete survey of the topic to be made.

In respect to the programme as presented a small change has to be
announced Professor Ennio De Giorgi will be unable to participate in this
session but if his contribution is received in time it will be read by Professor
Lichnerowicz.

The remaining contributions as announced are those of the following
Academicians: W, Thirring, C. N. Rao, M. Moshinsky, M. Heller, J. Lions, P.
Raven, J. Eccles.
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The following Academicians will be chairmen of the various sessions:
A. Lichnerowicz, G. P. Puppi, G. V. Coyne, B. Pullman, J. Szentdgothai,
J. McConnell, R. Mossbauer.

The invited experts whom I have the pleasant task of introducing to the
members of the Academy are, according to the order of their contributions
as set out in the programme. Professors:

Enrico Berti
René Thom

L4zl6 Lovasz

Philosophy
Mathematics

Informatics

University of Padua
Institute des Hautes Fludes
Scientifiques, Paris
University of Budapest

Adi Shamir Informatics  Weizmann Institute of Science,
Israel
Peter Richter Theoretical
Physics University of Bremen
Tito Arecchi Theoretical Istituto Nazionale di
Physics Ofltica, Florence
Giuseppe Del Re Physical University of Naples
Chemistry “Federico IT”
Giuseppe Geraci Molecular University of Naples
Biology "Federico IF”
Rémi Chauvin Biology Sorbonne, Paris
Josel Seifert Philosophy International Academy for
Philosophy, Lichtenstein
Basarab Nicolescu Theoretical
Physics Université de Paris VI

On behalf of the President and alt the Academy I warmly thank them for
their collaboration. Special thanks are also due to Professor Giuseppe Del Re.

As has been emphasized by the Holy Father on several occasions, our
Academy does not consider itself as being simply a body of high scientific
competence, but as a centre for the promotion of science as an integral part
of our general culture. It therefore seemed right that our meeting, apart from
the closed session which is to deal with internal matters on Thursday 29th
Octlober, should be open to a small number of invited guests, who will thus
be direcily informed of our work in person and prior to the publication of
the proceedings. On behalf of the President and all of us I welcome them
most heartily to our Academy.



COMMEMORATION OF RECENTLY DECEASED PONTIFICAL
ACADEMICIANS

The first act performed by the 1992 Plenary Session was 1o honour the memory
of those Members who had died in the preceding year: Otto Creuizfeldt and
George Speri Sperti. The conunemorations, by J. C. Eccles and G. V. Coyne, are
published in the order in which they were presented

OTTO CREUTZFELDT
B. April 1, 1927, Professor of Neurclogy at the Max-Planck Insitute for Biephysical
Chemistry in Géttingen, Germany. Member of the Pontifical Academy of Sciences since
October 1990. Died January 23, 1992,

Mr. Chairman, Academicians

It is a great honour and a privilege for me 1o be chosen to present a short
statement on the life of my dear friend Otlo Creutzfeldt, a Pontifical
Academician [rom 1990 ll his death on 23rd January 1992. He was one of
the leading brain scientists in the world with a wonderful performance as a
scientist and teacher and with his entrancing spirit. He had been for over 20
years Director of the Department of Neuro-Biology that he set up at the
invitation of Manfred Eigen at the Max Planck Institute for Biophysical
Chemistry in Gottingen. Before that, he had been for nearly 10 years at the
Max Planck Institute for Psychiatry in Muinchen. As T contemplate the great-
ness ol Otto as a scientist and scholar I come to his great teacher Richard
Jung of Freiburg, who had a miraculous success for German Neuroscience,
altracting wonderful students who were enthused by Richard's great insights
in neurology and in humanity, and by one of the best electrophysiological
laboratories in the world. Richard Jung was the first to appreciate my
intracellular recordings for cortical neurons in 1951-52. And Richard Jung's
institute was always visited when I came to Europe. So, I met there Otto as a
young man in his early thirties and was enthused by his success in intra-
cellular recording of neurons of the cerebral cortex, which was a great
advance. Soon alter my election o the Pontilical Academy I was invited by
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the President Lemaitre, the great cosmologist, to organise a meeting of the
Academy on Brain and Consciousness and I chose Otto as one of my
participants. That was in 1964. He spoke on trasmission in the visual system,
I think he was the youngest participant, 37, in this room here. He illustrated
the story of the visual system with intraceliufar recordings of the neurons to
the visual cortex responding 1o specific patterns of light on the retina. It can
be seen in The Brain and Conscious Experience, a publication of the
Academy,

Otto's next association with the Pontifical Academy was in 1988 when he
participated in a conference I organized at the invitation of the President
Chagas. It was entitled The principles of design and operation of the brain
which Otto and I co-edited lor Scripta Varia with the international
publication in Experimental Brain Resewrch, Series 21.

At that meeting he gave a talk with G. Ojemann of Seattle. It was the last
of Otto's papers, entitled (and here is a very advanced subject), Neuronal
Responses in the Human Lateral Temporal Lobe to Speech. This was done
remarkably on conscious human subjects and recordings were of neurons in
their brain. This study of Otto's can be regarded as the beginning of Otto's
final goal in the study of the brain with his lifetime interest in the mind/
brain problem and the philosophy of the person. But he did not live to go on
with this. We will sadly miss his great wisdom. Had he lived he could have
led us on to an understanding of the self transcending the dominant
materialism of today with its banal value system. The Academy suffers a
great loss after only twe years of his fellowship, but today we are electing
Professor Wolf Singer, a great friend and kindred spirit. The greatness of
Otto is not only as a neuroscientist and philosopher but also as a human
person radiating love particularly to his wile Mary and his children. May 1
ask that we all rise for a moment of sifence in memory of Otto Creutzfeld.

J. C. Eccles

GEORGE SPERI SPERTI
B. in Covinglon, KY (USA) on January 17, 1900. Biochemist. Professor at 8t Thomas
Institute for Advanced Studics, Cincinnati, Qhio {USA). Member of the Pontifical Academy
of Sciences since Qclober 28, 1936. Died on April 24, 1991,

I would like with these few brief words to commemorate George Speri
Sperti, who was an important figure in what I think can be defined as the
second wave of the establishment of Catholic intellectual life in the United
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States of America, the wave which saw the wide diffusion of Catholic centres
of learning in the U.S,

He was among the most prominent scientists in the 8t. Thomas Institute
for Advanced Studies in Cincinnati, Ohio. Born on January [7th 1900 in
Covington, Kentucky, he pursued all of his studies in that geographical area
and received his doctorate in Physics in Duchaine University, Pittshurg,
Pennsylvania. Ife interestingly combined both an academic and a business
career. He was for instance responsible for the contact labs of the Union Gas
and Electric Company, Cincinnati and he directed the basic science research
laboratory of the University of Cincinnati. He was a professor at the
University of Dayton. He was issued 160 patents for his inventions, among
these the Sperti Solar Lamp, and T am personally, il he would permit me
today a personal note, grateful to him that he was one of the first to
investigate low pressure lamps for commercial use. This has resulted today
in the production of low pressure sodium lamps which have helped save our
precious skies for astrophysical investigation. At the beginning 1 noted that
George Speri Sperti was a prominent figure in the movement in the United
States for the development of higher learning. He indeed did this mostly
through his research in applied physics, However, an interesting final note is
the following, that his research was conducied in order to gain financial
support for basic research which would not be adeguately supported by the
University of Cineinnati or by the Catholic Church of Cincinnati. T believe his
interesting combination of a business and an academic life devoted to the
service of the development of intellectual centres in the United States is a
{ine commemoration to him. I would ask you to vise for a brief moment in
commemoration of George Speri Sperti.

G. V. Coyne



PRESENTATION OF THE NEW MEMBERS

The next act of the Plenary Session consisted in the welcome to the new members,
who answered with brief speeches of thanks.
Academician G. V. Coyne said:

Life in general, and the life of our Academy, has to deal with suffering
and death. But there are also many positive events. We have the great joy of
seeing our society revitalized with new members. Against this background I
would like to welcome to our society the newly elected members, nominated
on the 18th of September 1992,

Bernardo Maria Colombo of Italy,

Minure Oda of Japan,

Wolf J. Singer of Germany,

Richard Southwood of Great Britain.

The solemn ceremony will take place before the Holy Father on
Saturday, and you will receive the insignia of your office. It is my pleasure,
however, to present to you the brief which nominates you as a Papal
Academician.

During the Plenary Session, the nomination (on the 28th of October 1992) of
Georges M. M. Cottier OP, of Switzerland, as an honorary member of the Pontifical
Acadermy was communicated to the Academicians by Mrg. Renato Dardozzi, Director of
the Academy. Father Cottier's acknowledgement speech, although actually delivered
during the scientific meeting, is printed with the others in this part of the Proceedings.

BERNARDO MARIA COLOMBO
B. in Olgiate (Como), ltaly, in 1919, Prolessor of Demography at the University of Padua.
Member of the Italian National Commission for the guarantce in statistical information.

Ladies and Gentlemen,

I am sorry for my limited command of the English language, which does
not allow me to express in the right words how deeply I am touched by the
nomination as a member of this Academy. I fully appreciate the honour paid
to my person and what the nomination means in terms of confidence in my
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possibilities for collaboration. I am sure you will kindly forgive me and I
wish to express my best thanks.

To overcome the embarrassment in introducing myself, I shall start by
speaking of another person, Marcello Boldrini, a Pontifical Academician. I
was fortunate to be a pupil of Professor Boldrini's when at 19 I started
attending the Statistical Institute he directed in Milan while preparing to
graduate in Economics. There, I soon learned what it means to do research,
with rigor, tenacity, open-mindness, and last but not least, with intellectual
honesty. War events then stole § years of my youth. But, in a concentration
camp, I luckily had at my disposal the manual on Statistics that Boldrini had
published in 1942, In more than 1,000 pages, making use of his deep
knowledge in many fields, he was able to present statistical tools through a
host of examples, showing the power of these procedures, I think I have been
a little infected by this insatiable curiosity for everything new and intriguing.

After the war, I started as an Assistant of Statistics in Venice. My first
interests were methodological ones and concerned mainly themes of
foundations for statistical inference, at that time under discussion in my
country. It was proposed that I should give a look at the strange
phenomenon of birth rate recovery during the war in countries involved in
the conflict or near the area of operations. I worked hard on this and I was
able to discard some explanations which had been advanced but found it
difficult to propose solutions that could be adequately supported by
evidence. The book I wrote on the subject opened several doors for me. One
of these was as a Rockefeller fellow for Social Sciences at the Office of
Population Research at Princeton University. There, I enjoyed the
opportunity of being in contact with several research workers who then
became prominent figures in the world of demography. For quite a while,
this remained my miliceu, for research and various engagements, until
problems of health — later solved — compelied me to restrict my activity.

Among my interests, there have always beenrr biometrical ones. On this
point, for instance, I gave attention to the sex ratio in man. Another book
came oul, in which I succeeded in drawing seemingly plausible conclusions
about the level of the primary sex ratic, But I ended up stating, as I did in a
paper read at a Symposium in Cold Spring Harbor, that in the interest of
both science and life the problem of the determination of the human sex
ratio remained unsolved.

When I returned to Haly from Princeton, 1 enjoyed the opportunity of
being called to give lectures in Padua. There were many more departments at
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Padua than at Venice. In its Statistical Institute, I started being contacted by
many research workers from various fields asking for advice on statistical
techniques. From that experience several things came out: papers of my own,
both in statistical methods and substantive matters, co-authorships,
acknowledgements. Among the colleagues seeking advice, was a young
Botany student. She became my wife.

At that time I obtained a Chair of Statistics in Venice, but later on I
switched to Padua and Demography, where I had the possibility of pushing
for the creation of a new statistical Faculty. Soon other engagements fell on
my shoulders, I was nominated as a member of the Parliamentary
Commission for evaluation and proposals on the school system in my
country: 110 meetings in Rome in eight months and a book on higher
education were the consequence. Experts in educational sciences did not
care much for it and continued to discuss the question among themselves.

I was also called as an external perifus in the preparation of what became
a pastoral constitution of Vatican Council II. It was embarrassing to vole
raising hands at the same level as the chairing Cardinal.

One subject which has occupied my mind since Princeton is that of
demographic policies. At several international gatherings, 1 had also the
opportunity of seeing in action the politics of demographic policies, but my
personal interests were mainly scientific ones. A big challenge came when 1
was invited to give a lecture on human rights, ideology and population
policies at the closing plenary session of a Conference of the International
Union for the Scientific Studies of Population. But T have continued thinking
about these problems, and have had other occasions to go [urther. The road
for selutions is steep, and full of traps.

Later on, another avenue was opened up in my research, involving
official statistics. This is a very rich and largely unknown field. Several
papers on the subject and a series of administrative undertakings which I do
not mention, were the result.

I wish to jump to my main current activity in research. I have come back
to biomelry, this time on the menstrual cycle and its relation to fertility
regulation. It is a fascinating field. Much worl, with collaborators, has been
done on some first class documentation we have collected and more will
come with an international mullicenter prospective study.

May 1 conclude my talk with a prayer, taken from the Vespers of a day
last summer. It is good for me, but perhaps aiso for the Academy. “To those
who search for the Truth, may You grant the joy of finding it, and, having
found it, the desire to seek for it again.”
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GEORGES M. M. COTTIER
B. in Geneva, Switzeriand, in 1922 Prolessor at the Diccesan Seminar, Geneva,
Theologian of the Pontifical House.

Je tiens & vous remercier vivement du grand honneur gue vous me faites
en m'accueillant parmi vous.

Je me suis demandé quelle signification pouvait bien avoir celte
nomination, qui est pour moi une surprise. Si je pose la question, c'est parce
que la présence d'un philosophe dans votre Académie n'est peut-éire pas
évidente pour tous. Cest aussi parce que je dois m'interroger sur ce que
pourra étre ma propre contribution,

Tai donc enseigné la philosophie jusqu’a ce que, il y a deux ans, un
nouveau iravail m'appela ici, a Rome.

Je me suis beaucoup eccupé de Karl Marx. Pour un homme de ma
génération, il n'y a 12 rien d'extraordinaire. Marx m'a conduit a Hegel, qui est
un penseur d'une bien autre envergure. Or I'un et l'autre, Hegel et Marx,
étaient habités par une méme ambition, d'enfermer dans une connaissance
exhaustive la totalité de la réalité qui, pour eux, est avant tout la réalité de
I'histoire.

Kayrl Marx, sans cesser de dépendre de lui, critique Hegel, en qui il voit
l'achévement et la perfection de la philosophie spéculative. If annonce la
mort de la philosophie, & laquelle devrait succéder une nouvelle discipline,
qu'il appelle le matdrialisme historigue. Ce qui fait la nouveauté et
l'originalité de celui-ci c'est qu'il est présenié come une science de Uhistoire,
de ses structures, de la necessité de son cours et de son avenir. Le
matérialisme historique prétend aussi nous apporter une connaissance
prédictive, de nature scientifique, de l'avenir.

De 12 une premiére série de problemes auxquels je n'ai cessé de réfléchir.
Abstraction faite de la question, & vral dire essentielle, de la verité ou de la
fausseté du contenu du matérialisme historique, que peut bien signifier ici le
terme de science, si on le compare a son usage dans les sciences de la
nature? La question posée 4 propos de 'histoire des historiens et de la
philosophie de 'histoire, doit I'éire également pour des disciplines come
I'économie, la sociologie, ou encore la psychologie et la psychanalyse, — en
un mot, pour l'ensemble des sciences humaines. 1} apparait aussitét que la
parole science est polysémique et que son usage est analogique.

Hegel — qui est & Thorizen de Marx — pose une question qui, a mon
avis, est beaucoup plus radicale. Cette question, elle ressort de deux
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affirmations du philosophe. La premiére est: toul ce qui est rationnel est réel,
tout ce qui est réel est rationnel Réel signifie ici le cours de Phistoire humaine
et le sens de cette histoire. La seconde est: la philosophie de I'histoire est la
véritable théodicde, c'est-a-dire la justification de Dieu, que Leibniz avait tenté
de construire sur des bases mélaphysiques.

Jamais sans doute, dans Thistoire de fa philosophie, fa raison n'avait
affiché une telle ambition. Mais jamais sans doute n‘aura-t-elle fait une
démonstration aussi patente que la raison humaine, quand elle perd le sens
de la mesure et le sens de ses limites, est livrée a I'égarement,

Hegel, en effet, ne réussit & mener a terme son projet qu'en limitant
I'extréme la part du mal dans le cours des choses humaines, et ceci & un tel
point que ce qui devait, dans son intention, constituer une théodicée, est
devenu une justification du mal. De méme la contingence se voit rejetée,
comme un facteur négligible, dans les nuages du systéme.

Pour les hommes du 20&me siécle que nous sommes, aprés tant
dexpériences terribles, il n'est plus permis de banaliser ainsi le mal; qui le
tenterail encore recevrait des événements les plus immédiats un cinglant
démenti. Ainsi, ce que nous devons considerer comme V'échec de la
philosophie hégélienne de I'histoire nous oblige & regarder en face les
questions de I'irrationnel et de fa contingence.

Plus radicalement, puisque une raison qui prétend tout expliquer aboutit
ainsi & des impasses majeurs, nous somimes conduits & nous interroger sur la
raisen elle-méme et sur la rationalité, — quelles sont leur signification, leur
autorité, et aussi leurs limites?

Ces problémes philosophiques, sous un certain aspect, interessent aussi
Iepistémologie des disciplines scientifiques. Quand ces derniéres
réflechissent sur elles-mémes, il ne leur est peut-&ire pas inutile de se référer
& un point de comparaison extrinséque. En ce sens, le philosophe peut se
sentir d'une certaine utilité vis-a-vis des ses colidgues scientiliques.

Si tel n'était le cas, il lui resterait, en ce qui le concerne, la conviction
socratique que le premier pas de la philosophie est de savoir quon ne sait
pas. Telle est bien ma premigre réaction devant des exposés scientifiques
d’une haute complexité qui recourent de surcroit a un technicité poussée.

C'est dans cette disposition d'esprit que je vous remercie chaudement de
m’accueillir parmi vous,
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MINORU ODA
B. in Sappore, Japan, in 1923, Professor of Astrophysics at the University of Tokyo and al
the Institute of Space Science and Astronautics. President of the Japanese Institute of
Physics and Chemistry (RIKEN). Member of the Academy of Japan. Received two
Japanese and two international awards lor work in Astrophysics and Astronautics.

Distinguished Chairman and Academicians;

First of all, I can't find words to express how deeply grateful I am to the
Pontifical Academy for giving me the honour of being a member, and
specifically to thank those who initially introduced me to the Academy.

As a self introduction, I have been basically an experimental physicist.

After working in fields of microwave physics, solar radio-asironomy and
cosmic ray physics, then in high energy physics, during the period when my
country was recovering from the destruction caused by the war, I joined a
Massachusetts Institute of Technology (MIT) group under Prof. B. Rossi who
was originally from Padua.

Since then, I have defined myself as a pupil of Rossi, though he calls me
a young friend of his.

Since the early 1960's, when he and his colleagues initiated X-ray
astronomy which is one of the most intriguing fields in Astrophysics, I have
worked with him at MIT and also in Japan.

Now, my colleagues in Japan form firm components of the interna-
tionally collaborative community in the field of Astrophysics.

For four years I have directed the RIKEN Institute which consists of a
complex of about 50 autonomous laboratories covering nuclear science, a
big facility of synchrotron radiation, laser science, fundamental technology,
a variety of chemical sciences, neuro-science etc.

Finally, I should add how impressed I was when I heard that the
Academy unlike some other honourary bodies immediately took up the
current key theme of complexity for the Plenary Session.

Complexity was what I had learnt, as a young student, to avoid in research.

But now some of my friends half-jokingly say that, thus far we have
considered quantum mechanics and general relativity as the two major
achievements of this century in Physics, but towards the end of the century
the third major achievement in Physics, complexity and deterministic chaos,
might appear.

If it is appropriate to mention here, I would like to thank my wile and
children who have formed an ideal secretariat for my academic life. Thank you.
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WOLF JOACHIM SINGER
B. in Munich, Germany, in 1943, Professor of Physiclogy at the Technische Hochschule of
Munich. Director of the Max-Planck Institut fiir Hirnforschung in Frankfurt a.M. Member
of the European Academy. Received the IPSEN Foundation award 1991
(with U. Bellugi and T. Wicsel).

Mr. President, Director Dardozzi,

Excellencies,

Sir John's touching commemoration of Qtto Creutzfeldt cannot but add
to my emotional confusion and to my deep feelings of gratitude for having
been accepted in your distinguished community. Prof. Creutzfeldt was my
first academic teacher, he paved my path into the world of science and as
time passed on, Otto became one of my best friends. One of the last and
happiest moments we had together was, when he returned from Rome, (wo
years ago, landing in Frankfurt, staying overnight with us, the day after you
had nominated him member of the Pontifical Academy of Sciences. His
excitement, his happiness, his gratitude and his sincere feelings that he did
not deserve this honour are now mine. I feel like preserving them for him
and experience this as a deep satisfaction and at the same time I am
sorrowful, wishing him to be here rather than me.

Getling to know Otto Creutzfeldt and entering science were one step. It
occurred in 1965, in Munich. I was a medical student and Creutzfeldt had
offered a lecture series on the neurobiological correlates of higher cognitive
functions, organized together with Paul Matussek, a very distinguished
psychoanalyst, one of the orthodox Freudians who, probably more than his
master, believed in the power of words rather than that of physico-chemical
interactions in tangible brains. One of the lectures, I remember, was devoled
to the joint effort to relate the dissociated experience of reality which
characierizes certain schizophrenics to the dissociation of perceptual
phenomena that can be found in split brain patients, then studied extensively
by Roger Sperry. Here then secemed Lo be a field of research, wide enough
not to reguire immediate decisions from the young student who still
oscillated between the conviction that the only key to truth and ultimate
understanding were the natural sciences, physics above all, - and the equally
compelling intuition that what really matters were mental phenomena,
cultural achievements, poetry and music, in brief, the subjects of the
humanities. - It took me quite some time to understand that also the models
and theories in the basic sciences are nothing but constructs within well
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delineated, often isolated description systems, that they are creations
ultimately based on primary experience whereby the criteria for “truth” are
not too different from those applied to pieces of art: aesthetics and
consistency.

Anyway, the student felt that getting involved in the neurosciences would
allow him to move freely back and forth or up and down across the different
Jevels into which the world seemed to be subdivided - as Nicolai Hartmann
had told him - and which - in some mysterious way - appeared to be
interdependent, Otto Creutzfeldt accepted me as student and so I found
myself in the laboratory, studying the exchange of electrical signals between
the two cerebral hemispheres of animals, looking for the substrate that
synchronizes their activity and assures that they wake up at the same time.
In parallel, the medical curriculum required me to work in hospitals, (o see
patients, to act and to do something whose relevance was directly accessible.
For many years I experienced the medical and the scientific approaches to
the solution of problems as equally fascinating but they seemed difficult to
reconcile. One required rapid assertive decisions, and pragmatic action, even
if the database was poor - the other, by contrast, necessitated doubt and
hesitation, even if the data seemed excellent. Finally, wanting o know more
won over wanting to apply what we know and my attempts to explore the
world became more and more indirect. Increasingly sophisticated equipment
became intercalated between my senses and the world that [ wanted to
understand and rather soon, the phenomena which atiracted most attention
were those which could only be made to exist by using electron microscope
amplifiers and chemical reactions, and the significance or meaning of the
invisible and intangible phenomena most of the time escaped primary
intuition it is only within the framework of theories that we manage 1o
assign a particular meaning to the phenomena that we believe we can isolate
with our methods - and very often we even ignore how and why we were
driven to base our interpretation on that particular theory and not on
another.

Of course, reality fell short of my expectations. We have not succeeded in
moving freely back and forth between the description systems [or mental
and physical events, even if, in unreflected lab talks, we say things like
“information about this event is only aitended to and reaches consciousness
if the responses of the cells signalling the event are sufficiently coherent”.
What we probably mean is that phenomena such as attention, consciousness
and intentionality are emergent properties of highly complex aggregates of
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matter such as our brains, that these phenomena come into existence only
through interactions between such highly organized brains, when these
observe one another and invent descriptions for the observed
phenomenology. What we probably mean is that the biophysical processes
that we define in individual brains and in the framework of description
systems of the natural sciences, are somehow and obviously causally related
to the mental phenomena that we define in the description systems of the
humanities - but until now we seem to be unable to design even intuitively
graspable concepts or metatheories which would allow us to unify the
different systems of description, and for many who do not adhere to
monistic concepts of emergentism this is a relief rather than a worry.

I avoided recapitulating those parts of my scientific vita which must have
been made available to you when you had to decide on me, but feel 1 owe
you a few words on our current interests, Above all we want to understand
how the brain constructs representations of its environment, how it codes
and represents perceptual objects, how it stores and how it recalls this
information. To this end we study developmental learning processes which
are known to lead to drastic and experience-dependent changes in the
architecture of neuronal connections. We consider this early learning
process as an interesting {ransition between embryonic, purely genetically
determined development and adult learning. In addition, we investigate the
functional organization of the cerebral cortex, in particular its dynamic
properties and temporal codes, because it is generally assumed that cognitive
representations reside in the neocortex. We pursue these questions primarily
in experiments with animals when we examine system properties and in in
vitro preparations of brain tissue when we analyse cellular and molecular
mechanisms, but we attempt, whenever possible, to relate our findings to
brain processes in humans. We do this by investigating the development of
cognitive functions in babies and by testing predictions on cognitive
performance in psychophysical experiments with adult subjects.

To me the most fascinating and at the same time puzzling issue of this
research is the growing evidence, that there is no single site in the brain
where all information converges and where a homonculus could be seated
which decodes the results of the many parallel processes, interprets them
and reaches decisions - as Descartes and most before and afier his time had
postulated. Rather, we face an immensely complex and distributed system
which lacks a coordinating metastructure and nevertheless, through the
action of local rules, sclforganizes towards ordered and coherent states. I
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believe thatl our social and economical systems show some of these features
and the recent and dramatic collapse of those systems which had the most
hierarchical and centralized organization seems to indicate, that
coordinating metastructures may not be a good sclution for the management
of systems once they have reached a critical level of complexity. Thus,
studying the brain may not only assist us in improving the therapy of its
diseases but it may help us in the search for principles of organization that
are required 1o stabilize highly complex systems. To identify such principles
and to translate them into political and economical structures appears to me
as the mosi important challenge to which we are at present exposed. I
assume that it is your expectancy that what I have learnt, which is in no way
special, can make a small contribution to the interdisciplinary endeavours of
this distinguished academy and that it can, in combination with the wealth
of scholarship assembled here, make a modest contribution to the better
understanding of the conditio husnana and the world in which it evolved, and
that this will help in turn to improve the management of the {uture of our
biotope. I shall try my best to meet these expectancies and want to join this
promise with the expression of my deep gratitude for your confidence.
Thank you for accepiing me.

RICHARD SOUTHWOOD
B. in Northfleet (Kent), Great Britain, in 1931. Linacre Professor of Zoology and Reclor of
the Universily of Oxford, England. Member of the Royal Society, of the U.8. National
Academy of Science, of the American Academy of Arts and Science, of the Norwegian
Academy of Arts and Science. Baronet since 1984 and "Cavaliere Ufficiate dell'Ordine al
Merito” of the Republic of Htaly since 1991,

Ladies and Gentlemen

I am a biologist, whose current interests lie particularly in the field of
Environmental Studies. From my childhood I have had a keen interest in
Natural History and at the age of 17 had the good [lortune to go to
Rothamsted Experimental Station (a large agricultural research institute)
and work in the Entomology Deparfment as a vacation worker. From the
work T undertook there and some private studies, I was able to publish a few
short scientific papers whilst still an undergraduate. For one of these papers
I needed to read another study which had been published in Italian and it
seems appropriate 1o recall here that the translation was kindly undertaken
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for me by a Catholic priest. I studied for my first degree at Imperial College
London, graduating in 1952. I was then given a scholarship by the
Agricultural Research Council to return to the Entomology Depariment at
Rothamsted (which was associated with London University) and work
towards a Ph.D. The department was much concerned with the movements
and migrations of insects and one part of my own studies was concerned
with the ecology of field-margins: the interface between the natural habitat
and what we would now call the agroecosystem. Those two threads have
been an important part of my subsequent interests.

Returning to Imperial College as a teacher of Applied Entomology in the
Department of Zoology, T continued my research into animal ecology, being
more particularly concerned with insects. Why do some insects fly around a
great deal whilst others remain fairly stationary? I was able to relate this in a
semi-guantitative way to the permanence of the habitats that the insects
occupied and that led me on to consider the role of the habitat in shaping
the ecological strategies of species. One can view the biological
characteristics of species, their size, shape and life cycle as exhibiting the
characters which have been lorged by the forces of evolution on the anvil of
their particular environments. Those organisms that live in short-term
situations, such as carrion, breed rapidly, move around a great deal and
produce large numbers of offspring, Those that live in more stable
situations, such as an insect living on an oale tree, will be more sedentary,
will produce smaller numbers of offspring and will have defensive
mechanisms to increase the probabilities of their survival. These sorts of
patterns of nature have always fascinated me, and another variable which I
noticed as a young student and which has now been thoroughly explored is
the number of different species of insects associated with different varieties
of tree: some such as the oak in Britain have many hundreds of insect
species while others, such as the cedar in Britain, have very few. Studies
have shown how this phenomenon may be related to many different lactors
including the length of time the tree has been present in the region, the
relative abundance of the tree species and the level of its chemical defences.

Studies made on the edges of agricultural land have shown the striking
impact of agricultural activities on these habitats. Why were the populations
of partridges [alling all over Western Europe? The answer proved to be the
effect of herbicides in eliminating weeds [rom the cereal fields, which had
provided shelter and food for the insects which were a vital food for-young
partridge chicks in the first few weeks of life. One can thus casily see how
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one particular action can have repercussions which extend both in time and
space. Such repercussions may be guite detrimental compared with the
original procedure and so ecologists have met economists in trying jointly to
address a cost benefit analysis of environmental change.

After a period as Professor of Zoology and Dean of Science at Imperial
College, I came to Oxford in 1979 as Linacre Professor of Zoology and for
the last four years have held office as Vice-Chancellor, the University's
executive head. However, through work with a number of Government
bodies, I have been concerned for the last twenty years with the environ-
mental impact of various human activities ranging from the problems
presented by the addition of lead to petrol, by the poliution caused by the
excessive use of pesticides, by radiation from nuclear power and other
sources to the impact of power station emissions on lakes and waterways,
particularly in Scandinavia, through the phenomenon of ‘acid’ rain. A
contribution to the resolution of these problems is the focus of my current
aclivity.
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THE PIUS X1 GOLD MEDAL AWARD

After the speeches of the new members, Academician V. G. Coyne
announced that the PIUS XI Gold medal had been awarded to Dr. Adi Shamir,
of the Weizmann Instituie of Science, Israel. Dr. Shamir's presentation of his
work is published here. A more scientific contribution is to be found in the
proceedings of the sessions on complexity.

ADY SHAMIR
Dr, A, Shamir was born July 6, 1952 in Tel-Aviv, Israel. Ph.D. in Computer Science at the
Weizmann Institute, Israel, 1977, Worked in research at Warwick University and MIT in
the years 1676-1980. Associate Professor (1980-84) and then Professor (1984-) at the Dept.
of Appl. Maths., Weizmann Institute of Science.

Alter gelting my Ph.D. at the Weizmann Institute of Science in Israel in
1977, 1 was invited to join the department of Mathematics at MIT. Shortly
alter my arrival Prof. Ron Rivest drew my attention to the paper “New
Directions in Cryptography” which had just been published by two Stanford
researchers, Diffie and Hellman. The paper described a revolutionary type of
cryptosystem called “public key cryptography” which enables any pair of
users to protect the privacy and authenticity of their electronic messages
without the prior exchange of secret keys, The paper described the benefits
of such schemes and conjectured that they exist, but described only partial
constructions. I'started to discuss this new concept with my MIT colleagues
Rivest and Adleman, and after several months and many false starts we
developed the first practical public key cryptosystem, known as RSA {our
initials). The scheme is based on the difficulty of factoring large (200 digit)
numbers, a problem which had been investigated for hundreds of years by
some of the greatest mathematicians. Today, this cryptosystem is still the
best known and most trusted public key cryptosystem, and has numerous
practical implementations, ranging from smart cards and special purpose
chips to operating systems and electronic mail packages,

Shortly after the introduction of the RSA scheme, Merkle and Hellman
developed a different type of public key cryptosystem, based on the com-
binatorial “knapsack problem”. Its security became a major open problem in
the field, and after 5 years of on-and-off analysis I managed to find a new
cryplanalystic attack, which broke the basic version of this scheme. Within
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months, my technique was improved and extended to pratically all the
lknapsack-based cryptosystems.

In the early 1980's, a more rigorous approach to the question of
cryptographic security was developed by Yao, Goldwasser, Micali, and others.
They formalized the tricky concepts of pseudo randomness, bit security,
crypiographic knowledge, etc. I contributed to this new wave of research by
publishing several papers, among them the first contribution of a provably
secure pseudo random number generator, and the first strong result on the
bit security of the RSA function (in a joint paper with Ben-Or and Chor}.

In 1985 Goldwasser Micali and Rackoff published their seminal paper on
“zero knowledge interactive proofs”. This is the seemingly contradictory
concept of a surprising mathematical proof which yields no new information
1o its verifier. At first the concept looked like a philosophical curiosity, but in
1986 Goldreich Micali and Wigderson proved that it is applicable to a large
class of computational problems known as NP (as well as to some problems
believed to be just outside NP}, and I published (with my student Ameos Fiat)
a very efficient identification and signature scheme based on this concept. In
fact, zero knowledge proofs turn out to be ideally suited to identification
protocols, in which users to establish their identity by proving their
knowledge of some secret information without enabling the verifier to
measure the protocel by repeating the proof to someone else.

In the next few years, research on zero knowledge interactive proofs
mushroomed, and literally hundreds of papers were published on the topic.
One of the major open problems was to characterize exactly which class
problems had such proofs. Most researchers believed that this class was a slight
extension of NP. However, in a rapid sequence of papers (aided by quick
dissemination of draft by electronic mail), Lund Fortnow, Karlofl and Nisan
proved that the class extended well beyond NP, and a few days later I published
the final characterization of this class in a paper titled “IP-PSPACE".

In the last couple of years I started (together with my student Eli Biham}
a detailed study of the best known and most widely used (non public-key)
cryptosystem, known as the DES. [ is a national standard adopted by the US
government in 1977, and is used extensively in civilian applications such as
banking, telephony, and pay TV. We developed a new type of cryptanalytic
attack which we called “differential cryptanalysis”, and applied it
successfully to a wide variety of DES-like cryptosystems. It is currently the
only known technique which is capable of breaking the full DES
cryptosystem in less than the 2% complexity of the obvious attack ol trying
out all the possible keys.



ORDRE ET DESORDRE DES GRECS A GALILEE
ET DE GALILEE AUX TEMPS MODERNES

ENRICO BERTI

Université di Padova, Halia

Avant tout il nous faut définir les nctions d'ordre et de désordre. Par
“ordre” nous entendons la disposition des éléments d'un ensemble selon un
ou plusieurs critéres reconnaissables: par exemple, si ces éléments sont des
nombres, un ordre possible sera la série des nombres naturels, une progres-
sion arithmétique, une progression géometrique, ou encore une succession
plus compliquée, résultant de plusieurs critéres de succession (addition et
soustraction, etc.). En tout cas, I'ordre implique la possibilité de réduire une
multiplicité illimitée & I'unité ou & une multiplicité limitée, ou bien la possi-
bilité de réduire l'indéterminé au déterminé. Le “désordre”, par conséquent,
n'est que 'absence d'ordre, c'est-d-dire de critere, de détermination.

Dans 'histoire de la science et de la philosophie — qui & l'origine étaient
confondues ou étroitement liées — on rencontre deux types fondamentaux
d'ordre reconnus par l'homme dans la realité naturelie, c'est-a-dire dans I'u-
nivers. Le premier type est l'ordre “simple”, fondé sur un critére unique: il
pourrait aussi étre appelé ordre “mécanique”, non par référence a la science
mécanique que nous connaissons aujourd'hui, mais parce que ses partisans
assument comme modele pour 'interprétation de la réalité la machine (en
grec mechané), réduisant tout changement au mouvement mécanique, c'est-
a-dire au déplacement de parties matérielles dans l'espace. Le deuxieme type
est 'ordre “complexe”, fondé sur plusieurs critéres: il pourrait aussi étre
appelé “ordre biomorphique”, parce que ses partisans présupposent comme
modele ['organisme vivant, ot I'on observe plusieurs changements, qui ne
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sont pas réductibles au simple mouvement mécanique, et cependant sont
tous orientés vers le méme but, la conservation de la vie'.

Dans la premigre période envisagée par notre exposé, c'est-a-dire des
Grecs A Galilée, on peut constater une évolution progressive des visions du
monde, de la prépondérance de 'ordre complexe, de type biomorphique
(antiquité et moyen age), 4 la prépondérance de Fordre simple (Galilée), tan-
dis que dans la deuxiéme période, c'est-a-dire de Galilée & nos jours, on peut
constater le passage inverse, de la prépondérance de I'ordre simple, de type
mécanique (XVII® et XVIII® siécles), 2 un ordre complexe qui est encore,
d'une certaine fagon, biomorphique (XIX¢-XX¢ siecle). Naturellement dans
les deux périodes, ef méme chez les auteurs qui soutiennent l'un ou l'autre
type d'ordre, il y a des exceptions a la tendance dominante, mais on peut par-
ler également d'une prépondérance de I'un ou de l'autre type d'ordre. Je cher-
cherai a illustrer avec plus de détails ces deux passages.

I. Des Grecs & Galilée
1. La naissance du concept d'ordre et sa double signification

On a Mhabitude de faire coincider la découverte du concept d'ordre avec
la naissance de la philosophie (ou de la science, qui dans l'antiquité coincide
avec la philosophie), c'est-a-dire avec la pensée des philosophes de Milet
(Thales, Anaximandre, Anaximéne, VII¢ et VIC sidcles avant J.C.). Dans les
oeuvres des podtes qui leur sont antérieurs, en effet, surtout chez Hésiode,
on rencontre seulement la notion de désordre, indiquée par le mot chaos, fai-
sant allusion 4 un espace immense et vide, a une sorte d'abime, qui serait 2
Vorigine de toutes les choses. Chez les premiers philosophes au contraire, en
particulier chez Anaximandre, on rencontre la notion d'ordre, indiguée par
le mot taxis? ou, phus généralement, par kosmos, qui désignait a l'origine seu-
Jement Fornement (d'ot fa notion de “cosmétique”), mais a pris ensuite la
signification d"“ordre” (peut &tre avant tout l'ordre de la cité et ensuite I'ordre

' Tradopte Texpression “ordre biomorphique” au licu de “ordre biologique” pour éviter
toute réference 2 la biologie, telle gu'elle est pratiquée aujourd’hui, lenant compte des
remarques qu'a ce propos m'ont &6 adressées par les professcurs B. Pullman, N.R. Rao ¢
M, Sela.

* Anaximandre, frg. [ Diels-Kranz, selon lequel les élres s'engendrent d'un principe
indéterminé et se corrompent en faisant retour dans ce dernier selon Mordre” {taxis) du
temps.
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du monde entier)® et plus simplement de "monde” (d'ot les mots “cosmique”,
“cosmologie”, etc.).

Chez les philosophes de Milet, et méme chez Héraclite, l'ordre du monde
est essenticllement de type biomorphique, parce qu'ils réduisent toutes les
choses & un principe qu'ils appellent physis, c’est-a-dire principe de la géné-
ration, ou de la vie, d'oly les choses prennent leur naissance et auguel elles
font retour d'une maniére qui rassemble & la mort. Cela n'empéche pas l'exi-
stence, dans l'univers, d'un rythme cyclique (surtout chez Empédocle) ou
l'ordre alterne avec le désordre, ni l'existence de processus de type méca-
nique  la base de la génération et la corruption, comme la condensation et
la raréfaction (Anaximéne), ou l'agrégation el la désagrégation des quatre
éléments (Empédocle). Le philosophe chez lequel celte conception de l'ordre
atteint le maximum de complexité est Anaxagore, qui considére ['ordre
cosmique comme le resultat de l'action ordonnatrice accomplie sur le mélan-
ge initial, qui était une forme de désordre, par une intelligence transcendante
(noiis).

Si cette conception “complexe” de l'ordre peut &tre considérée comme la
principale durant cetle péricde, elle n'est pas la seule professée par les pre-
miers philosophes grecs, puisque dans le méme temps les Pythagoriciens ont
élaboré, probablement sous l'influence de Fastronomie chaldéenne, une expli-
cation des mouvements des astres qui est essentiellement de type mécanique,
parce qu'elle consiste & admetire des mouvements circulaires du soleil, de la
lune, de la terre et des autres planétes autour d'un “feu” qui serait au cenire
de l'univers, Cet ordre est beaucoup plus régulier, ¢'est-a-dire plus simple, que
I'ordre admis par les Milésiens et surtout il est fondé, comme par ailleurs,
selon ces philosophes, I'est toute la realité, y compris les phénoménes terre-
stres, sur des rapports mathématiques, c'est-a-dire sur les nombres.

Une conception mécanique de 'ordre cosmique, qui admet un ordre
beaucoup moins régulier, mais paradoxalement encore plus simple, que
celui des Pythagoriciens, est representée par I'atomisme de Leucippe et
Démocrite (V¢ siecle), selon lesquels, comme il est bien connu, toutes les
choses dérivent du mouvement mécanique des atomes di au simple hasard.
I faul dire, cependant, que celte conception n'a jamais eu beaucoup d'au-
dience en Gréce: elle a 618 reprise, en effet, par Epicure (III€ siécle} et par
Lucréce (I€ siécle), mais n'est jamais devenue la vision du monde dominante
dans la culture grecque. En tout cas, il faut remarquer que, dés son origine,

*W. JAEGER, Paideia. Die Formung der griechischen Menschen, Berlin 1933, vol, 1, ¢h, 1X,
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Je concept d'ordre s'est présenté dans la double signification que nous avons
signalée, celle d'ordre biomorphique et celle d'ordre mécanique.

2. Le développement des deux concepts d'ordre

Chez les deux philosophes grecs les plus célebres, ceux qui ont exercé
l'influence Ia plus grande dans toute I'histoire de la pensée, c'est-a-dire
Platon et Aristote, nous retrouvons les deux concepts d'ordre déja mention-
nés, combinés entre eux de sorte que l'un s'applique au ciel et 'autre 3 la
terre, mais avec, dans l'ensemble, une suprématie de 'ordre biomorphique.
Pour ce qui concerne les phénomenes célestes, Platon accepta le modele
introduit par les Pythagoriciens, le modifiant simplement sur un point, c'est-
a-dire en substituant la terre au feu central et en faisant tourner tous les
autres corps autour d'elle. De cetle maniére il créa ce qu'on a appelé le
“modele a deux sphéres”, selon lequel l'univers est constitué par deux sphe-
res concentriques: la terre immobile au centre et le clel qui tourne autour
d'elle’. 1 s'agit d'un modéle mécanique, parce que le phénoméne principal
auquel tous les autres sont réduits est le mouvement circulaire; cependant ce
mouvement est produil par une Ame inunanente au monde, ce qui ressort du
modele biomorphique, parce que 'ame, chez les anciens, était essentielle-
ment le principe de la vie.

1 semble, en outre, que Plaion ait posé & ses disciples le probleme sui-
vant: comment expliquer, c'est-a-dire réduire & une régle, les mouvements
apparemment irréguliers des planétes, en employant Ia formule devenue
fameuse de “sauver les apparences” (sézein ta phainomena)®. Cela donna 'oc-
casion & Fudoxe de Cnide de formuler sa célébre théorie des sphéres concen-
triques, selon laquelle le mouvement apparemment irrégulier de chaque
planéte serait le résultat de la composition des mouvement réguliers, c'est-a-
dire circulaires, de trois ou quatre sphéres ayant comme cenire la terre, mais
avec des axes différemment inclinées et avec les poles de l'une [ixés sur la
surface de l'autre. Cetle théorie, un peu modifiée quant au nombre des sphe-
res par Callippe, disciple d'Eudoxe, fut acceptée par Aristote, qui par consé-
quent n'est ni l'inventeur ni le principal représentant du systéme géoceniri-
que,

S, Kunw, The Copernican Revolution. Planetary Astronomy in the Developrient of Western
Thought, Cambridge, Mass., 1957, ch. L.
5 Simpl. in de Caelo, p. 488 Heiberg = Budoxes, frg. 121 Lasserre,
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Un autre disciple de Platon, Héraclide de Pontus, donna au méme pro-
bleme une solution différente, en faisant tourner les planétes autour du soleil
et le soleil autour de Ia terre, ce qui ressemble beaucoup au fameux systéme
proposé au XVI€ siécle par Tycho Brahe. Ensuite, Aristarque de Samos (I11¢
siecle avant 1.C.) résoudra le probleéme posé par Platon en admettant le mou-
vement des planétes et de la terre autour du soleil, ce qui ressemble au syste-
me héliocentrique de Copernic. Hipparchus de Nicée (I1I¢ siecle avant J.C.)
reprendra 'hypothése géocentrigue de Platon substituant aux spheres
d'BEudoxe des mouvements circulaires excentriques et des épicycles (c'est-a-
dire des mouvements circulaires ayant comme cenire un point qui tourne lui
aussi autour de la terre). Clest a cette dernidre théorie que se rattachera
Ptolémée d'Alexandrie (I1I° siecle aprés J.C.), le fameux astrenome auteur du
systéme dominant jusqu'a Galilée, qui lui ajoutera seulement guelgues com-
plications ultérieures. Dans tous ces cas nous sommes en présence de mode-
les d'ordre de type mécanique, qui réduisent tous les phénoménes célestes a
des mouvements circulaires.

11 faut ajouter, cependant, gue Platon, et probablement ses disciples aussi
(saul Aristote), considéraient ces théories comme simplement vraisembla-
bles, et non comme nécessairement vraies, parce que pour Platon il n'y a pas
de science des phénomenes sensibles, de sorte qu'on peut faire & propos
d'eux seulement un “discours vraisemblable” (eikds logos), étant donné que la
véritable science a pour objet seulement les réalités transcendantes. Un
discours encore plus éloigné de ce qui est vrai concerne, selon Platon, les
phénomenes terrestres, ol ['on retrouve des mouvements complétement frré-
guliers, Cela n'empéche pas, toutefols, gu'aussi bien le ciel que la terre, pour
Platon, soient ordonnés selon des rapports mathématiques, qui s'expriment
dans “les formes et les nombres”, rapports dont I'auteur est une intelligence
démiurgique’. On peut conclure, par conséquent, que chez Platon nous avons
une suprématie de l'ordre mécanique sur l'ordre biomorphigue,

Aristote, comme cela est bien connu, conserve pour les phénoménes cé-
lestes l'explication donnée par Platon, Eudoxe et Callippe, qui était de type
mécanique, attribuant aux astres une matiére incorruptible et inaltérable
(I'éther) et admetlant comme cause de leurs mouvements des moteurs immo-
biles, qui agiraient en exercant une sorte d'attraction amoureuse sur les dmes
des asires (explication de type biomorphique). Pour Aristote aussi les mouve-

¢ PraToN, Timide, 27 C-29 D; 52 D-53 B.
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ments circulaires des corps célestes obéissaient & des régles mathématiques,
étant mesurés par le lemps.

Un ordre complétement différent est admis par Aristote en ce qui concer-
ne les phénomeénes terrestres, qui sont caractérisés par des changements
irréductibles au mouvement circulaire, dont le plus important est la généra-
tion et la corruption des substances, par exemple la naissance et la mort des
étres vivants. Tous les corps “naturels”, c'est-d-dire non artificiels, selon
Aristote ont en soi un principe de mouvement et de repos, leur «nature», qui
se manifeste de la maniere la plus complete dans les &tres vivants, dont il
forme I'ame. Ce principe agit toujours en vue d'une finalité, qui pour les éires
vivants est I'accroissement jusqu'a la perfection compléte et la reproduction.
Nous sommes donc en présence, pour ce gui concerne la terre, d'un ordre de
type biomerphique, qui coexiste avec l'ordre mécanique des cieux. Aristote
compare ['"“ordre” {faxis) de l'universe, considéré par lui comme un “bien”, &
I'ordre d'une armée commandée par le général ou a I'ordre d'une maison,
comprenant femme, enfants et esclaves, commandée par le chef de famille?,
de sorte qu'on peut penser que powr lui aussi P'auteur de cet ordre est l'intelli-
gence supréme, constituée par le premier des moteurs immobiles, c'est-a-
dire le moteur du premier ciel.

A la différence de Platon, Aristote ne fait aucun recours & la mathémati-
que pour expliquer les phénomenes terresires, qu'il considére comme étant
trop complexes pour &tre réduits a des mouvements mesurables; et A la diffe-
rence de Platon, Aristote considére la connaissance de la nature comme une
véritable science, a laquelle il donne pour la premiére fois le nom de “physi-
que”, qui a pour objet des régularités (par exemple le fait que “I'homme
engendre un homme"), méme si celle-ci admettent des exceptions (par exem-
ple les monstres). La physique en effet, pour Aristote, est la science de ce qui
arrive “toujours ou dans la plupart des cas”. Tous deux, Platon et Aristote,
admettent qu'au dessus de 'ordre du monde il y a un principe transcendant,
dont l'ordre cosmique dépend et qui est I'objet d'une science différente de la
physique, appelée par la suite “métaphysique”.

Dans le moyen age, tant les philosophes arabes et juifs que les philo-
sophes chrétiens ont conservé les deux formes d'ordre développées par
Platon et Aristote, attribuant l'ordre mécanique aux phénoménes célestes et
l'ordre biomorphique aux phénomeénes terrestres, en leur ajoutani, comme
fondement, la notion biblique de création. Pour ce qui concerne, en particu-

P ArISTOTE, Métaphysique, XIT 10, 1075 a 11-25,
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lier, l'explication des mouvements des planéles donnée par Ptolémée, tani
Averrogs que saint Thomas d'Aquin lui ont attribué explicitement un caracte-
re seulement hypothétique, parce qu'a leur avis les épicycles auraient é1é en
contraste avec la physique d'Aristote, qui considérait aussi les sphéres cé-
festes comme composées d'éther®.

A la Renaissance, les premiers astronomes moedernes, c¢'est-a-dire
Copernic et Képler, ont fait explicitement appel aux Pythagoriciens pour
leurs théories héliocentriques et, surtout le dernier, pour leur conception
mathématique des mouvements célestes. Ils ont donc gardé, sauf pour l'a-
spect géocentrique, la conception platonicienne de 'ordre mécanigue de I'u-
nivers, tout en admettant, dans le cas de Képler, une dme (résidu de l'ordre
biomorphique) comme cause des mouvements célestes. Les aristotéliciens,
au coniraire, ont attribué a la physique, du point de vue de ia méthode, le
caractére de nécessité absolue qui appartenail aux démonstrations mathé-
matiques (Zabarella), négligeant presque complétement la métaphysique.

3. Galilée

Cher Galilée nous assistons au triomphe de l'ordre mécanique sur l'ordre
biomorphique, triomphe qui s¢ poursuivra pendant les trois premiers siécles
des temps modernes. Galilée applique, en effet, également le modéle mathé-
matique, qui jusqu'a son époque était appliqué de préférence aux phénome-
nes célestes, aux phénomenes terrestres, considérant seulement les aspects
mesurables de ceux-ci et négligeant complétement le probleéme de leur “essen-
ce”, c'est-a-dire de leur nature intrinséque, de leur origine et de leur significa-
tion. On connail ses affirmations sur 'univers congu comme un livre écrit en
langue mathématique, dont les caractéres seraient des triangles, des cercles et
d'autres figures geométriques’, et sur l'impossibilité de connaitre l'essence des
choses'. De cette maniére non seulement Galilée assimile la physique i la
mathématique, mais il exclutl la possibilité de la métaphysique, comme il
résulte de son affirmation, selon laquelle dans le domaine des mathématiques
l'intelligence humaine, au moins pour ce qui est de l'intensité de sa connais-
sance, est égale a l'intelligence divine, ce qui veut dire que la mathématique
est un savoir absolu el constitue par conséquent le savoir supréme". 1l faut

5 AveERrrons, De Caelo, 11, comm. 35; TuoM. Ag., In Aristol. De Caelo, 11, 17, 451.

¢ G. GaLLgl, [T Saggiatore, dans Opere, Firenze 1890-1909, vol. VI, p. 232,

" GarLiLi, Istoria e dimosiraziont intorno alle nacchie solari, ibid., vol, V, pp. 187-188.
" GavLee, Dialogo sopra i due massimi sistemi del mondo, ibid., vel. VII, pp. 128-129.
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dire, d'ailleurs, que cetie dévaluation de la métaphysique était partagée, a I'é-
poque, par les adversaires aristotéliciens de Galilée eux mémes.

Lorsgue Galilée découvre, grice a sa lunette d'approche, que les corps
célestes ont les mémes propriétés que les corps terresires, par exemple que Ia
lune a des aspérités et que le soleil a des taches, réfutant de cette manidre la
croyance d'Aristote en l'inaltérabilité des cieux, il semble assimiler les pre-
miers au second, mais en réalité il trouve dans celte découverte la confirma-
tion de Fhomogéneité du ciel et de la terre, et par conséquent de la validité de
Fapplication du modele mécanique et mathématique a la terre aussi bien qu'en
ciel. De cette fagon, comme il 'admet lui-méme, Galilée ne reduit pas le ciel 4
la terre, mais il porte la terre au ciel. La nous voyons le triomphe de l'ordre
mécanique, (rés simple, sur l'ordre biomorphique, bien plus complexe, c'est-a-
dire I'extension de 'ordre mécanique & 'univers tout entier.

Cela induit Galilée & croire que le mouvement circulaire, propre aux
corps célestes, appartient a tous les corps, ¢'est-a-dire qu'il est un état d'iner-
tie, de méme que le repos’, ce qui est notoirement faux, méme si cette thése
ménera 4 la découverte du principe d'inertie, formulé par Descartes, selon
lequel Te mouvement reciiligne et uniforme d'un corps n'a besoin d'aucune
cause, mais se maintient dans son étre si rien ne vient I'empécher'. Elie sem-
ble étre manifestement en contraste avec la philosophie d'Aristote, selon
laquelle tout changement reguiert une cause, mais sa validité est vérifiable
seulement dans des conditions idéales, ¢'est-a-dire pour des mouvements
sans frottement, qui dans 'univers physique, n'existent pas. Encore une fois,
donge, la mathématique l'emporte sur la physique dans le sens que la premié-
re absorbe la seconde.

Fort de cette assimilation, Galilée croit trouver la démonstration physi-
que de la théorie copernicienne dans le phénomeéne des marées — qui au
contraire, comme 'on sait, est produil par l'atiraction lunaire —, et par con-
séquent il donne A cette théorie non seulement la valeur hypothétique qui lui
était reconnue par le cardinal Bellarmin (par analogie 4 la valeur hypothéti-
que reconnue & la théorie ptolémaique par les commentateurs mediévaux
d'Aristote), mais i lui donne la valeur d'une description fidéle de la réalité
physique, c'est-a-dire la valeur d'une vérité ontologique. Cest pour cette rai-
son, el par le fait qu'il donne la mé&me valeur a toutes les théories physiques,
que Galilée demanda d'élre nommé par le Grand Duc de Toscane non seule-

2 Ibid., p. 62.
" GaLiLgg, ibid, p. 53,
“ Voir A, Kovyris, Erudes galiléennes, Paris: Hermann, 1966, ch. JIL
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ment “mathématicien”, mais aussi “philosophe” (naturel), c'est-a-dire con-
naisseur de la véritable nature des choses (naturelles).

Mais, comme il assimile la physique & la mathématique, Galilée doit don-
ner aux démonstrations physiques la méme valeur qu'il donne aux démon-
sirations mathématiques, c'est-d-dire la valeur de démonstrations nécessai-
res, qui non seulement montrent comment les choses se comportent, mais
démontrent qu'elles ne peuvent pas se comporter autrement. Cela signifie
relier les causes aux effets par un lien de nécessité, tel que les effets decou-
lent nécessairement de leurs causes. Du reste, la convertibilité des proposi-
tions, et donc la convertibilité enire les prémisses et les conclusions, c'est-a-
dire entre les causes et les effets, est un caractére déja reconnu comme pro-
pre 4 l'analyse mathématigue par Aristote'.

Pour cette raison le pape Urbain VIIT a cru que I'argument des marées
violait la toute-puissance divine, contraignant Dieu & créer le monde d'une
certaine maniére plutdt que d'une auire, et il se mit en colére lorsqu'il con-
stata que dans son Dialogue Galilée non seulement releguait l'alfirmation du
caractere hypothétique de la théorie copernicienne dans une prémisse
imprimée en caraciéres différents du reste de I'ouvrage, mais mettait l'obiec-
tion, selon laquelie I'argument des marées serait incompatible avec la toute-
puissance divine, dans la bouche de Simplicius, c'est-a-dire du personnage
ridiculisé par l'ouvrage tout entier', C'est pour cette raison, probablement,
que Galilée a été condamné par le Saint-Office".

Il n'y a pas de doute que le Saint-Office 2 eu tort de condamner Galilée,
mais cela ne signifie pas que celui-ci avait raison: Galilée en effet n'a jamais
fourni la démonstration scientifique que Bellarmin lui avait demandée pour
pouvoir changer l'interprétation traditionnelle de la Bible, et que Bellarmin
lui-méme, il faut 'ajouter, tenait pour impossible, parce que lui aussi croyait
qu'elle devait &tre una démonstration impliquant une nécessité. Le Saint
Office a eu torl parce que les membres de cette institution, et aussi Urbain
VIII, n'avaient pas compris l'absence totale de signification des théories phy-
siques, quel que soit le type de démonstration qu'on attend d'elles, pour les
vérités de la foi, et donc Pincompétence de 1'Eglise dans les théories scientifi-
ques.

Celles-ci sont d'une autre nature que la foi, mais non pas pour la raison

'S ARISTOTE, Seconds Analytiques, 112,78 a 6-13.

' Garne, Dialogo cit., dans Opere, vol. VH, p. 488,

7 Pour la documentation sur ces affirmations je dois renvoyer d mon élude Fraplicazioni
filosofiche della condanna di Galilei, “Giomale di Melafisica”, n. 5., 3, 1983, pp. 239-261.
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avancée par Galilée, c'est-a-dire parce que la science nous enseigne comment
“le ciel va” tandis que la foi nous enseigne comment “on va au ciel”. Il y a des
véritées de foi, en eflet, qui sont des vérités de fait, indépendamment de la
valeur sotériologique qu'elles ont pour ceux qui croient en elles, et qui sem-
blent clairement en contraste avec la science, par exemple la résurrection de
Jesus Christ, qui est Ie fondement de toute la foi chrétienne, Les théories
scientifiques sont étrangéres a la foi parce qu'elles n'atieignent pas le niveau
ol se trouve le principe qui rend possible toute révélation et donc tout conte-
nu de la foi, c'est-a-dire le Dieu transcendant et tout-puissant, qui peut faire
exception aux lois de la nature parce qu'il les a créées lui-méme. 11 s'agit du
niveau métaphysique, c¢'est-a-dire d'un niveau qui peut &tre alteint seulement
par un discours qui n'est ni science ni foi, et qui ouvre entre la science et la
foi I'espace nécessaire pour rendre possibles (non pour démontrer) les vérités
de Ia fol.

Ni Galilée, ni les aristotéliciens de son époque, ni le pape Urbain VIII et
ses ministres, n'avaient une idée claire de cette métaphysique. Les premiers,
c'est-a-dire Galilée et les aristotéliciens, prétendaient que la science, physi-
que et mathématique, par ses théories copernicienne ou ptolémaique, était la
seule connaissance possible de la réalité, et donnaient a la foi une significa-
tion simplement sotériologique ou bien pratique. Les autres, c'est-a-dire le
pape et ses ministres, niaient & celte science la valeur de vérité, craignant
qu'elle puisse menacer les vérité de la foi, et de cetie maniére eux aussi sous-
entendaient que la science embrassait toute la réalité, excluant toute autre
forme possible de connaissance,

L. De Galilée 4 nous jours
1. Développement de l'ordre mécanique

Apres Galilée, I'ordre mécanique triompha presque complétement sur l'or-
dre biomorphigue grice & l'oeuvre des principaux philosophes et savants des
temps modernes. Descartes réduisit Punivers matériel simplement a l'exten-
sion et au mouvement (mécanique), formulant pour la premiére fois le princi-
pe d'inertie, selon lequel le mouvement rectiligne et uniforme peut se mainte-
nir indéfiniment dans son &ire, s'il n'y a pas d'obstacles, et donc n'a besoin
d’aucune cause, L'univers tout entier, y compris les &tres vivants et méme le
corps de I'homme, est une grande machine, créée par Diew, mais capable de
fonctionner indépendamment de hii, privée de toute finalité. Pour sauveguar-
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der les vérités de la foi chrétienne, c'est-a-dire 'immertalité de 'dme humaine
et la transcendance de Dieu, Descartes congoit 'ame comme une substance
indépendante du corps, c'est-a-dire comme un pur esprit, et com1d01e les lois
mathématiques et physiques qui gouvernent l'univers comme l'expression
d'un choix fait par Dieu d'une maniére complétement arbitraire.

Spinoza n'aura plus ces scrupules et, proclamant le mécanisme absolu de
la réalité, c'est-a-dire 1a nécessité mathémathique de sa structure, y inclura
méme 'sme humaine et Dieu, considérant la premiére comme un simple
aspect, de méme que le corps, de la substance unique qui forme l'univers et
le second comme identique A cette substance tout entiére. Dans sa philo-
sophie une physique mécaniste ct déterministe conduit a4 une métaphysique
de 'immanence de Dieu dans l'univers, ¢'est-2-dire au panthéisme. Une réac-
tion a cette métaphysique sera tentée par Leibniz, qui réaffirmera la tran-
scendance de Dieu et la spiritualité de 'dme humaine, mais d'une maniére
plus dogmatique que critigue.

La version proprement sc1enu[1quc de l'ordre mécanique de I'univers fut
rendue possible par Newton. Celul—m réussit, en effet, a réduire tous les phé-
nomeénes, tant célesies que terrestres, A une méme loi, la loi de la gravitation
universelle, qui s'exprime uniquement en termes de masses, forces motrices
el mouvements mécaniques. On a pu concevoir, de cetle maniere, l'existence
d'un ordre unique, de type trés simple, auquel se raménent les phénoménes
les plus complexes. La caractéristique principale de cet ordre, comme il a été
remarqué récernment’®, est la “réversibilité”, c'est-a-dire la possibilité, pour
les phénomenes mécaniques, de renverser la direction du temps dans lequel
ils se produisent, sans qu'ils changent aucunement. Le modele parfait de ces
phénoménes est représenté par le mouvement d'un pendule sans frottement.

Probablement Newton lui méme ne partageait pas complétement cette
vision de l'ordre cosmique, parce qu'il considérait la force de gravitation
comme capable d'expliquer seulement les phénomeénes macroscopiques et
non les microscopiques (c'est-a-dire les mouvements des corpuscuies, que
cependant il admettait), et comme demandant, 4 la fois, une explication ulié-
rieure. En outre il était convaincu que cette vision du monde était valable
seulement pour la réalité physique, c'est-a-dire pour la nature entendue
comme différente de 'homme, et il admetiait méme que l'univers dans son
ensemble était sujet & un processus irréversible’. Mais les philosophes qui

® ], PRIGOGINE - 1. STENGERS, La nouvelle alliance. Métamorphoses de la science, Paris 1975
® Jacceple, & ce propos, les précisions qui ont 616 [aites, au cours de la discussion, par les
professeurs 8. L. Faki et M, Pullman.
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s'inspirerent de cette vision du monde, en particulier les “lumiéres”, n'hésit2-
rent pas a appliquer fe modele mécanique a la réalité Loute entiére, y compris
I'homme, faisant de celui-ci une simple machine, comme il résulte du célébre
traité, L'homme machine, de La Mettrie, Newton en oulre, en tant que
croyant, était convaincu que l'univers mécanique, décrit et expliqué par ses
théories, était créé par Dieu. Laplace, le philosophe et physicien qui reprit la
théorie kantienne de la nébuleuse primitive comume origine de I'univers, con-
clut que Dieu était désormais devenu une hypothése inutiie®,

II faut ajouter que les philosophes et les savants modernes {par exemple
Galilée, Gassendi, Newton lui-méme) reprirent aussi la théorie atomiste, éla-
borée par quelques philosophes grecs, qui nous présente un modéle d'ordre
sans doute moins facilement réductible a la regulariié et a la réversibilité des
mouvements des astres. Mais il s'agit également d'un ordre de type mécani-
que, parce que pour la théorie atomiste tous les phénomeénes sont clairement
réduits au déplacement des masses dans l'espace.

2. La crise de l'ordre mécanique

Le modeéle mécanique, qui pendant les XVII® et XVIIIC siecles s'était
affirmé en tant que le type d'ordre dominant, subit une crise au cours du
XIXE siecle a cause des développements de la thermodynamique, d'un c6té,
et de la biologie évolutionnisie de l'autre. L'univers de Newton était fondé
sur la réductibilité de toute forme d'énergie, et de la matiére elle-méme, 4 1'é-
nergie mécanique, c'est-i-dire & une force capable de produire des mouve-
ments de masses dans I'espace. Aux début du XIX€ siecle le physicien anglais
James P. Joule démontira la transformabilité compléte de I'énergie mécani-
que en énergie thermique, découvrant de cette maniére le premier principe
de la thermodynamique, c'est-a-dire que la quantité totale de 'énergie exi-
stant dans Punivers reste immuabie.

Mais le physicien frangais Sadi Carnot et le physicien allemand Rudolph
J.E. Clausius demontrérent 'impossibilité de la transformation inverse de
celle admise par Joule, c'est-a-dire I'impossibilité de transformer compléte-
ment I'énergie thermique en énergie mécanique: chaque fois, en effet, qu'on
tente de réaliser cette transformation, par exempie par la machine a vapeur,

* Evidemment, du poinl de vue scientifique, Laplace avait raison, comme l'a observé le
prof. M. Moshinski, parce que Pexistence de Dieu reléve du domain de la philosophie, pas de
celui de la science. Mais Laplace n‘admetiait autre domain de connaissance que celui de la
science, ce qui n'est pas un point de vue scientilique, mais philosophique.
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une quantité d'énergie thermigue se perd (par exemple a cause du frotte-
ment) et la quantité d'énergie mécanique gqu'on obtient est inférieure a la
guaniité d'énergie thermique dont on disposait au départ.

Cette découverte venait démentir la croyance en la réductibilité de tous
les phénomenes physiques & des phénoménes mécaniques, qui était 4 la base
de la physique de Newton, et par conséquent en la réversibilité de tous les
changements physiques (caractéristique propre aux mouvements mécani-
ques), montrant I'existence dans la nature de changements irréversibles, qui
en plus se produisent vers un état d'équilibre caractérisé par unc transforma-
bilité mineure et donc doué d'une moindre utilisabilité de la part de I'homme.
Le physicien anglais Lord Kelvin nomma cette tendance “entropie”,
employant un terme qui & la lettre signifie “involution”, c'est-a-dire le contrai-
re d'une évolution entendue comme progrés, et donc une forme de regression.
Bien plus, Clausius formula le deuxigme principe de la thermodynamique en
terme d'entropie, affirmant que “I'énergie de l'univers est constante, mais I'en-
tropie de I'univers augmente constamment vers une valeur maximale”.

De cette maniére Ia thermodynamique montra que l'ordre de I'univers est
plus complexe que l'ordre simplement mécanique et ses resuitats furent
interprétés comme attestant l'existence d'un certain désordre a lintérieur de
l'ordre. 8i, en effet, 'univers tend vers un maximum d'entropie, cela signiflie
qu'il tend vers un état d'équilibre completl caractérisé par le désordre. Du
reste, on a la méme impression lorsqu'on agite un vase contenant une certai-
ne quantité d'objets disposés initialement dans un certain ordre: ce qu'on
obtient & la fin, c'est-a-dire quand ils arrivent & un état d'équilibre spontané,
est un mélange qu'on appelle natureilement désordre. On a I'impression, en
somme, que l'ordre mécanique est un ordre qui tend au désordre.

L'autre découverte qui produisit la crise de 'ordre mécanique fut la théo-
rie de I'évolution des espéces biologiques proposée par Darwin., Comme il est
bien connu, selon cette théorie, en effet, a [a suite d'une série de transforma-
tions dues a la sélection naturelle — c'est-a-dire & la survivance des individus
les plus douds pour faire face a la iutte pour la vie, et a la transmission de
leur caractéres par hérédilé —, les espéces vivanies se transforment, assu-
mant une structure qui est toujours meilleure, ¢'est-a-dire plus apte & aflron-
ter la Jutte pour la vie, elles se transforment done dans des especes meilleu-
res, plus fortes, plus “évoluédes”. Darwin, probablement sous l'influence de
Spencer, a nommé ce processus “évolution”, donnant justement 4 ce terme la
signification de progras?.

R, Guson, D'Aristote @ Darwin ef retour, Paris 1971,
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Dans le cas de I'évolution des espéces vivantes, comme dans celui de la
transformation de I'énergie mécanique en énergie thermique, nous sommes
en présence d'un changement irréversible. Il n'est pas possible, en effet, qu'u-
ne espece subisse une “involution”, c'est-a-dire une transformation dans une
espéce pire: elle doit ou bien évoluer ou bien périr. Mais dans ce cas, 4 la
différence de ce qui arrive dans la thermodynamique, la direction des chan-
gements n'est pas de l'ordre au désordre, mais au contraire du désordre a
l'ordre, ou au moins d'un état moins ordonné, dans le sens de moins rési-
stant, moins riche, vers un élai plus ordenné, en somme supérieur. 11 arrive
quelque chose de sembiable 4 ce que nous pourrions observer si, agitant un
vase contenant une gquantité d'objets mélés entre eux, el donc en désordre,
nous obtenions, grace & l'introduction d'un filire, une séparation de certains
objets des autres objets, et donc une forme d'ordre. Dans I'évolution biologi-
que, le filtre est constitué par la sélection naturelie.

Cette diflérence de comportement entre les especes vivantes et les réa-
litées non vivantes ouvre, dans la visione moderne de l'univers, un abime
entre deux mondes, le monde de la matiére inerte et le monde le la vie, qui
reproduit la distincion ancienne entre l'ordre mécanique, plus simple, et I'or-
dre biomorphique, plus complexe, D'olt la necessité de chercher un nouveau
modele d'ordre, qui soit capable de réunir, ou bien de réconcilier, ces deux
mondes et de constituer 'ordre total de l'univers. Ceci sera l'oeuvre du XX©
siecle, en particulier de la tendance, ou du phénomeéne cullurel, appelé
“émergence de complexité”, qui, comme nous allons le voir a l'instant, repla-
cera méme l'ordre mécanique a I'intérieur d'un ordre plus général, qui res-
semble plus au type biomorphique gqu'au type mécanique, et donc est plus
complexe gue simple.

3. L'émergence de la complexité

Par “émergence de la complexité” on entend aujourd'ui une série de
recherches, qui vont du domaine de la sociologie (Edgar Morin) & celui de Ia
psychologie (Jean Piaget), du domaine de la cybernétique (par exemple, “l'in-
telligence artificielle”) a celui de la mathématique ct de la physique (Réné
Thom, Tlya Prigogine): toutes ces recherches aboutissent & une extraordinai-
re complexité de la connaissance et de la realité®. Celles qui nous intéressent

# Voir G. Bocent e M. Ceruti (edd.), La sfida defla complessita, Milano 1985, Comme il a é1é
observé au cours de la discussion par le prof. P. Germain, il ne faut pas parler d'une “théoric de
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a présent sont les recherches de Prigogine, parce qu'elles sont lides directe-
ment aux concepls traditionnels d'ordre et de désordre employés par les
visions philosophique et scientifique du monde®,

Dans leur livre récent, Exploring Complexity, Nicolis et Prigogine affir-
ment que notre univers physique n'a plus comme symbole le mouvement
régulier et périodique des planétes, qui est a la base de la mécanique classi-
que. C'esl au contraire un univers d'instabilité et de fluctuation, qui sont A
l'origine de I'incroyable variété et richesse de formes et de structures que
nous voyons dans le monde. Dans le monde qui nous entoure nous trouvons
aussi bien des régularités inattendues que des fluctuations, également inat-
tendues, d'une échelle trés ample (par exemple dans le climat). A cété de
changements réversibles comme le mouvement d'un pendule sans frottement
ol le passé et le futur sont interchangeables, il y a des changements irréversi-
bles comme la diffusion et les réactions chimiques ot il y a une direction pri-
vilégiée du temps. En outre nous sommes forcés d'admettre l'existence de
processus “stochastiques”, c'est-a-dire gouvernés non par la nécessité déter-
ministe, mais par une probabilité statistique®.

Selon la vision classique de la science (siecles XVII-XIX), il y avait une
distinction trés nette entre les systémes simples, étudiés par la physique et la
chimie, et les systemes complexes, étudiés par la biclogie et les sciences
humaines. Or, cette différence est aujourd’hui en train de disparaitre et dans
le méme temps s'affirme une vision pluraliste du monde physique, ot diffé-
rents types de phénomeénes coexistent I'un a ¢d1é de P'autre lorsqu'on change
les conditions auxqueiles le systéme est soumis. Nicolis et Prigogine donnent
plusieurs exemples de comportements complexes: l'auto-organisation des
systéemes physico-chimiques, comme la formation d'un flocon de neige, cri-
stal de forme dendritique, & partir d'un cc. d'eau lorsque la température ayri-
ve & 0 degrés; la convection thermique, les phénomeénes induits par la ten-
sion superficielle et étudiés par la science des matériaux; les changements de
climat et feur variabilité; I'histoire de la terre a travers l'alternance de glacia-
tions et de diminutions des glaciers; 1'histoire elle-méme de notre univers

la complexii¢”, parce qu'il ne s'agit pas d'une théorie scienlilique dans le sens courant du terme,
mais d'un ensemble de recherches el diinlerprétations de la réaliié.

* Malgré les réserves soulevées par beaucoup d'interventions & propos des théories de
Prigogine, j'estime celles-ci comme une référence trés ulile pour une discussion philosophique
de la complexité, & cause des considérations trés générales qu'elles contiennent el qui se prétent
facilment & des évaluations interdisciplinaires.

M G. Nicowss - I PriGocing, Exploring Complexity. An Introduction, Munich 1987, Prologue.
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partir du Big Bang vers une expansion progressive; le développement d'un
embryon; les stratégies d'adaptation des insectes sociaux; I'auto-organisation
des systémes humains®. On pouwrrait ajouter les changements qui se produi-
gent, au niveau de la neurophysiologie des états de conscience, a la suite
dtune “information”.

Nicolis et Prigogine introduisent la distinction entre systémes conserva-
tifs, constitués pas des changements réversibles et qui tendent & conserver
inaltérée leur propre structure, par exemple 'univers de Newton, et syst&mes
dissipalifls, constitués par des changements irréversibles et qui augmentent
de plus en plus leur complexité, par exemple - ce sont nos auteurs qui l'écri-
vent — la région sublunaire de 'univers comme elle a été décrite par
Aristote, Or, les systémes dissipatifs forment une classe vaste et importante
des systémes naturels. L'analyse des systémes physiques, par conséquent, ne
peut pas éire réduite & un jeu de mathématigue: les systémes physiques sous
beaucoup d'aspects doivent &tre regardés comme hautement atypiques, ou
non-génériques, du point de vue mathématique?.

Parmi les systémes dissipatifs il v en a d'ouverts, qui échangent conti-
nuellement de 'énergie avec leur entourage, provoquant des changements
méme dans celui-ci: par exemple tous les &tres vivants sont des systémes dis-
sipatifs ouverts qui soustraient énergie 4 leur milieu, produisant dans celui-ci
une augmentation d'entropie, et la transforment en vue d'une organisation
toujours plus complexe. Dans ce cas, les systemes vivants et les systémes
non-vivants forment un seul ensemble, o l'entropie et I'évolution sont com-
plémentaires®, Dans beaucoup de changements, affirme Prigogine, le passa-
ge vers la complexité est étroitement 1ié A la “bifurcation” de nouvelle bran-
ches de solution, qui naissent de l'instabilité d'un étal de rélérence causée
par la non-linéarité et par des liens qui agissent sur un systéme ouvert.

En conclusion, nous vivons dans un monde plaraliste, oli des phénome-
nes simples, comme le mouvement périodique de la terre autour du solell,
nous apparaissent comme réversibles dans le temps et nécessaires, mais of

= Ibid,, ch. 1.

* Yoir G, DL Re - B Mariant (edd).), H rapporte di Napoli sul problema mente-corpo,
Napoli 1991,

7 N1coLIS-PRIGOGING, op. cit., ch. 2.

™ Sur ce sujel on peut voir aussi le fascicule Simplicité ef complexité, edité par M. Ceruli el
E. Marin, dans “50 rue de Varenne”, supplément italo-frangais de “Nuovi argomenti”, n. 25, de
I'Istituto Italiano di Cultura de Paris (mars 1988), ¢t encore R, Morchio, Sistemi ordinati e
disordinati nell'evoluzione delluniverso, “Giornata di astronomia”, XV, 1989, nn, 3-4; Quale
portata ha Pevoluzione biologica in cosmologia?, ibid., XVIT, 1991, nn. 1-2.
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nous trouvons aussi des changements irréversibles comme les réactions chi-
miques, et des changements stochastiques comme le choix entre des états de
bifurcation, Selon la conception classique, l'irréversibilité et le hasard a 1'é-
chelle macroscopique étaient seulement des apparences dues a la complexité
des comportements collectifs d'objets intrinséquement simples. La croyance
dans la simplicité du niveau fondamental était I'une des convictions domi-
nantes de la science classique des trois derniers siecles. Aujourd'husi il faut
reconsidérer la situation: le niveau fondamental n'est pas simple, Par consé-
quent il faut élaborer un formalisme plus ample capable de comprendre, &
coté des systémes les plus simples, le caractére stochastique et 'rréversibi-
lité des systeémes les plus complexes®.

L"émergence de la complexité”, que nous avons irés brigvement décrite,
rappelle de trés prés la vision de l'univers élaborée pas les philosophes
anciens, en particulier par Aristote, c'est-a-dire un univers ot l'ordre mécani-
que et l'ordre biomorphique cohabitent et forment un ordre global trés com-
plexe. Dans cet ordre, il y a de la place aussi pour ce qui peul étre interprété
comme une forme de désordre, ¢'est-a-dire qu'il y a des marges d'indétermi-
nation, de probabilité, de hasard, mais ceux-ci font partic eux aussi de l'or-
dre complexe,

Il ne faut pas, cependant, interpréter ces résultats comme une revanche
de l'ancienne métaphysique par rapport a la science moderne, ni d'Aristote
par rapport a Galilée. La théorie de la complexité, en effer, est une théorie
simplement scientifique, qui n'a rien & voir ni avec la métaphysique ni avec
la religion, et qui peut &ire interpréiée aussi bien comme compatible avec
una métaphysique de la transcendance, c'est-a-dire théiste, qu'avec une
métaphysique de l'immanence, c'est-a-dire athée. Les théories scientifiques,
en effet, sont complétement différentes par nature aussi bien de la métaphy-
sique, parce qu'elles concernent l'ordre de 'univers et non son principe der-
nier, que de la foi, dont la possibilité suppose I'existence d'un principe tra-
scendant par rapport a Fordre du monde.

1l ne faut pas répéter, par conséquent, 'erreur commise par le Saint-
Office aux temps de Galilée, c'est-a-dire surévaluer la signification des théo-
ries scientifiques et se prononcer sur leur valeur par rapport aux vérités de
foi. Peut-Gtre, ta théorie de la complexité rend-clle plus facile l'acceptation
d'une métaphysique de la transcendance, parce qu'elle nous présente un
ordre cosmique qui, & cause de sa complexité, semble beaucoup plus récla-

® NICOLIS-PRIGOGINE, op. ¢if,, ch, 5,
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mer un principe trascendant et intelligent, que ne le faisait l'ordre simple du
modéle mécanique. Mais elle ne peut pas étre un argument suffisant pour
fonder cette métaphysique.

Les scientifiques aussi, par conséquent, ne doivent pas répéler l'erreur,
commise par Galilée, de surévaluer les théories scientifiques, les considérant
comme la seule forme possible de connaissance authentique, au deld de
laquelle il n'y a de place que pour la foi. 8i, en effet, la science était la seule
connaissance possible, elle devrait embrasser toute la réalité qui est a la
portée de la raison humaine, y compris le principe dernier de l'ordre cosmi-
que, et inévitablement elle réduirait ce dernier & une partie de cet ordre, se
transformant de ceite maniére en une métaphysique de immanence, incom-
patible avec la foi. Clest ce qui est arrivé, nous l'avons vu, aux lemps moder-
nes. Il faut espérer que les développements de la science contemporaine, en
particulier [es recherches sur fa complexité, qui vont dans la direction oppo-
sée 4 celle qui a caractérisé le développement de la science dans les temips
modernes, nous aideront & éviter que cetie expérience se répéte™,

*» Malheureusement, & cause du lemps rés Jimité dont je disposals, je n'ai pas pu tenir
comple des théories épistémologiques de L. Boltzmann et de I.-I1. Peincaré, qui m'ont é1é
justement signalées respeclivement par les professeurs A. Lichnerowicz et G. Puppi. Je remercie
aussi les professeur N. Cabibbo, Th. A, Lambo, W.K. Malu: ¢t B, Nicolescu, qui sont intervenus
dans la discussion, apportant des précisions (rés utiles.



L'EMERGENCE DES STRUCTURES

RENE THOM
LH.E.S, 91440 Bures-sur-Yvetie, France

1. Introduction: A propos du vocabulaire

Ce titre qui m’a été proposé n'est pas sans comporter une certaine ambi-
guité. Les deux substantifs qui le forment, en effet, sont affectés d'une redou-
table polysémie. L'émergence, en principe, désigne 'entrée & 'existence d'une
entité nouvelle. Mais I'émergence n'est pas la naissance: le neuf est immergé
dans I'ancien, qui subsiste - au moins un certain temps - en concurrence avec
lui. De plus, il n'est pas évident que ce phénomene d'émergence soit fonda-
mentalement temporel, au sens qu'il aurait nécessairement lieu dans le temps
historique ou physique. L'émergence peut avoir la signification abstraite d'un
processus continu au cours duquel, en fonction d'un paramétre (s) paramé-
trisant cetle continuité, l'état final s(1) du systéme considéré differe de I'éiat
initial ${0} par I'addition d'un nouvel objet (8) qui sera précisément la struc-
ture émergeante. Qu'on pense & la procession du Néo-Platonisme et de la
théologie comme exemple possible d'un processus intemporel d'émergence.

Quant au mot “structure”, on connait la vaste multiplicité de ses signifi-
cations. Disons, pour simplifier, que ces sens sont distribués Ie long d'un
spectre unidimensionnel {un segment) (Figure 1), qui, & gauche, désignerait
les structures abstraites (le paradigme de la structure abstraite éiant la strue-
ture formelle, logique ou mathématique), et A droite les siructures concrétes,
comme la structure d'un pont, d'un batiment ou d'un outil.
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Symélrie Biologie
Mathématiques Artéfact
Etat Biomolécules

Logique ordonné QOuiils

Linguistique de maltiere Ceilules

{Phonologic Organismes

a Syntaxe)
Y Lol
Abstrait Concret

Figure 1: Axe des structures

En intermédiaire, on trouvera a gauche les structures linguistiques (par
exemple, celles de la grammaire formelle, de la phonologie), ies struclures
mentales ou culturelles {celles de Lévi-Strauss), les structures de la biologie
(anatomie ou physiologie). Le probleme de I'émergence d'une “structure”
n'est alors qu'un cas particulier du probleme général du changement des
objets de pensée, dont certains, dits scientifiques ou artéfactuels (techni-
gues), sont considérés comme représentant aussi fidelement que possible la
réalité objective, celle du monde sensible, ou agissant dans celle-ci en tant
qu'instruments,

1l faudrait ici résoudre une question préjudicielle: un objet concret peut-
il &tre une structure? Dans mon sentiment de [rancophone, je crois qu'il faut
répondre par la négative. Cerles, on désigne tel ou tel échafaudage, tel ou tel
batiment comme une structure. Mais il n'empéche que le mot structure réfe-
re toujours a une classe d'équivalence entre objets concrets, cest un “univer-
sel”. De plus le mot contient implicitement lidée d'une certaine cohérence
entre les parties, cohérence qui se manifeste par des propriéiés internes glo-
bales d'opérativité, de régulation, de stabilité, voire de régénération aprés
une lésion accidentelle de l'objetl (ainsi qu'il arrive pour les &tres vivants).
Tres souvent ces propriéiés de stabilité intrinséque de la structure sont liées
& des capacités fonctionnelles. Mais il est difficile de se replier sur une défini-
tion abstraite et générale, saul & pratiquer Yimpérialisme intellectuel de
Bourbaki... Dans une optique plus philosophique, il est bon d'en revenir au
vieux schéma hylémorphique d'Aristote: une structure concréte est une
matiere subordennée & une forme, ol la forme est la structure, le matériel
sous-jacent pouvant varier en sa nature {mais non arbitrairement!). Par
exemple le mot “pont” référe & une structure concréte dont l'organisation (la
forme) est parfaitement définie (un “tablier” reposant sur deux culées) - et
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dont la fonction est d’assurer un passage a travers l'obstacle sis entre les
deux culées. BEn ce qui concerne l'émergence d'une structare concréte, cela se
dit essentictlement d'un changement de forme ot apparait une nouvelle
structure {avec, en principe, conservation du substrat matériel). On parle
beaucoup, actuellement, d'état chaotique. Je suppose qu'on admetira gu'un
systeme chaotique - par antithése - ne peut présenter de structure. Car d'une
structure, on peut dire quelque chose; elle peut 8tre décrite et, dans les meil-
leurs cas, définie, alors que du chaos, on ne peut rien dire (sauf - parfois -
dans fe cas d'un systéme chaotique 4 la Boltzmann) un milieu qui conduit
par moyennisation i lapparence homogéne du substrat, c¢’est-a-dire qu'il
n'existe aucun détail stable dans 'objet, ni aucune opérativité globale {symé-
trie) agissant dans cet espace.

Par 13, évidemment, la théorie des structures se rattache a une théorie du
changement de formes des systémes naturels. La le parametre d’évolution est
le temps physique (ou, en sciences humaines, historique). 8i I'on disposait
d’une théorie autonome des structures et de leurs connexions intrinséques en
tant que structures, (I'émergence étant considérée comme une connexion
particuligre), on pourrait essayer d’appliquer cetle théorie a 1'évelution fem-
porelle des systémes naturels.

L'émergence est un phenoméne qui, psychologiquement, se rattache a ia
fascination gqu'exerce sur tout esprit linnovation en matidre de production
mentale.... Nous allons d'abord considérer I'émergence des structures au pdle
abstrait du champ continu défini plus haut (Fig. 1). Ce sont les mathémati-
ques qui nous en fourniront I'exemple.

2. Les structures mathémaltiques,

Contrairement & 'opinion standard {(celle de Bourbaki), i'estime que ce
qui importe en mathématigues, ce ne sont pas les structures, mais bien
plutdt les objets. Ce qui - dans le point de vue moderne - justifie la prépondé-
rance des structures sur les objets, ¢’est qu'un objet paradigmatique compor-
te une structure algébrique qui fui est canoniquement attachée, & savoir le
groupe de ses automorphismes, et ce groupe peut agir sur d’'avtres objets.
Mais d'un point de vue génétique - non structural - ce qui fonde le développe-
ment des mathématiques, c'est la construction, Udmergence de ses objets, La
premiére illusion a détruire, cest que 'émergence des structures en mathé-
matique est une déduction logique. Voici le premier contre-exemple. L'objet
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premier en mathématique, c’est 'ensemble N des entiers naturels (les cardi-
naux, qui dénombrent les ensembles [inis). Si on lui applique le schéme hylé-
morphique, on pourrait dire que la matiére de N cest la totalité des entiers
naturels (n), sa forme sera alors l'opération n — 1 + 1, qui, appliquée a
Pentier initial 1, engendre tout I'objet. Vient ensuite, comme second objet, le
groupe Z des entiers relatifs. Pour l'obtenir il faut ajouter & N l'ensemble
défini par 0 et les entiers négatifs (-m7). On voit de suite que ceite opération
n'est pas une déduction logique, car elle comporte un engagement ontologi-
que, celui qui consiste & admetire qu'un symbole tel que 2 - 3 a un sens. On
crée ainsi une nouvelle matiére - 4 adjoindre a celle de N -, les entiers néga-
tifs (y compris zéro), et la forme acquiert un nouvel opérateur n — n - 1 qui
compléte la forme de N de maniére & former un groupe {le groupe abélien
des entiers relatifs Z). 11 serait aisé de voir que tout grand progres de la
mathématique a été 1ié & la construction d'un nouvel objet. Le continu {R)
serait alors le troisizme objet (défini par exemple selon Dedekind & F'aide des
coupures de I'ensemble ¢ des nombres rationnels). En postulant que I'équa-
tion algébrique x2 + 1 = 0 a deux racines i et - {nouvel engagement ontologi-
que), on crée une nouvelle “matiére”, scientifiquement fort importante: celle
qui constitue les objets analytiques, Une fonction analytique présente cette
propriété fondamentale qu'elle est déterminée par sa valeur au voisinage
d'un point. Tout comme Cuvier - & ce gu'on dit - reconstituait le squelette
complet d'un fossile a partir d’'un seul os, le mathématicien peut reconstituer
une fonction analytique & partir de ses valeurs au voisinage d'un seul point
(son “germe” en ce point) - par le processus dit du prolongement analytique.
En un certain sens, toute fonction analytique a la propriété structurale de
pouvoir se régénérer a partir d'un fragment. C'est ce fait, duement exploité
en Physique, qui donne toute sa valeur a l'adage Galiléen: le livre du monde
est écrit en langage mathématique, et le fameux miracle de lefficacité dérai-
sonnable des mathématiques a déerive le monde (E.P. Wigner)' repose sur ce
principe.

Mais nous savons gue ce miracle a ses limites; il ne fonctionne bien que
dans le domaine od jouent les symétries globales de I'univers physique, donc
en fait grace & des hypotheses cosmiques. Pour les phénomeénes locaux qui
intéressent notre mende sublunaire - donc en particulier pour ies structures
locales qui peuvent apparaftre ou disparaitre du monde a notre échelle

' 3.P. Wigner, The unrcasonable eflectiveness of mathemalics in natural Sciences,
Communications, Pure and Applied Math., 13, n° 1, February 1960.
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humaine, Fapplication du formalisme analytique est, nous le verrons, fort
suspecte. Mais ne peut-on croire que néanmeins le prolongement analytique
y garde une certaine validité locale el approchée? Pratiquement, ce vaste
domaine qu'on appelle les mathématiques appliquées repose sur cette con-
fiance; admettons-la: car toute extrapolation d'une fonction numérigque repo-
se - en derniére analyse - sur le prolongement analytique, et ¢’est sur cet algo-
rithme que repose tout 'efficace du formalisme mathématique en science.
De plus, chose essentielie, e prolongement analytique est un principe d'indi-
viduation des phénomeénes physigues: le mouvement de la pierre qu'on lance
vers le haut et qui retombe consistait pour Aristote de deux mouvements; un
mouvement foreé (bicios) vers le haut, suivi aprés le sommet de la trajectoire
d’'un mouvement naturel (phusikos) de chute vers le centre de la terre. Galilée
demontre experimentalement - & ce gu'on dit - que ces deux mouvements ont
méme équation (z = z0 -1/2 g12), établissant ainsi lunicité du phénomene de
fa gravitation sur Terre.

Tout cecl ne permet pas d'affirmer que les 8tres mathématiques non
analytiques sont sans intérét. En effet on sait qu'un objet non analytique
peut 8tre dans certains cas rendu analytique par un changement de variable
approprié - au moins localement -. L'exemple type de ce phénomene est
donné par le théoréme classique des fonctions implicites: si une fonction
numérique lisse I (pourvue de dérivées partielles continues oFfdx; autour de
Porigine O, x; = 0) admet une dérivée premiére non nulle en O, on peut, par
changement de variables locales x; - u; transformer F en une coordonnée uy
(donc en une fonction linéaire). Bien entendu ce changement de coor-
données ne sera pas analytique (en général). Si on prend pour objet I'ensem-
ble défini par I'équation F = 0, ce théoréme montre que cet objel peut &re
transformeé en uy = 0, un “hyperplan” local. Un délaut dans la définition de
I'obiet peut &tre compensé par une transformation du milicu (un homéo-
morphisme). Par une telle transformation, on renforce la structure intrinse-
que de Pobjet - on le lindarise - au détriment des propriétés structurantes,
intrinséques, du milieu ambiant: la structure différenticlle analytique de
I'espace euclidien ambiant doit &tre perturbée - on doit donc y renoncer -
pour régulariser 'objet. Ce type de transformation est utile pour une classifi-
cation des formes fondée sur leur équivalence gualitative, phénoménologigue
comme celle que nous proposerons 4 propos des formes biologiques.

On a vu que l'édification des structures usuelles en mathématique ne
procéde pas d'une déduction logique (ou il y aurait nécessairement perte
informationnelle), mais au contraire d'engagements ontologiques successifs et
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superposés, qui créent une hiérarchie de “matieres” (hyle) au sens de la
materia signate de l'aristotélisme. Notre maniére de voir, évidemment, n'est
pas sans contredire le point de vue aristotélicien sur les mathématiques. En
mon sens, on devrait dire, en Mathématique, que la matiére est engendrée par
la forme, et plus la forme, en tant que processus génératif, est subtile, phus est
subtile la matiere engendrée. Ceci est déja bien visible sur I'exemple de la
hiérarchie entiers naturels - entiers relatifs, La matiére constituée par zéro
et les nombres négatifs a évidemment un caractére beaucoup plus irvéel que
celle des entiers naturels. Ce phénomene explique les difficultés de l'ensei-
gnement des mathématiques, ot 'étudiant - confronté aux premiers rudi-
ments de I'analyse -, ne peut s'empécher de penser: ot diable est-on allé cher-
cher cela? (Par exemple: Pourguoi s'intéresser a une expression telle que
lim,, .., » (1 + /Y7 ?) On pourrait penser que I'émergence d'objets nouveaux
au sein d'une morphologie empirique procede dun mécanisme analogue. Si,
Galileo dixit, 1a nature calcule, pourguoi ne pourrait-clle pas inventer? Et si,
dans l'esprit de I'analogie Microcosme - Macrocosme, elle inventait ses objets
comme le cerveau du mathématicien les invente? La spéculation peut parai-
tre audacieuse .... C'est néanmoins celle que nous allons explorer.

3. Structure et Morphogenése: L'émergence des structures concréles

Ici, je crois qu'il nous faut quelque peu changer notre recherche. Nous ne
sommes pas parvenus i définir ce qu'est une structure. A tout le moins, dans
le cas d'un objet matériel, on sera en mesure de définir sa forme spatiale (et
I'évolution de sa forme) en tant qu’objet plongé dans l'espace-ternps. On sera
donc amené & considérer la morphogénése des entités matérielles. Certes,
beaucoup d'objets du monde ne sont pas des structures ni, a fortiori, des
“organisations”. Mais au moins, dans la mesure ot on peut localiser et décri-
re les objets, on saura ce dont on parie ... (ce qui, hélas, dans le discours de
certains férus d'épistémologie, n'est pas toujours le cas des structures ...).
Considérons donc une forme (F) comme un ensemble fermé plongé dans
Vespace (ou l'espace-temps). Entre points de F on définit une relation d'équi-
valence (£), 'équivalence phénoménale. Deux points x, y de F sont (f) équiva-
lents, s'il existe des voisinages U de x, V de y, et un homéomorphisme local
hy (U) = V tel que si z et w sont des points de U, resp V, avec hy(z) = w,
alors les points z ¢t w ont des voisinages “phénoménalement homéo-
morphes”, i.e. ont qualitativerent la méme apparence. Cette relation (f) est
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une relation d’équivalence et elie partitionne l'espace en sous-ensembles
fermés, les “strates”. A condition de ne pas regarder trop fin (cf. en Géologie
Ia notion de "facies” d’'un minéral lagquelle précisément, sur une coupe de ter-
rain, définit une strate de la géologie), il pourra se faire qu'on n'ait qu'un
nombre fini de classes d'équivalences pour 'apparence ponctuelle du milieu
en un point. Cest 1a situation des ensembles algébriques (et analytiques)
dans l'espace euclidien {conduisant & la notion récente d’ensemble “strati-
[i¢"). Evidemment il se peut que certaines propriétés qualitatives d'un milieu
puissent varier continuement (par exemple la couleur), constituant en ce cas
ce que classiquement, on appelle un genre (yévog). i faut alors décomposer
ce “genre” continu en espéces et procéder comme [it Aristote pour délinir
I'organisation biologique grice aux notions d’homéomere et d’anhoméo-
mére?. On obtient ainsi une définition rigoureuse des différentes parties d'un
objet spatialement défini, mathématisant la vague notion de “situs partinin”
par laquelle les Anciens définissaient l'organisation biologique. Cette systé-
matisation, si imprécise et grossitre qu'elle paraisse au réductionisme
moderne, n'en est pas moins un preliminaire nécessaire a la classification
linguistique des étres et des choses. Mais avant d’aborder les structures biolo-
giques, on évoquera, A titre d'intermediaire, les instruments, les outils, fes
machines de I'homme.

4. L'émergence des structures artéfactuelles

Par structure artéfactuelle, j'entends les structures lides 4 la forme el au
fonctionnement des outils. A cela on pourra aussi ajouter les instruments 2
caractere ludique, comme les instruments de musique et les jouets. Quand
on considére I'apparition historique des techniques et des outils, on ne peut
mangquer d'étre frappé par un fait: Trés {requemment, un appareil ou un
outil est apparu bien avant gu'une théorie coherente, scientifiquement
fondée, en ait é1é formulee et en justifie le fonctionnement. 1.invention de
T'horloge a foliot, qui réalisait la premiére forme de Péchappement en horlo-
gerie, date du XIIIC sigcle, époque ol aucune théorie de la dynamigue n'exis-
tait (sauf celle, erronée comme chacun sait, d'Aristote). De méme, on a taillé
des verres de lunette dans la méme époque, bien avant Snell et Descartes. Et

 Sur ce sujet, voir R, Tuosm, Homdomeres at Arnhoméoméres en Théorie Biclogique d'Aristote
d aujourd'hul in Biologie, Logique et Métaphysique chez Aristoie. Rditeur P. Pellegrin, Paris:
Editions du CN.R.S. 1990,
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en Anthropologie, il existe de nombreuses découvertes de techniques trés
importantes {comme l'agriculture, la domestication du bétail ... etc) appa-
rues indépendamment et pratiquement de maniére simuitanée en des points
trop éloignés du globe pour gu'on puisse raisonnablement invoquer une pro-
pagation geographigue. Je ne crois pas non plus qu'on puisse uniquement
faire appel 4 une expérimentation individuelle issue d'un bricolage’ couronné
de succes pour justifier ces [aits. On ne peut guére — me semble-t-il — éviter
une théorie du style de la réminiscence platonicienne (le Menon) que
jesquisserais comme suit: la dynamique de notre organisme est régie locale-
ment par des objets mathématiques dotées de matiére et de forme. (N.B: la
matiére est ici & concevoir sur Ie mode des élres mathématiques définis au
81, et elle ne s'identifie que partiellement avec la matiére physico-chimique.)
Lors de l'activité motrice de nos membres, il y a inscription dans l'espace-
temps de ces dynamiques locales qui se réalisent alors comme champs
moteurs dans les activités usuelles de la vie. Certaines de ces activités, les
plus simples, apparaissent nécessairement dans le développement canalisé
de 'ontogenese. Le jeu apparait alors comme l'apparition de ces dynamigues,
dans un cadre biologiquement non motivé, et s'appliquant sur une matiére
non vivante extraite de 'environnement, Par exemple, on a vu, au §1, que la
mathémalique partait de l'opération n — 1+1. Réalisée géoméiriquement sur
la demi-droite R* , cette transformation a pour espace-quotient le cercle
(S1) (positivement orienté). Par localisation au bout d'un doigt, par exemple,
une telle structure dynamique — une rotation — se projetie éventuellement
matériellement dans un matériau plastique. D’ott la possibilité de fabriquer
des objets qui réalisent {par leur bord) ces structures cinétiques. On pensera
ainsi & ‘a roue, que les Mayas connaissaient dans leurs jouets, mais qu'ils
n'eurent pas l'idée d'appliquer a la construction d'un chariot. (La roue a d'ail-
leurs une réalisation organique dans la rotule du genou). La bicyclette peut
éire regardée comme une simplification (la section par le plan de symetrie)
du schema tétrapodal du vertébré - oti chaque roue réalise l'effet d'une paire
de membres. Finalement, la morphologie de F'objet artélactuel est le fruit
d'un compromis entre une structure abstraite, de nature aigébrico-dynami-
que - le schéma dynamique intrinseque de la fonction opératoire -, et une
dynamique concréte issue des déplacements du corps humains, ou visant &
satisfaire imaginairement des besoins humains (cf. & ce sujet les idées de G.

3 Le bricolage a 616 suggéré par Lévi-Sirauss comme responsable de origine des mythes.
Voir 2 ce propos La Pensée Sauvage, Paris: Plon 1962, pp 26-27. Le biologiste F. Jacob a repris
la méme explicalion pour l'origine des morphologies vivantes.
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Simondon®). Autre exemple: la mesure du temps pourra se faire d’abord par
un phénomeéne physique de vitesse approximativement constante {c'est le
principe du sablier, de la clepsydre antique). Dans Phorloge A échappement,
mue par un poids, on poutrait théoriquement mesurer Ie temps écoulé par la
chute du poids; mais on préfére freiner cette chute par liaison avec un pen-
dule réalisé matériellement dans les oscillations du balancier; le nombre des
oscillations s’inscrit alors comme autant d'arcs sur le cadran, trajectoire de la
pointe d"une aiguille mue par la chute du poids. La structure algébrique sous-
jacente est en fait une rationnelle de la forme a/b, ot a et b sont non des
nombres, mais des cercles, le cercle a étant un revétement du cercle b. La
raison d’étre du cadran (a) est alors de fournir un modéle de la périodicité
nycthémérale, alors que le cercle (b} symbolise la période - beaucoup plus
petite - du pendule.

Un des premiers outils de 'humanité a été I'instrument tranchant, réalisé
par le silex biface qui a connu plus tard - en changeant de substrat matériel -
une grande postérité (e couteau, la hache, I'épée...). La la structure dynami-
que théorique génératrice est le “cusp dual” de la théorie des catastrophes®.
Le fait qu'il en existe de nombreuses réalisations organigues (par exemple,
parmi les dents, les incisives) témoigne du réle fondamental de ces structu-
res dans la morphogentse des structures artéfactuelles et biologiques. Clest
Ia, ot évidemment, le probleme de I'émergence des structures s'est le plus
clairement manifesté.

5. L'émergence des structures biologiques

Dans le discours actuel de la Biologie contemporaine, on considere que
le probléme de Ia morphogenése est résolu par la Génétique: rou! sort de
UADN du génome, lequel se transmet pratiquement identiqguement de généra-
tion en génération. Nous observerons simplement qu'une telle affirmation
présuppose résolu le probleme de P'organisation d'un systéme de molécules
données “a priori” dans une enceinte dans des conditions physiques fixées.

U G. SimonpoN, Du mode dexistence des objels fechnigues, Paris: Aubier 1969, p. 58: “Le
dynamisme de la pensée est le méme que celui des objetls techniques; les schémes mentaux
réagissent les uns sur les autres pendant l'invention comme les divers dynamismes de l'objet
technique réagiront les uns sur les autres dans le fonctionnement matériel.”

* Sur e cusp dual, voir E.C. Zunman, Catastrophe Theory, Reading, Mass.: Addison-Wesley
1977, p. 60,
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L’évolution d’un tel systéme est-elle régie par un déterminisme rigoureux?
Peut-on prévoir I'état final du systéme aprés un temps fini connaissant I'état
initial et la variation temporelle imposée des parameires physiques de con-
trole (température, etc)? Je suppose qu'on my'accordera que hormis quelques
cas purs obtenus par idéalisation (cristal parfait, gaz dilué), ce probleme
général est non résolu. Pour des raisons principielles I'existence méme dun
déterminisme pragmatiquement contrélable est incompatible avec un phé-
nomeéne comme la métastabilité en Thermodynamique. Comme par aiileurs
le milieu général du monde vivant (le cytoplasme) est hautement polyphasi-
que (un mélange de structures descriptibles - organelles -, et de fluides a
organisation variable ou nulle), en doit considérer que l'aflirmation d'un
strict déterminisme génétique en Biologie ressort de Facte de foi, Ce qui est
en jeu, ici, cest décider comment deux organismes sont “les mémes”; ce qui
peut se définir de manitre conceptuellement acceptable si 'on s'en tient a
une équivalence phénoménologique grossiere (I'équivalence “stratifiée” défi-
nie plus haut); méme en ce cas, le fait que deux jumeaux homozygotes peu-
vent souvent &tre distingués par examen direct grossier monitre les limites du
déterminisme génétique.

La variéié guasi-infinie des formes vivantes esi bien connue. Mais si I'on
considére, non plus I'anatomie, mais la physiologie, on observera une trés
grande régularité dans la définition des grandes fonctions physiologiques.
C'est sur cette régularité qu'est fondée la distinction entre Animaux et
Végétaux. Les premiers tirent leur énergic par prédation, les seconds par
saprophytisme ou photosynthése®. De méme, en Anatomie animale, si 'on
s'en tient 2 une équivalence “topologique” modulo la direction des grands
gradients externes comme la gravitation, il n'y a qu'un nombre restreint de
plans généraux d'organisation (une dizaine au plus). En sorte que le proble-
me de la genése évolutive de ces plans peut fort bien étre considéré comme
un probléme “in abstracto”. Clest ce point de vue que j'ai développé dans
mon livre”. Considerant I'embryologie comme une succession de bifurcations
d'une dynamique initialement ponctuelle (Yovule quiescent avant [éconda-
tion), je me suis efforcé de déterminer le modéle minimal de succession de
bifurcations pouvant conduire a une dynamique assez riche pour engendrer
la totalité des grandes différenciations celiulaires indispensables a l'orga-

¢ La distinetion Animal-Végélal peut 8tre embigite chex certains Unicellulaires (Ruglena
Gracilis).

" Pour la définition du modeéle de la Blastula Physiologique, voir: Esquisse d'une
Sémiophysique, (Paris: Interéditions, 1988}, chap. 4, §D.



COMPLEXITY AND MATHEMATICS - THOM 53

nisme animal (Modele dit de la Blastula Pkys‘r'ologique escalier composé de
quatre cellules de feed-back). Je crois qu'on peut considérer ce modele
comme une illusiration de cette idée générale d'une évolution blologlque
construisant ses siructures comme le mathématicien construit ses theories.
Je suis trop grand admirateur d’Aristote pour ne pas déplorer que, dans une
telle construction, j'ai quelque peu négligé le “substrat” (hypokeimenon).
Mais ce qui importe dans un substratl, ce sont les contraintes qu'il apporte
aux bifurcations virtuelles de la dynamique qu'it supporte. L'oscillation con-
tinuelle entre un point de vue “gradient” donc dissipatif, et un point de vue
purement hamiltonien y est génerale (cf. la transformation de Van der Pol
d’un cercle “hamiltonien” en un “feed-baclk loop”, ¢f. [7]). Clest celle qui
s'impose dans la construction de deux “feed-back loops” fonctionnellement
associés (la coexistence des coplis® dans la concaténation de deux cata-
strophes cusps), dans une articulation, entre deux os contigus et les tendons
mobiles qui les lient. 1] faut en Biologie accepter une finalité de fait, dont on
s'efforcera de trouver un modéle dynamique qui minimise le caractere arbi-
traire de la description et qu'on pourra s'exprimer comme un “changement
de phase” (en un sens généralisé el local) du milieu. I1 me semble quon
retrouve icl sous une forme simple toute la eomplexité efficiente que montre
souvent linteraction & effel enzymatique d'une protéine ct de son ligand. Ici,
je ne peux m'empécher de penser & la mystérieuse théorie du Nous aristotéli-
cien: une entité impersonnelle qui investit un étre local qu'elle rend “intelli-
gent”: une sorte d'énergie dirigée permettant une bifurcation originale et sta-
ble de la dynamique ambiante a 'objet. '

6. Le probleme philosophique de Uinnovation.

Jaimerais terminer par une réflexion générale sur la question de I'émer-
gence - ou plus généralement - de Pinnovation. Si 'on considére que tout
savoir scientifique doit &tre transmissible (d’homme & homme), un tel savoir
est nécessairement exprimé par un texte d'une langue regue. (Il n'y a plus de
science en tradition orale ...).

De ce fait, le savoir se [ormalise el s'enregisire en un (exte comportant
uniquement des symboles admis dans la collectivité sociale et en nombre fini.
De la vient ce que Borgds a évoqué dans son essai: La grande bibliothéque de

* La coexistence des coplis, marque de [linalilg, esl explicitée au Chap. 3, § H du livre cité
supra [7].
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Babylone®. Le texte innovateur existe déja virtuellement dans le corpus des
textes formels lisibles par un homme au cours de son existence: il suffit
d'aller I'y lire... Bvidemment, la grande biblotheque est trés grande — et ceci
explique qu'on puisse, parmi tous les textes existants, n'en retenir quun petit
nembre comme réeflement innovateurs et significatifs. Il n'en demeure pas
moins que sur le plan de la production symbolique, 'innovation radicale
n'existe pas, elle peut étre mécanisée ...; on bute seulement sur le temps
immense quil faudrait consacrer a cette recherche.

Tout le génie revient & savoir discerner dans I'ensemble des texles ainsi
construits ceux qui présentent des idées innovantes particuliérement promet-
teuses. Au XIX siecle, 'Anglais George-Henry Lewes avail proposé le terme
d'émergence pour caractériser 'apparition de propriétés nouvelles dans un
composé, inexistantes dans chacun des composants pris isolément
(Observation faite par le P, Jaki dans son rapport a cette Rencontre). “Au
XX siecle le zoologue allemand Konrad Lorenz'® avait qualifié de fulguration
I'apparition brutale d’'une structure présentant des propriétés radicalement
nouvelles par rapport au milieu (physique ou culturel) existant. (Ainsi I'appa-
rition de la vie par rapport & ta physico-chimie; cf. & ce sujet l'article de
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Klaus Ruthenberg!.) Cette problématique peut 8tre symbolisée par la figure
2, ol1 on a superposé un cercle des théories (des sciences), reprenant la hié-
rarchie classique d’Auguste Comte - & un cercle de leur substrats.

Contrairement a la vision habituelle, ce schéma suggére qu'on devrait rem-
placer la fulguration classique - apparition de la matiére vivante émergeant de
la physico-chimie - par une double émergence qu'on a representée sur le cercle
de la figure 2 par deux doubles barres verticales. L'une, en haut, exprime la
localisation de la matiére dans le noyau atomique {la matiére se séparant du
plasma des gluons, en fait I'ancrage matériel de la géométrie euclidienne),
I'autre, en bas, précipitant la matiére vivante dans la pensée symbolique.

L'impossibilité théorique de I'innovation scientifique radicale exprime un
paradoxe:

Il v a une contradiction de principe entre U'induction par voie experimentale
(la description et lenregistrement des régularités phénoménales) et le progrés
scientifique par innovaiion.

Car si 'innovation est effectivernent un phénomeéne concret, ce phénoma-
ne, en tant que processus descriptible, doit &tre plus quune conséquence
déductible du savoir reconnu: il ne peut étre une conséquence linguistique-
ment ou formellement dérivable des connaissances regues antérieurement -
auquel cas il n'y aurait pas innovation {(cf. les deux exemples classiques: la
supernova de Tycho-Brahé, la découverte de la radioactivité par Becquerel).

Comme d’autre part chacun accepte que lz science progresse, on ne peut
échapper au paradoxe qu'en remarquant le [ait: dés quun phénomene est lin-
guistiquement exprimé, il s'insére dans un ensemble théorique de proposi-
tions que véhicule avec lul le langage (et ceci, aussi bien dans le langage
usuel gue dans la formulation proprement scientifique du phénomene). C'est
quand l'expérience infirme une de ces conséquences qu'a lieu la découverte
innovante. En ce sens l'activité de ta Science est fondamentalement critique,
ele ne progresse qu'en niant ses progrés. Le plus souvent, au prix d'une com-
plication du formalisme existant, on va pouvoir rendre compte du phénome-
ne innovant. II faut alors apprécier le caractére ad hoc du nouveau formali-
sme en liaison avec 'ampleur el les perspectives offertes par extension du
langage. De la vient que le progres de la Science provient plus d'une amélio-
ration des capacités déductives du langage descriptif que de 'extension propre-
ment dite du savoir empirique, une situation que le développement moderne

“ K1.AU8 RUTHENBERG, Is there a philosophy of Chemiistry? 9th International Congress of
Logic, Methodology and Philesophy of Science, Abstracts Vol I11, Section 11, Harper
Torchbook 1990, p. 377,
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des techniques expérimentales pris comme un but en soi tend a occulter
dans P'esprit des scientifiques d’aujourd’hui.

Par une technique qualitative comme la Théorie des Calastrophes
(fondée sur une structure fibrée oil la Dynamique-fibre est rapide, la
Dynamique-base est lente, le rapport de ces vitesses tendant vers l'infini), on
n'obtient pas des conséquences vérifiables stricto sensu comme dans les
modeles classiques de la Physique; les prédictions ne sont que qualitatives, et
le modele proposé nen tire quiune validité hypothétique. Mais Ia ol, comme
c’est souvent le cas en Embryologie, il n'y a aucune intelligibilité du proces-
sus, la seule possibilité d’une interpretation intelligible devrait, raisonnable-
ment, &re considérée comme un gain.

Partons du fail que toul savoir scientifique, élant verbalement exprimé,
participe nécessairement de la “métaphysique implicite” que véhicule tout
langage. Il ne faudrait surtout pas croire que le langage de la science est une
langue formelle pure. Une des grandes difficultés (théorique - cela va sans
dire -} de la Mécanique Quantique réside dans la jonction entre le schéma
mathématique mis en oeuvre (Espaces de Hilbert, opérateurs, représenta-
tions des groupes, elc), et I'usage inevitable de concepts “classiques” dans
Iinterprétation expérimentale des previsions théorigues. (Détecteurs, interfa-
ce du monde quantique et du monde classique, mesurement ...). Le langage
usuel est vecteur de la causalité, et toute expérimentation vise & vérifier une
hypothétique causalité, 1 y a deux grandes structures théorigues du langage
usuel: la prédication, qui apparait dans la copule &tre: Le ciel est bleu, et la
phrase transitive: Pierre bat Paul, ces deux types de phrase représentent
(génériquement) les structures minimales porteuses d'une signification auto-
nome. On peut penser {et beaucoup de linguistes semblent actuellement
l'accepter) gque ces deux structures apparaissent comme des universaux lin-
guistiques, présents - mudatis mutandis - dans toutes les langues du monde.
La description d'un savoir scientifique experimental met en jeu ces deux
structures, bien que ces formes de causalité ne soient pas toujours prises en
compte dans le formalisme mathématique. Par ailleurs, notre probleme de
I'émergence est lié & une question récurrente depuis la Relativité d'Einstein:
le temps n'est-il que la quatrigme coordonnée d'un espace-temps minkow-
skien, ou est-il porteur d'un caractdre spécifique qui le sépare des coor-
données d'espace? Le temps a-t-il des vertus créatrices de phénoménes et
d’événements, ce que n'auraitl pas l'espace, entité purement statique? Un phi-
losophe comme AN. Whitehead® identifiait Dieu a I'action continuellement

2 AN, WHITEHEAD, Apart from the intervention of God, there could be nothing new in the
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innovante du temps (d’oli, aussi, 'irréversibililé fonciére du temps). On se
rappellera, dans cet esprit, la célebre discussion de 1922 entre Bergson et
Einstein, 2 Paris® (laquelle ne fut guére qu'un dialogue de sourds).

Dans la perspective einsieinienne, on ne peul guére croire 4 une spécifi-
cité du temps qui rende possible I'innovation radicale. Un tel point de vue
met en question la validité des “épistémologies évolutives” qui, depuis
Darwin, ont cru expliquer le changement en faisant appel 4 la pérennité d'un
substrat. Si on explique la stabilité des choses par une propriété formelle des
configurations locales des phénomeénes en tant que formes géométriques, on
ne voit pas pourquoi le méme type d'explication ne serait pas valable dans
I'espace-temps, en dimension qualtre. Je crois qu'on n'a pas assez réfléchi aux
conditions mémes, d'origine linguistique, qui sont a lorigine du phénoméne
(au sens étymologique du Grec phainomenon: paraissant), vu comme tran-
sfert irréversible d'une émanation du réel dans le psychisme de l'observateur.
L’arc-en-ciel est un phénomeéne, mais il n'a pas de substrat ...

La nécessité de prendre en compte le caractére virtuel du phénoméne (un
contour apparent) oblige & introduire le conflit de deux dynamiques, une
lente (de type substrat, support de la substance qui engendre 'étendue de la
spatialité), une rapide, qui engendre la qualité, le prédicat. Nous avons dit,
au début, que I'émergence 1'était pas la naissance. La naissance est (sous sa
forme originelle) la scission de 'ére maternel représentée graphiguement
par le symbole de la fourche; les deux entités émergeantes sont qualitative-
ment de méme nature.

Or i} existe une forme typique d'émergence, ot 'entité émergeante est de
nature fondamentalement différente des entités qui I'engendrent: c'est le cas
de la lumiére issue d'un corps émissif, el qui permet au mouvement des
planétes d'étre une phénoménologie, Cest, dans un domaine différent, e cas
du sens, de la signification, gui émane du symbole lorsque dans activité
symbolique le symbole est compris. Une fois l'intellection faite, le symbole
perd pratiquemcnt toute importance, il est andanti. On peut représenter le
processus par la fourche inverse.

Contrairement au symbolisme de 'antique sumbolon, dans la phrase
autonome minimale (“e ciel est bleu”), les deux composantes (substance pré-
dicat) ne sont pas ontologiquement équivalentes, elles refletent 'opposition:
“temps lent - temps rapide” évoquée plus haut {ou encore l'opposition sail-

world and no order in the world. In: Process and Reality, New York: Harper & Row, Publishers,

Harper Torchbook 1960, p. 377,
" BErRGSoN, Emstimw, Bulletin de la Société Frangaise de Philosophie, Paris, 1922,
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lance - prégnance définie en [73).

Seule cette dualité substance - prédicat peut engendrer le sens, fa signifi-
cation, la copule “est” ne jouant le réle que d'un auxiliaire grammatical indi-
spensable a Yautonomie de la signification. Cette binarité du symbole parait
essentielle pour [a constitution du sens. Il faut laisser aux métaphysiciens et
théologiens l'exclusivité de Femploi absolu du verbe étre.
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DISCUSSION
(A. LICHNEROWITZ, chairman)

Licuntrowicz: Je remercie René Thom de cette contribution extrémenent
riche el qui va certainement animer et conduire a4 une discussion. A pro-
pos de la notion de fulguration, il y a des gens gui s'intéressent & cetle
notion. Peut-étre pourrait-on en discuter.

TuoM: J'ai essayé de traiter ici ensemble d'une part les sciences existantes et
d'autre part ce quion pourrait appeler les matiéres associées a ces scien-
ces, les “matiéres” en un sens aristotélicien. On pense d'ordinaire que la
fulguration essentielle est celle qui sépare la vie de la physico-chimie,
comme je l'ai dit. Ici je serais tenté de dire que cetie “fulguration” se
dédouble, manifestant deux discontinuités: localisation el symbolisation,
'y a un élément tout a fait neuf dans la localisation spatiale d'un noyau
atomique {ce qui assure la stabilité de la mati¢re dans les conditions
ustelles). Dans la mécanique quantique d'aujourd'hui ceci se manifeste
par le probleme dit du “conflinement des quarks”; 4 partir de 1a ta notion
de propriété locale apparait, on peut travailler réellement, en chimie par
exemple. La symbolisation est 'apparition de structures formelles locali-
sées aboutissant & la pensée.

DeL Re: Your lecture has been very rich and I may have missed something,
but I have not caught a clear distinction between the word “structure”
and the word “organization”. I think this is something particularly
important, especially in connection with biology. I often give, as an
example, not a biological example but something much more familiar to
us: a railroad netwark, or a railroad company, if you like. They have, at
the same time, a structure and an organization, and T believe that the
two terms do not denote the same thing, they are different. Could you
please comment on this point?

Tuom: Well, I think it is a question of linguistic use. For me a structure can-
net be a continuous object. It is an abstract entity, discrete, fundamental-
ly discrete. We may go up to dimension one, a graph for instance, A two-
dimensional, or three-dimensional object can hardly be said to be a
structure, except metaphorically, when for instance we design a building
as a structure. I suspect it is a question of linguistic feeling.

DeL RE: Just a moment, organization in a living being is some kind of dyna-
mic cooperation intended to fulfill a certain task like survival, for instan-
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ce, in a changing environment. When I was giving the example of a rail-
road network, I meant that the organization of railreads, at least hope-
fully, should ensure that regardless of changes in number of passengers,
in number of trains and so on, the service should continue to be provi-
ded, whereas the structure is the junctions, the stations, the lines and so
on. So, in this sense I see an essential difference between the two things.
So I wonder if it is just a linguistic point.

Trom: Would you say that a structure has essentially a finalistic motivation?

DeL RE: An organizalion, not a structure, a structure is just a sort of correla-
tion.

Trom: I would myself accept the statement that an organization is a structu-
re with a finality, yes. But will you state the distinction between struciure
and organization?

DL Re: A mon avis, une structure, c'est quelque chose de statique, qui n'a
pas nécessairement une relation avec une tiche que l'organisme ou
l'objet quelconque dont on s'occupe est censé réaliser. Clest plutdt une
relation plus ou moins statique, peut-8tre essentielle, entre les différentes
parties. Voila ce qui me géne.

Tueom: Autrement dit, pour vous, la siructure est toujours un schéma appau-
vri de l'objet. C'lest vrai gu'a mon sens une structure a toujours quelque
chose comme un aspect algébrique, on peut la déerire par un graphe ou
un schéma de ce type. Tandis qu'une organisation, 4 mon sens, c'est
quelque chose de beaucoup plus délicat 4 déerire.

DeL RE: Plus complexe?

TuaoM: Oul, on pourrait dire plus complexe si on n'avait pas peur du mot, ce
qui est mon cas, mais 1, je pense qu'en biologie, une des grosses diffi-
cultés, c'est précisémente la définition de la notion de forme. La notion
de forme est une notion qui n'est pas susceptible d'une définition ni algé-
brigue, ni mathématique. La on bute sur une difliculté, par exemple, si
vous devez comparer un coquillage qui est en cormne droite et un coquilla-
ge qui est en spirale, vous direz qu'ils n'ont pas la méme [orme, mais
néanmoins, du point de vue topologique, on peut dire qu'ils ont pratigue-
ment le méme plan d'organisation, n'est-ce pas? Chose plus compliguée,
il faut tenir compie des difficultés dues aux possibles ambiguités d'une
forme. Cela se voil 4 un niveau trés élémentaire; un de mes exemples
favoris est le suivant: vous prenez un losange, avec une grande diagonale
et une petite diagonale, mettez la grande diagonale horizontale et la peti-
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te verticale, et maintenant prenez le méme losange tourné de n/2, est-ce
qu'ils ont ou non la méme forme? Je suis sr que quelgu'un qui a une
bonne culture de géomatre dirait immédiatement: ils ont fa méme forme,
ils sont égaux. Mais I'homme naif, l'ageometreios de Platon, sera sans
doute d'un avis différent.

DEL RE: Le rapport avec le milieu ambiant.

Trom: Oui, c'est cela, il y a Ie rapport au milieu ambiant, il y a ce que le phi-
tosophe Ferdinand Gonseth appelait le référentiel. Par exemple dans le
systeme de la signalisation routiére, ou signalisation ferroviaire, les deux
losanges n'auront pas la méme signification, ce seront des symboles
différents. Alors on a cette difficulté de la notion de forme mais méme
intrinséquement il y a des problémes & définir rigoreusement: quand est-
ce qu'on peut dire que deux objetls ont la méme forme? Alors faites-vous
intervenir la forme dans l'organisation, a votre sens?

Der, RE: Non, dans mon cas c'est essentiellement une coopération dynamique
entre les parties.

Trom: Si vous abandomiez la forme, alors effectivement vous pouvez peut-
étre identifier I'organisation et la structure, c'est possible.

Jaxi: Professor Thom, I would like to ask you a question about the very last
phrase in your very interesting paper. There you say that the exclusivity
of the absolute use of the verb “to be” should be left to metaphysicians
and theologians. Before going any further I would like to propose three
very briel phrases. One of them is, “There is matter”; the second, “There
is a universe”; and the third, “There are other scientists”, In whal sense
do you mean that such sentences should be left by scientists to metaphy-
sicians and to theologians, in a sense which has a touch of contempt in
it, or in a sense which has a stight admission of defeat about the scien(i-
fic approach? Or is it a genuine concession on the part of scientists to
philosophers or metaphysicians?

Trom: It is difficult to say in which sense I reached this conclusion which is
perhaps irrelevant fot the subject of the Colloquium. I wanted just to
stress the fact that for a sentence to have meaning, it has to have some
kind of internal structure. And structure means at least two elements, if a
sentence is reduced to one single element, it's trivial, and we may forget
about trivial structures: hence a meaningful sentence needs at least two
elements. Of these two elements, on is basically a noun, and the other is
like an adjective or a verb. This verb may be intransitive (as “to sleep”, “to
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think” an so on), but the verb “to be” is difficult o use in an absolute
sense, it needs a predicate.

Jakt: But do you mean that the phrase, “There are other scientisis”, is a tri-
vial statement?

Trom: I would say that such a sentence is semantically (if not grammatically)
incomplete, it needs to be completed to qualify “other”: “There are other
scientists who do not think as I do.”

Jak1: You have referred to Wigner's article, on the unreasonable effectiveness
of mathematics and physics. There Wigner, I believe, makes the point
that what he finds so unreasonably marvellous is that one of the very
many mathematical or geometrical systems is far more applicable to the
actual physical universe than all the other mathematical systems. Now, if
one is a genuine Platonist, one is faced with the problem of why only one
of the ideal geometrical theories translates itself into physical reality.
There is an interesting article or essay by the young Immanuel Kant,
dating from 1748 or 1749, his pre-critical stage, in which he voices his
firm belief that to every set of dimensions, [rom the one-dimensional
manifold te the dimensional manifolds, there has to correspond an
actual physical universe, On the basis of your paper, how would you
cope with this problem - because, obvicusly, we cannot prove that there
is an infinite number of universes, each corresponding to any of an infi-
nite number of sets of dimension.

TroM: Of course I cannot prove anything. The fact that mathematics is so
fundamental for Physics reflects something relatively true, namely that
the Universe in which we live, this sublunar world which surrounds us, is
endowed with very good approximation by Euclidean Geometry. Now
people (in ancient times) discovered that by playing with figures, it was
possible to formalize their geomelric properties in ordinary language.
Euclidean Geometry provided a short connexion between the usual lan-
guage, and our way of thinking with, say, the three dimensional
Euclidean continuum. Of this miracle, I have no explanation, and I can-
not really understand, except fictionally, a formally different universe in
which hving beings could exist.

LicHNEROWICZ: Deux questions essentiellement. D'une part le réle que tu fais
jouer a l'analytique dans les rapports avec la physique. Eh bien, ['anatyti-
que, c'est évidemment la physique of1 il ne se passe rien. Bt ce n'est pas
cela qui m'amuse beaucoup... L'analytique, les équations aux dérivées
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partielles correspondent & une physique du repos, 3 une physique sta-
tionnaire. D'une maniére générale, la Physique telle que nous l'avons est
beaucoup plus hyperbolique qu'elliptique ou analytique. Cette physique
se compose essentiellement de théories de propagation par ondes et
rayons ... La physique pense en termes des mathématiques dont elle a
besoin. De l'elliptique, et ce n'est pas le plus intéressant. Le deuxieme
probléme que je voulais te poser, c'est: tu as parlé & propos des nombres
de l'ontologie. Faimerais savoir dans quel sens ceci est-il ontologique, car
il y a beaucoup de sens pour le mot ontologie et l'emploi sans explication
peut conduire & des quiprogquos,

Tnom: Oui, disons que cet emploi du mot ontologie est peut-&tre un peu
métaphorique; j'ai voulu introduire en théorie générale des mathémati-
ques, le schéma hylemorpique d'Aristote.

LICHNEROWICZ: Je pense un peu comme Epiménide le Crétois, il peut y avoir
des ontologies du premier ordre, du second ordre, etc. Il s'agit ici, me
semble-1-il, d'une ontologie d'un ordre trés particulier.

Trom: Peut-étre, peut-étre... [En fait, comme on le voit sur I'exemple des
entiers négatifs créés a partir des entiers naturels, la “matiére négative”
est créée a partir de 'opération (- 1) sur les entiers naturels. Or cette opé-
ration est la forme qui, en agissant sur cette matiére, permet de la définir
... On est dans la situation (fort peu aristotélicienne) oi1 c'est la forme
qui crée la matiere. En fait, la vraie matiére, c'est fe continu qui, par la
Topologie, accéde & une indépendance (ontologique?} vis & vis de la
forme génératrice (et 13, nous retrouvons Aristote...)1.

Licunerowicz: Le caleul linéaire, ou quadratique, je veux bien que ce soit de
I'analytique, c'est analytique, mais ce n'est pas cela qui épuise le caracte-
re véritablement analylique,

Trom: Fais-tu allusion a Femploi d'outils comme la distribution de Dirac?
Est-ce qu'on sorl alors de I'analytique?: peut-étre méme pas...

Licangrowicz: Ce n'est pas la pas véritablement le probléme 3 mes yeux. Ici
on est dans e différentiel, non pas dans l'analylique, trop rigide.

THoM: Oui, on est dans le Ceo. Clest justement le cas olt on l'utilise & plein
avec les “test-functions”.

Licunirowicz: Le vrai cadre est I'hyperbolique, on n'est pas dans le Ceo qui
sert pour des tests, non pour les objets mémes utilisés en Physique.

Trom: L'analytique est nécessaire parce que seules les fonctions analytiques



64 PONTIFICAL ACABREMY OF SCIENCES: PLENARY SESSION 1992

peuvent étre définies par un petit nombre de symboles, et que seules elles
admettent une forme canonique (et caleulable) d’extrapolation: le prolon-
gement analytique. De plus, par leurs singularités, elles peuvent permet-
tre la localisation d'accidents d'origine physique, par exemple les chocs.

LicHNEROWICZ: L'un des cas qui m'intéressent concerne précisément les
ondes de choc en Relativité Générale. Certaines discontinuités des
dérivées premiéres des potentiels de gravitation ne peuvent correspondre
4 aucun choc physique. Il [aut pouvoir faire des changements de cadre
qui absorbent ces discontinuités {C? par morceaux). Clest pour cela que
I'on détruit la Physigue en imposant une siructure Cee,

Trom: Qui, enfin, il faudrait concevoir clairement la situation , je ne la
congois pas clairement. Mais je suis prét a croire qu'en effet, dans une
variété hyperbolique, si tu prends n'importe quelle fonction [comme
potentiel], et si tu étudies la dynamique de son gradient, eh bien, tu
auras en général de trés mauvais accidents.

Licunirowicz: Mais ces accidents arrivent dans le réel. Yai besoin qu'ils exi-
stent pour décrire des phénomeénes réels.

Trom: Oui, oui, cela je veux bien le croire,

Lichngrowicz: Et tu Je sais mieux que moi.

Trom: Oui, pour ¢a que ¢a doit &lve comme ga.

MaLU: Mon cher Thom, je me permets de vous demander un peu de m'expli-
quer ce que vous entendez exactement par la phrase suivantes que j'ai lue
dans voire texte 4 la page 8: “in biology we have to accept the existence
of the lact of [inality”.

Tuom: Par finalisme, j'al en téte l'affirmation un peu étroite de mon maitre
Aristote, qui a dit: “la Nature ne fait rien en vain”, et c'est un peu cette
idée que je crois on doit conserver toutes les fois qu'on s'efforce d'expli-
quer l'organisation ou la structure biologique, comme vous voudrez. I
faut essayer de justifier les choses par une contrainte préexistante, qu'on
doit safisfaire, el essayer de démontrer le caractére optimal — ou subop-
timal — de la solution pratiquée par la vie.
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Computer science, also called informatics, is often defined as the theory
of storing, processing, and communicating information. The key notion in
the theory of computing is that of complexity. The basic tasks of computer
science (and their variations) lead to various measures of complexity. We
may speak of the complexity ol a structure, meaning the amount of
information (number of bits) in the most economical “blueprint” of the
structure; this is the minimum space we need to store encugh information
about the structure to allow its reconstruction. We may also speak of the
algorithmic complexity of a certain task: this is the minimum time {or other
computational resource) needed to carry out this task on a computer. And
we may also speak of the communication complexity of tasks involving more
than one processor: this is the number of bits that have to be transmitted in
solving this task (I will not discuss this last notion in these notes).

It is important to emphasize that the notions of the theory of computing
(algorithms, encodings, machine models, complexity} can be defined and
measured in a mathematically precise way. The resulting theory is as exact
as Buclidean geometry. The elaboration of the mathematical theory would,
of course, be beyond these notes; but I hope that I can sketch the motivation
for introducing these complexity measures and indicate their possibie
interest in various areas. Complexity, I believe, should play a central role in
the study of a large variety of phenomena, from computers to genetics to
brain research to statistical mechanics. In fact, these mathematical ideas and
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tools may prove as important in the life sciences as the tools of classical
mathematics (calculus and algebra) have proved in physics and chemistry.

Like most phenomena in the world, complexity appears first as an
obstacle in the way of knowledge (or as a convenient excuse for ignorance).
As a next phase, we begin 1o understand i, measure it, determine its laws
and its conneclions to our previous knowledge. Finally, we make use of it in
engineering: complexily has reached this level, il is widely used in
cryptography, random number generation, data security and other areas.
Some of these aspects are discussed by Adi Shamir in this volume.

Some examples

As a computer scientist, I will consider every structure (or object) as a
sequence of 0's and 1's; this is no restriction of generality, at least as long as
we study objects that have a finite description, since such objects can be
encoded as sequences of 0's and 1's {every computer uses such encoding).
For example, a positive integer is a finite sequence of 0's and 1's when
written in base 2 instead of the usual base 10. Rational numbers can be
encoded as pairs of integers, with some notational trick to show the sign and
the element where the first integer ends etc.

There is a sequence which, in a sense, contains the whole of matematics.
Imagine that we write down every conceivable mathematical statement
(whether or not it is true or false). We start, say, with the equality 0 = 0;
second is the “equality” 0 = I; somewhere we write down the {true} identity
(xy)? = x2y2, and then also the (false) identity (x+y}? = x2+y2; Pythagoras'
Theorem appears and then also Thales' Theorem; Fermat's Last Theorem is
listed (even though we don't know whether it is true or not), ete.

Details of how we do this are irrelevant; it is enough to know that in this
way every mathematical statement, true or false, gets a number (its position
in the list); given a statement, we can compule ils position, and given a
position, we can write up the corresponding statement.

Now we write down a sequence of O's and 1's. The first element in 1,
because the first mathematical statement in our list is true; the second in 0
because the second statement in the list is false ete. Anybody who knows this
sequence knows the whole of mathematics!

So let us ask the question: how complex is a sequence of 0's and 1's? For
example, consider the following sequence:
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00000006000000000G000000000000300000000C00000000000000000000CCC0C000C0000
06000000000000000600000000600000000000GOC0000000000C00000000C00000000000
0006000000060000000006000000000000000000000000C0000000000000000000GHC000
60000000000000000000000000000000000C0C0000000000000000000600000000000000
0000000G¢:000000000000000000000¢0000000000000C0000000000C0000CGOCOCO00C0000
00G000000000C000000000000000C0CGO0GO0000000006000C00000000:00000G00000000
00000000000000000000000000000000G00000G0G0000000000000000000000000000000
0000000000G0OO000000000000C0G0000000000000000000000000C00000000000000000

This is perhaps the simplest possibie object, and not very interesting; the
only thing that can be said about it is that it consists of 576 0's. The
following sequence is only slightly more interesting:

010i0101010101010501010101616101010101010101010101010101010101010G1010101
010101010101010101010501010101010101010101010101010101010101010101010101
010101010:0101010101010101010101010101010101010:010101010101010101010101
0101010101010101G1010101010101010101010101010101010101010101010101010101
010101010101010101010101010101010101016101010101010101010101010301010101
010:010101010101010101C10101016101010101G123101010101010101010101010£0101
0101010i01010101010i0101010101010101010101010101010101010101010101010101
010101010101010101010:010101010101010101010101010101¢1010101010101010101

This also consists of 576 entries, alternatingly 0 and 1 and is stiil very
non-complex. Now censider the following sequence:

10110100100110£1001¢1101001101101001001101001011011001G01101001007 161101
0010110010011010010011011001011010010011081G1G01101100101101100100110100
10110010010110110010011G100101101100101101001104101¢01011001001101001001
101161601101160100101101001101100101101100100101101005 101101001001 101001
011011001001011G010011G10010011011001011C1001001101001011001001101101001
0011010610110010010£1010011011001001011011001011010010011011001011011001
001011010011110110020010¢10010011010010011081001011010011011011801000110110¢
1011011001001011001100110100101101160100110110010011011G1001101110G10016110

This looks much more complicated! You really have to be a wizard to
memorize it: there is no periodicity, no obvious regularity or pattern in the
succession of 0's and 1's, and one feels that the sequence is very complex. But in
fact it is generated by a very simple program:
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main ()

{intn, m=1, a[576];

a[ll=t

for (n=1; m<576; n++)

[if (a [n]==0) [alm+1}=1-a[m}; a[m+2]}=1-alm} m=m-2;}
else [alm+1]=1-a[m]; ma+;]]}

It is not important what the details are: this is a simple rule to generate as
many elements of the sequence as we wish. Note that it would not take a
substantially larger program to generate 1,000 or 1,000,000 elements; one would

only have 1o replace the number 576 in the program by 1,000 or 1,000,000.
Let us fook at another strange seguence:

1011010£000001005 1110CG11001100111111100111051110011601001060010005011001
0§11110110001001101100110111010101001016101111105001111:10001110108101111
01100000101£101010001001001110111010100001001100¢11011010001011116101100
160031011000001 10011001 1100110£61000101010100701011115100100600110G600100
0011101010111000101000101100001110161000301100011131§1100110111111¢11100
1000001151011011001110010000111101110100:0101000G101 11100100001 110011100
0131110110G100501001111000000001001000011100110110001111011111101000100111
01:010001101601000100000001011161000611101000010101011110001111101001110

If possible, this looks even wider that the previcus sequence; yet, it is even
easier to define: these are the first 576 digits of ¥2, written in base 2. Finally,

look at the sequence

101010010001011100101100100100011001010£01010100010111100001100011100000
1610£11001011101010011{01$010001110101 100101001 1010G11010111001100110000
100111001011111000100060001010110000001111160100001100101000000001101810
00001001G1100110001:0111100001101110010110010100111611110060111105010111
11101101010000000001£1101010010011101011611020011110110101110111051000¢1
00010111001001111011100:010100061010410161011000001100100106010001010100
100010001 $0101101110010001001001 10000000006010010101011110110011011911060
0110011011000111101111116111100101011110011011110101000081011101018000G0

Again, this looks chaotic, and it is: this is a random sequence, obtained by
tossing a coin repeatedly and recording head and tails. There is no way to

describe or memorize il other than bit-by-bit.
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Now how complex are these sequences? As mentioned in the introduction,
there are several ways of measuring this complexity, and we start with
(perhaps) the simplest one: the informational or Kolmogorov complexity,
introduced by Kolmogorov' and Chaitin®, see Chaitin® for a monograph on the
subject. Informally, this defines complexity as the mformation content, or
equivalently, as the length of a definition of the sequence. One has to make this
precise; careless use of these words leads to paradoxes. So we proceed as
follows: we fix some programming language (say C, which T was using above),
and define the Kolmogorov complexily of a sequence x of 0's and 1's as the
length of the shortest program which prints out x. We denote this number by K
(x).

It is fairly obvious that every [inite sequence can be generated by some
program; e.g. 011001... is printed out by

main {)

{
printf (“011001...");

This also shows that if a sequence consists of i1 symbols then its Kolmogorov
complexity is at most i + 160 (lo be precise, we have 1o count everything in bits;
a character is then 8 bits in the usual systems). The constant 160 is irrelevant,
and depends on the programming language chosen; buat it is not difficull o see
that apart from such an additive constant, the speciflic language plays no role.

Looking at our examples, we sec that the first one has, as expected, very
small complexity: a sequence of N zeros can be printed out by

main ()
intn;

{
for (n=0; n<N; n4) printf (M0);

' A. KormoGorov, Three approaches 1o the guantitative definition of information, Preb. Inflo.
Transmission I, 1-7 (1965},

PG Cuariy, On the length of programs for computing binary sequenices, J. Assoc. Comp.
Mach. 13, 547-569 (1966).

* G, Cuarmin Algorithmic Taformation Theory, Cambridge Univ. Press 1987,
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and a sequence N symbols, alternatingly 0's and I's (where N is, say, even) can
be printed out by

main ()
int n;

(
]

These programs contain less than logN + 50 symbols, so they are much
shorter than the original length of the sequence. Such a program may also be
viewed as a very compact encoding of the original sequence. Our third and
fourth example have, in spite of the apparent complexity of the sequence, a
similarly compact encoding: I have given the program above for the third
example, and one could also write a program in a rather straightforward if more
lengthy way 1o print out the digits of ¥2 (in base 2). In these programs, it is
again the length of the sequence to be printed that is variable; the rest is
constant. So from the point of view of the Kolmogorov complexity theory, there
is no substantial difference between the complexities of the first four examples.

The fifth example, the random sequence is different: there is no betler way
to print it out than specifying its elements one-by-one. At least, it can be proved
that if I choose a sequence randomly, say by flipping coins, this will be the case
with very large probability. There is always a chance, if very remote, that we “hit
the jackpot”, and obtain a sequence with low complexity; even the sequence
000000... has a positive, if negligible, chance. It would be very uselul to checle if
this is the case, and verify that we have not found one of these remote and

for (n=0; 2*n<N; n++) printf (“017):

unlikely sequences.

More generally, it would be very good to be able to compute the complexity
K{x) of a given sequence x. Unfortunately, this is impossible: There is no
algorithm o compute the Kolmogorov complexity of a finite sequence.

I cannot resist including the proofl of this here, since it is based on one of
the classical logical paradoxes, the so-called typewriter paradox, and should not
be too difficull to follow. (This is perhaps the simplest of the undecidability
proofs in mathematical logic, going back to Gédel and Church, which have
played such an important role in the development of the foundations of
mathemalics.)

First, the classical paradox. Suppose that we have a typewriter (or, rather a
keyboard) containing all the usual symbols, and we want to write up a definition
for every natural number, as long as we can fit the definition on one line (80
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characters). We can start with the trivial decimal forms 1,2,3,... But after a
while there may be more compact forms. For example, instead of 1,000,000,000
we can write “one billion” (slightly shorter) or 10710 (even shorter). Since there
is only a [inite number of ways to use 80 characters, sooner or later we get o a
number that cannot be defined by 80 characters. Look at the first such number;
once again this is the least natural number not definable by 80 characters.

But this line is just the definition of this number, so it is delinable by 80
characters!

To solve this logical contradiction, we have lo analyze what “definable”
means. A patural notion would be to say that it means that there is a program,
conlaining at most 80 characters, that prints out this number; in other words,
the Kolmogorov complexity of the number is at most 80. Is the line above a
definition in this sense? To write a program which prints out this number, all
we need is a subroutine to compute the Kelmogorov complexity. The paradox
we formulated is then nothing but an indirect proof of the lact that the
Kolmogorov complexity cannot be computed by any algorithm.

So this is bad news. Let us hasten to emphasize that there are algorithms
known that compute a good approximation of the Kolmogorov complexity for
most of the sequences. We cannot go into the details of these algorithms; I only
remark that they are closely related to the notion of entropy known from physics
and information theory.

The notion of Kolmogorov complexity has many applications; let me
mention just a few. First, it is the key to a general logical framework lor data
compression. The program printing out a given sequence can be viewed as a
compressed encoding of the sequence. Therefore, the Kolmogorov complexity of
a sequence is the limit to which this sequence can be compressed without losing
information, This is perhaps the most important property of Kolmogorov
complexity from a technical point of view, but seme others are more relevant for
scientists working in other sciences. Kelmogorov complexity can be used to
clarify some guestions concerning the notion of randommness; ¥ will return to this
aspect in detail. It is also closely related to the notion of entropy, which is an
important measure of “disorder” in thermodynamics and elsewhere, To state
just a very simple case of this connection: if the elements of a 0-1 sequence of
length n are independently generated from some distribution, then the
Komogorov complexity of the sequence is approximately # times the entropy of
this distribution.
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Computational complexily

Let us now look al a more difficult notion of complexity. As far as
Kolmogorov complexily goes, our first four examples were about equally
complex. Yet, we feel that the first two examples are simpler, the last two are
more complex. Is there a way to quantify this difference?

The trick is to ask the following question: “What is the 7,000,867,764th
element of the sequence?”’. (We imagine that the sequence is extended to this in
the natural way.) In the case of the first two, the answer is immediate: for the
first, it Is always 0, for the second, it is 1 (since 7,000,867,764 is even). To
answer this question does not require any more cffort than reading the question
itself.

In the case of the third example, however, there is no immediate way to
determine the 7,000,867,764th element. By definition, we can do this by
determining all the previous elements, which takes about 7,000,867,764 steps (I
have not carried this out). In the case of the fourth example, foliowing the
standard procedure for extracting square roots would take time about
7,000,867,7642. Of course, there is always a possibility that some trickier, less
direct procedure gets the result faster; but no algorithm is known for either case
that would do substantially better than computing the whele sequence.

So we get the following new complexity measure: how difficult is it to
determine the nth element of the sequence? What amount of computational
resource (time, space) must be used?

This notion is more subtle than Kolmogorov complexity is many ways. First,
there does not seem to be any way to answer il by a single number, Rather, we
have to consider the minimum amount of time (or other resource) used by an
algorithm as a function of n. Farther, strange as it may sound, there may not be
a best algorithm for a given sequence; it could happen that for every algorithm
to compute its members there is a much better one (laking, say, only the
logarithm of the time the first algorithm takes, at least for large values of 1), and
then again, there is a third one much better than the second, etc.

Therefore, we ask the question in the following way: given an infinite
sequence, and a function f{x) defined on positive integers (this could be x2, or
log x, or 2%), can the nth element of the sequence be computed in time [{n)?
(There are [urther subtleties: the answer depends on the machine model we use,
and also on the way the sequence is specified, but I am ignoring these guestions
now.) I should also vemark that it is customary to express the bound on the
running time as a function of log 1z (which is the number of bits needed to write
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down 1) rather than as a function of n, This is, of course, a matter of
convention.

The most complex sequences are those of which no algorithm exists at all 1o
compute their elements. Such a sequence is called undecidable. The sequence
“Whole Mathematics” introduced at the beginning of the paper is such, One
could easily transform the negative result about the computability of the
Kolmogorov complexity into the undecidabitity of an appropriate sequence.

The most important question to ask turns out to be the following: Is the nth
element of the sequence computable in a time proportional to (logr)const, ie, in
polynomial time? This question has initialed very active research in various
branches of mathematics. It has turned out that very classical notions are quite
unexplored from the computational complexity point of view. An outstanding
example is the notion of prime numbers (positive integers that cannot be
wrilten as products of two smaller positive integers, like 2,3,5,7,11,...; 1 is not
considered a prime by convention). 1t has been known since Euclid that there
are infinitely many prime numbers, and that every positive integer can be
written in a unique way as a product of primes. Yet, we do not know whether it
can be decided in polynomial time whether a given positive integer is a prime; in
other words, no algorithm is known that would decide in time ktons! whether a
given integer with k digits is a prime. Nor can we prove that such an algorithm
does not exist. (If you want to translate this problem into computing the nth
element of a sequence, consider the sequence 0110101000101000010..., in
which the nth element is 1 il n is a prime and 0 if it is not).

Here we come to the central, and yet sometimes hopelessly difficult, request
in complexity theory: prove that certain problems (sequences) are computa-
tionally hard, i.e,, no algorithm whatsoever can solve them in the allotted time.
Some results in this direction have been obtained, but most of the really
fundamental questions are unsolved. Can the product of two n-digit numbers be
computed in at most 1000 + 1 steps? Can the prime factorization of an n-digit
integer be compulted in at most 1190 steps? Can the shortest tour through »
given cities be found in at most 190 steps?

There is one successful approach to the issue of showing that certain
computational tasks are difficult. We can say only a few words (¢f. Garey and
Johnson® for a comprehensive treatment). Many important computational
problems have the form “find something”. The difficulty lies in the fact we have

*M.R. Gargy and .S, Jounscn, Computers and Intractability. A Guide to the Theory of NP-
Completeness. San Francisco: Freeman 1979,
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to search for (his thing in a very large set; once found, it is easy to verify that we
have indeed found the right thing. For example, to decide if a number N is a
prime, we want lo {ind a divisor. The trouble is that we have to search for a
divisor among all integers up to YN; once a divisor is found (or guessed
correctly) it is very easy to verify that we have indeed a divisor; it takes a single
division of integers. The class of computational problems with this logical
structure is called NP,

Now Cook® and Levin® have independently proved that there are problems in
this class which are complete or universal in the sense that every other problem
in the class NP can be reduced to them. So if we can solve such a complete
problem efficiently (in polynomial time), then we have in fact solved every
problem in the class. It is generally believed that such a single extremely
powerful algorithm does not exist; hence, complete problems cannot be solved
efficiently. The interest of this result was much enhanced by the work of Karp?,
who showed that many very commeoen computational problems (for example, the
famous Travelling Salesman Preblem) are complete. This provides a way to
show that certain problems are havd.

Unfortunately, there is an unproven hypothesis behind these arguments,
and to replace it by an argument based only on usual axioms is perhaps the
most challenging question in the theory of computing nowadays. This is the
famous P=NP problem, which can be transformed into problems in logic,
combinatorics, and elsewhere, leading in each case to very interesting and
fundamental unsolved questions.

The difficulty of this problem, as well as its potential influence on
mathematics, is best exemplified by an analogy. The first exact notion of an
“algorithm” was formulated by the Greek geometers: the notion of a geometric
construction by ruler and compass. Analogously to {computer) algorithins, there
are both soivable and unsolvable construction problems. The design of
construction algorithms has proved stimulating in geometry for a long time, and
has contributed to the development of important tools {very useful also
independently of construction problems) like inversion or the golden ratio. But
the prool of unsolvability of basic construction problems (trisecting an angle,
squaring a circle, doubling a cube, constructing a reguiar heplagon elc.)

5 S.A. Coox, The complexity of theorem proving procedures, Proc. 3rd Annual ACM
Symposium on Theory of Compulting (Shaker Heights, 1971), ACM, New York, 151-158, 1971,

s L. Levin, Universal'nvie perebornyie zadachi (Universal scarch problems: in Russian),
Problemy Peredachi Informatsii 9 265-266, 1972.

*R.M. Kare, Reducibility Among Combinatorial Problems, in: Complexity of Compuler
Compulations, (ed. R.E. Miller and J.W. Thalcher), Plenum Press, 85-103, 1972,
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illustrates this influence more dramatically. Such negative results were
inacessible to Greek mathematics and for a long time after; the proof of them
required the notion of real numbers and substantial part of modern algebra. (In
fact, modern algebra was inspired by the desire Lo prove such negative resulis.)

Computational complexity has proved (o be a very Fruitful notion. Its basic
[ramework was developed in the late 60's and early 70's, and the year that
followed witnessed a fast spreading of its ideas to various branches of
mathematics. The reason was that this theory led to an exact definition of the
difficulty of a problem, and this definition matched the intuitive feeling of
mathematicians about these problem. By now, il is customary in many branches
of mathematics to start the study of a new notion or problem by a complexity
analysis; the answer to the question whether a problem is polynomial time
solvable determines pretty much the direction of further research. In the case of
“easy” {polynomial time solvable) problems, one looks for efficient
implementation, clever data structures. In the case of “hard” problems {complete
problems in the class NP, for example) one aims at heuristic algorithms,
approximate solutions, methods making use of hidden structure, etc.

A complexity analysis of an algorithm often shows where it can be
improved; the solution of questions posed by complexity considerations often
leads to theoretical and practical breakthroughs in algorithm design.

In the issues mentioned above, the large complexity of a problem appears as
a disadvantage, a fact that makes the solution of the problem more costly, the
understanding of the underlying structure more difficult. Some of the most
exciling applications of complexity theory make use of complexity: these are
cryptography (which is discussed by Adi Shamir} and random number generation,
which 1 wilf discuss in the next section,

Complexity and randomness

Complexity theory offers new approaches to the notion of randommess. To
understand what randomness means, how it arises and what its relaiions are 10
the notion of information, complexity, chaos, and entropy, is one of the most
challenging tasks in mathematics, computer science, and (on a more general
level) in the philesophy of science.

Randomness is a crucial issue in quantum physics and statistical
mechanics; statistical descriptions (based on modelling the phenomena as
random processes) are widely used in the social sciences. Many computational
procedures (simulations, Monte-Carlo) need random numbers to run.
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The two examples from physics underline the crucial question: is there (rue
randomness, or is a random behavior of a system always a consequence of a
very complex underlying structure? In statistical mechanics, the system (say, a
container filled with gas, or a piece of ice heated to melting point} is, in
principle, compietely described by the Newtonian equations; the probabilistic
description is an approximation of the combined behavior of an extremely large
number of particles. On the other hand, physicists generally assume nowadays
that events in quanturn physics are truly random, there is no hidden underlying
structure.

In computing, one usually resorts to pseudorandom numbers, i.e., one uses
a carefully chosen, complex deterministic procedure whose output is
“sufficiently random”. (“Truly random” numbers could be generated using
quantum mechanical devices, but these are impractical). Just what “sufficiently
random” means is a difficult issues, and we will try to discuss it here.

First, a couple of examples. Sequences 1 and 2 above are obviously not
random. Sequence 3 is definitely more “chaotic”, but a little inspection reveals
that it does not contain three consecutive 0's or 1's; a random sequence of this
length should contain many more!

It is not so casy to make a distinction between examples 4 and 5, even
though we know that example 4 was obtained by the completely deterministic
(and in fact quite simple} procedure of extracting the square root of 2. In fact,
the digits of ¥2 {in base 2) could be used in place of a random sequence in some
applications. But one would face a serious danger: if we ever multiplied this
number by itself, we would get exactly 2 {i.e., the sequerce 10.0000000...),
which is so obviously non-random that our computation would be all wrong.

Both Kolmogorov complexity and computational complexity offer ideas to
help us understand the notion of randomness. In fact, the aim to define when a
single sequence of 0's and 1's is truly random was the main motivation for the
development of the idea of informational complexity. To understand this idea
remember the point that if a sequence is truly random (obtained, say, by
recording coin-flips or some quantum mechanical events), then there is no
regularity in it, and one cannot expect (o be able to describe it in any form more
compact than the sequence iisell. Martin-Lo[® turns this around and suggests
using this property as the definition ol randomness, Consider a sequence x =
01101011000... of length n. This sequence is called informationally random, if

* P, MARTIN-LOF, On the definition of randont sequences, Inform. and Control 9, 602-619,
1966,
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the Kolmogorov complexity of x is almost ri. (This “almost” has to be quantified;
this is technical but not difficult.)

To justify this definition, we state two facts.

Fact 1. If we generate a 0-1 sequence at random, then with very high
probability, it will satisfy the definition of informational randomness.

Fact 2. Every informationally random 0-1 sequence satisfies all the usnal
properties of random sequences (laws of large numbers, central limit theorems,
statistical tests).

Let me illustrate this last fact by the example of the simplest basic property
of random 0-1 sequences: the number of 0's and 1's is approximately the same.
Let me argue that an infoermationally random sequence also has this property; in
other words, if a sequence x of length # has substantially more 0's than 1's (say,
2ni3 0's and n/3 1's) then it can be printed out by a program substantially
shorter than n (assuming that » is very large). The number of sequences of
length n is 2%; but the number of those containing only #/3 1's is much smaller,
only about 1.8". We can order these sequences lexicografically, and see where x
is; say, x in the kth, Then we can print out the sequence x by the following
program:

Take all sequences of length # in lexicographic order.

Discard those containing more than n/3 1's.

Print out the kth of the remaining sequences.

When written as a formal program, the length of this statement is

logyn + logyk + const. < logyn + 0.91 + const < 0.98n

(if 12 is lange enough). So indeed x can be printed out by a program shorter than
n, and so i is nol informationally random.

The above notion of informational randomness has two drawbacks. First, it
is uncontrollable: since it is not possible to compute the Kolmogorov complexity
by any algorithm, it is also impossible to determine whether a given sequence is
informationally random. Second, it is by definition impossible to generate a
random sequence by a computer; also, the behavior of a system in statical
mechanics would again by definition be non-random. Now computer-generated
{pscudo)-random sequences are widely used in practice, and statistical
mechanics correctly describes a number of complicated physical phenomena. A
satisfactory theory of randomness should be able 10 explain this success.

The theory of computational complexity offers some help here. Roughly
speaking, we say that a sequence is computationally random, il given all but one



78 PONTIFICAL ACADEMY OF SCIENCES: PLENARY SESSION 1992

of its elements, it is not possible to compute the missing element. One should, of
course, make the phrase “not possible” more precise. A random number
generator takes a “seed” (a truly random sequence) of some lenght 1 and uses it
to generate a much longer pseudorandom sequence. We say that this random
number generator is “secure”, if every algorithm that works in polynomial time,
and that predicts the ith entry knowing the previous entries, will err in
approximately half the time. Such an algorithm may be viewed as a randoness
test. Yao® proved that this randomness test is universal: if a random number
generator passes it then it will pass every other statistical test that can be carried
out in polynomial time.

In this model, it is not impossible any more to generate such a
computationally random sequence by a computer; it only follows that then we
have to allocate more resources (allow more time) for the generation of the
sequence than for the randomness test. This is, however, only saying that there
is no obvious reason why an algorithm working {say) in quadratic time could
not generale a sequence that would be accepted as random by every test
working in linear time. To construct such random number generators is
difficult, and to a large degree unsolved; this is one of the most important
unsolved problems in computational complexity theory. Answering it would
have profound implications in the philosophy and practice of complexity theory.

This model, and its refinements, have worked very successfully in various
applications of the notion of pseudorandomness, e.g. in cryptography. A glimpse
of these applications is provided by the paper of Adi Shamir presented at the
meeting.

Complexily and nalure

I would like to close with some more speculative remarks about possible
applications of these mathematical notions in the study ol nature. Any time we
encounter a complicated structure, we may ry to measure how complex it really
is. As we have seen, this is not merely the issue of size.

There are several alternatives to quantifying the notion of complexity, and
none is “better” than the other; they merely consist in formalizing different
aspects of what is meant by complex. It is quite natural, for example, to ask for
the informational complexity of Lhe genetic code, or of the brain. Such

* A.C. Ya0, Theory and applications of trapdoor funciions, Proceedings of the 23th Annual
IEEE Symposium on Foundations of Computer Science, IREE Computer 1982,
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considerations may help understand the redundancy of the genetic code, and its
role in inheritance and evolution. But it might also be interesting to study the
computational complexity of the task of translating the genetic code into
anatomical details of a living being, or the computational complexity of tasks
performed by the brain.

The impossibility of certain tasks, observed, formalized and established, has
repeatedly led to conceptual breakihroughs in science. The impossibility of
constructing a perpetuum mobile led to the notion of energy and to the
development of mechanics and thermodynamics. The impossibility of travelling
(or sending information) faster than light leads to relativity theory; the
impossibility of measuring the speed and position of a particle simultaneously is
a basic fact of quanturm mechanics.

The theory of computing offers some impossibility results of similar, or even
greater, generality. First, the Church thesis, mentioned above, asserts that if a
computational problem is algorithmically unsolvable (in the formal
mathematical sense), then no device can be consiructed to solve it, no matier
what phenomena in nature are used. Some consequences of this thesis are
explored by Penrose!.

But one can go further and postulate that no phenomenon in nature can
speed up algorithms by more than a constant factor. To be more precise, we
have to note that one can speed up certain algorithms by using parall
processing, but then the volume of the computing device must be farge. One can
postulate: if a problem cannot be solved in time less that T (in the formal
mathematical sense), then no device can be constructed to solve it, using up a
total of less than const - 7" of the space-time. We refer (o Vergis, Steiglitz and
Dickinson'® for an elaboration of this idea: here we confine ourselves to a single
example. It is known that to compute the minimum energy state of an alloy is
computationally hard (non-polynomial, if some widely accepted hypotheses are
used). So if we cool it down within non-astronomical time, it ought not to find
its minimum energy stale; thus complexity predicts the existence of different
states with locally minimal energy.

Finally, it can be hoped that a betier understanding of what randomness
means (and I think complexity theory is crucial for this) could contribute to the
answer to questions like the existence of true randomness in nature.

R, Penross, The Emperor's New Mind. Concerning Computers, Minds, and the Laws of
Physics, Oxiord-New York: Oxferd University Press 1989,

" A Virars, K. Stricnitz and B Dickinson, The complexity of analog compuiation,
Mathematics and Compulers in Simulation 28, 91-113, 1986, Society Press, Washington, D.C,,
80-91.
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Lovasz:

I would like to make a remark, just a little bit with the eye of a complexity
theorist on the use of the verbs “can” and “cannot” in the definition of
reduction. I had a slide in my talk where T put the word “cannot” in quotation
marks, because there are many different senses in which you can use it, and
many different senses in which you might want to reduce the behavior of a
complex structure to its constituents. I think there are many examples of a
complex structure where, although its behavior is completely determined in
some sense by its constituents, you need entirely new notions, and a new
approach and a new phenomenology to describe the behavior of the structure.
There can be complexity-theoretic reason behind this (for one thing just to write
up and solve the equations would be impossible, and I think this impossibility is
very serious in any sense). There are nice examples particularly in statistical
mechanics where the behaviour of certain systems depends a lot more on their
structure than on the particular properties of their constituents. So I would like
to see philosophers dealing with this “can” a little more carefully — or maybe
giving us various interpretations.
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In this paper we informally survey the interrelationship between
Information Theory, Complexity Theory, and Cryptography. We describe
several proposed foundations for the notion of cryptographic security,
analyse their advantages and disadvantages, and describe some of the major
research achievements in this area.

1. Cryptosystems based on information theory

The historian David Kahn, in his definitive study “The Codebreakers”,
states that the first monograph on cryptography was written by Leon
Battista Alberti in 1466. It was motivated by a conversation he had in the
Vatican Gardens with Leonardo Dato, the pontifical secretary who was in
charge of the Vatican's secret communications. The monograph formalized
the notion of frequency analysis, described the first polyalphabetic
cryptosystem, and introduced a mechanical device called a cipher disk to
implement it efficiently.

In spite of such carly achievements, cryptography remained an art rather
than a science for almost 500 years. The successes and failures of military
cryptosystems had a major impact on world history, but until the middle of
the 20-th century the field consisted of a loose collection of ideas and tricks,
with few unifying ideas.
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In 1949 Claude Shannon published his seminal paper “Communication
Theory of Secrecy Systems”, which was an extension of his 1948 paper “A
Mathematical Theory of Communications”, and was based on his experience
as a military cryptographer during World War I1. In this paper he introduced
a mathematical model of an abstract cryptosystem, in which a set of
cleartexts is randomly mapped to a set of ciphertexts under the control of a
cryplographic key. The set of cleartexts contains both plausible and
implausible messages, where the latter consist of grammatically incorrect,
semantically incorrect, or oui-of-context messages. The entropy of the actual
message source is denoted by E, the entropy of the uniform source (which
generates all the plausible and implausible messages with equal probability)
is denoted by U, and the entropy of the source of cryptographic keys is
denoted by K. In his paper, Shannon proves that such a cryptosystem is
secure as long as the number of ciphertext symbols obtained by the
cryptanalyst is smaller than the unicity distance of the cryptosystem, which
is defined as N=K/(U-E). The quantity U-E is called the redundancy of the
source language, and indicates the compressibility of the language (e.g.,
English is about 75% redundant, and thus English text can be compressed to
about 25% of its original size without losing intelligibility).

The formula made it possible to formally prove the security of several
paper-and-pencil cryptosystems. The best krown among them was the one
time pad, invented in 1917 by Gilbert Vernam of ATT. In this cryptosystem,
each letter in the English alphabet is treated as a number in the range 0 to 25
The cleartext is an arbitrary English text, and the key is a sequence of
random English letters of the same length as the cleartext. Encryption is
carried out by adding the numerical values of corresponding cleartext and
key letters modulo 26, and reinterpreting the numerical result as an English
letter. Decryption is carried out by subtracting key letters from their
corresponding ciphertext letters. Each key letter is used only once, and thus
to encrypt a new cleartext the user has 1o use a new segment of key letters.
This cryptosystem is absolutely secure: A cryptanalyst (who obtains the
ciphertext but has no knowledge of the key) cannot obtain any information
whatsoever about the cleartext, regardless of how much ingenuity, expertise,
or computing power he may have. This provable security made the one time
pad the favorite cryptosystem of spics and diplomats. For example, when the
“red line” was established between the White House and the Kremlin in
order to discuss international crises, American and Russian experts agreed to
protect the messages on it with the one time pad.
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The difficulty in using the one time pad (and the reason it is not
universally used) is the need to generate, distribute and store in a secure way
a large number of random letters, which exceeds the expected length of all
the messages which may be sent on the communication line. One possible
alternative is to use another English text as the key, If the sender and
recipient agree in advance 1o use a particular book which is widely available
but whose choice is unknown to the opponent, they can start their messages
with an indication of the point in the book where they start extracting key
letters, and proceed to encrypt and decrypt in the same way as in the one
time pad. However, since the entropy of the key in this case is only 25% of
the entropy of a key which consists of truly random letters, this scheme is
breakable in theory as well as in practice. On the other hand, if the key
consists of four independent English texts, whose numerical values are all
added {(modulo 26) to the cleartext, the scheme becomes unbreakable since
the entropy of the key is restored to its one time pad level.

Information theory provides a solid mathematical foundation for
cryptography, but its conclusions tend to be overly pessimistic. A
cryptosystem which is information-theoretically secure cannot be broken
even by infinitely powerful opponents using infinitely powerful computers
for an infinite amount of time. However, a cryptosystem which is
information-theoretically insecure may provide excellent protection against
real opponents. For example, information theory labels as insecure any
cryptosystem which encrypts large cleartexts with a fixed size key, even if the
best available attack on it takes longer than the age of the universe.

2. Crypiosystems based on physical assumptions

Several cryptosystems whose security is based on physical assumptions
have been proposed in the last 15 years. In this section we demonstrate this
approach with three examples.

2.1 Cryptosystems utilizing a deck of cards

The problem of achieving cryptographic security can be reduced to the
problem of generating common secret bits. If two communicating parties A
and B can generate a single random bit which is known to A and B but
unknown to the cryptanalyst C (who eavesdrops on all the communications
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between A and B), then A and B can repeat the protocol arbitrarily many
times, and thus generate the equivalent of the one time pad discussed in the
previous section, We now show that this seemingly impossible feat is
achievable if A, B and C have access to a physical deck of three cards, whose
faces are marked by 1, 2 and 3, and whose backs are indistinguishable. We
assume that the three parties are located in a single room, that A and B do
not have a chance to talk privately with each other (e.g., in order to establish
the meaning of concealed gestures), and that the cards can be randomly
shulfled with their faces down.

Each party takes one card from the deck, and notes the number marked
on its face. Without loss of generality, let us assume that A got 1, B got 2, and
C got 3.

In particular, the cryptanalyst C can deduce that A and B have cards 1
and 2, but he has no information whatsoever about who has which card. A
now randomly chooses a number of a card which is different {from the one
he has, and publicly states: “I do not have card number x” (where x can be
either 2 or 3 in our hypothetical example). If B also states that he does not
have this card x, the protocol is considered a success. Otherwise, the
protocol is considered a failure.

We can now analyse the protoco! in the following way. If the protocol is
successful, x must be the card held by C. Since the cryptanalyst C already
knows which card he has, he has learned absolutely no new information
from the public statements about the distribution of cards to the other
participants. A, on the other hand, now knows everything about this
distribution since he knows that his card is 1, C's card is x, and B's card is
the remaining third card. B can also deduce the complete distribution in an
analogous way. A and B can now agree on a common bil by using the
publicly declared convention that this bit is ¢ if A’s card is numerically
smaller than B's card, and | otherwise. The result is an unbiased random bit
which is known to A and B but unknown to C. If the protocol was a failure
(because B stated that he had the card x declared by A}, the cards are
collected and reshuffied, and the protocol is repeated with the new
distribution of cards and a new random choice of x by A. Since the
probability of success is 1/2 per iteration, A and B can expect to generate
about /2 common secret bits by executing the protocol # times.
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2.2 Cryptosystems based on physical padlocks.

The process of encryption can be modelled by the physical process of
placing a written message in a strong metal box, and locking the box with an
external padlock. We assume that the box and the padlock are so strong that
they cannot be defeated, and thus the only way to read the message is to
unlock the padlock with the appropriate key.

The onty difficulty in implementing such a scheme is the key distribution
problem. Since the locking and unlocking are carried out by different parties
in far away locations, we have to decide who makes and who gets the
cryptographic keys, and how they are transported.

The classical solution {(which was used in all the cryptosystems
developed before 1976) was that the sender chose a random
encryption/decryption key, and sent it to the recipient via a secure key
channel. The key could not be sent over the same communication channel as
the message, since this channel was supposed to be controlled by the
cryptanalyst. The key could not be sent encrypted in another box with
another padlock, since this would merely change the problem from the
secure distribution of message encrypting keys into the secure distribution of
key encrypting keys. It was thus necessary to assume the existence of
another channel, which could not be eavesdropped on by the cryplanalyst. In
practice, keys were carried by trusted couriers in diplomatic pouches, or
memorized by spies in face-to-face meetings with their controllers, However,
this key distribution problem created a major obstacle to the widespread
adoption of cryptographic technigques in personal and business
communications.

In 1976, Diffie and Hellman from Stanford University proposed a
radically different solution to the key distribution problem, known as “public
key cryptography”. It is motivated by the observation that open padlocks can
be tocked without using a key by pushing the shackle in until it engages the
internal spring mechanism. In other words, the processes of locking and
unlocking the padlock are quite different, and only the latter requires the
posession of a key. Assume now that B, the intended recipient of the
message, distributes to all his acquaintances identical copies of unlocked
padlocks, and keeps their commeon key safely in his office. The padlocks can
be distributed via insecure channels, since we assume that their keys cannot
be deduced by inspection. When A wants to send a message securely to B, he
uses one of these distributed padiocks to lock the message in a strong metal
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box, and sends it via the insecure channel. When B receives the box, he
unlocks it and reads the message. Since the unlocking key never left B's
office, there is no need to send it via a separale secure channel.

The mathematical implementation of this idea is based on pairs of
seerningly unrelated cryptographic keys, Ek {for encryption} and Dk (for
decryption). Each user picks a random pair, publishes Ek, and keeps Dk
secret. All the Ek’s can be published in a publicly available key directory,
which lists the name, address, telephone number and encryption key of alt
the users in the system, If the computation of Dk from Ek is unfeasible, the
publication of the encrypiion keys does not endanger the secrecy of the
corresponding decryption keys. When A wants to send a message securely to
B, he can find out B's encryption key by consulting this directory. This
solution eliminates the key distribution problem, and reduces the number of
encryption keys in a large network of n users from n{(n-1)/2 1o 1. The best
known and most widely used cryptosystem of this type is the RSA scheme,
developed in 1977 by Rivest, Shamir and Adleman.

In 1978, I pointed out that the padlock example can be further refined. In
fact, il is possible 1o send messages securely without any prior exchange of
keys even if we assume that keys are necessary both to lock and 1o unlock all
the padlocks in the system. To achieve this, we slightly modify each metal box
by installing a second hole through which we can hang a second padlock. The
message is secure as long as the box is locked by at least one padlock.

Assume now that A wants to send a message securely 1o B, with whom
he had never talked before. A locks the box with padlock PA, using the key
KA which only he has access to. The locked box is sent 1o B, but the message
cannot be read. Instead, B adds to the box a second padlock PB, using the
key KB which only he has access to. This “doubly encrypted” box is now
returned to A via the insecure channel. Upon receipt, A unlocks and removes
PA, and sends the box back to B. Since it is now protected only by padlock
PB which B can unlock, the message can be read!

2.3 Quantum cryptography.

A very different approach o cryptographic security was developed in the
Jast decade by Weisner, Bennet, Brassard, and Crepeau. They decided to
base their cryptosystems on quantum theoretic effects, and in particular on
the behaviour of polarized photons. Considera system in which the sender
can send to the recipient a single photon polarized in a desired direction.
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The recipient can test whether this photon is polarized in a particular
direction, but unless the actual and measured directions are either parallel
or perpendicular to each other, the result will be probabilistic and the actual
polarization of the photon will change to the measured direction.

To send a single bit, the sender chooses at randoem one of two coordinate
systems: In the {irst system a zero bit is represented by a single photon
polarized in a vertical direction and a one bit is represented by a single
photon polarized in a horizontal direction, and in the second system the two
directions are rotated clockwise by 45 degrees. The recipient does not know
which coordinate system was used by the sender, and chooses at random
one of the two coordinate systems to measure the polarization. If he guesses
correctly, the answer is correct. If he measures the polarization in the wrong
coordinate system, he gets a random answer.

The process is repeated many times (with new photons and random
choices), and the recipient ends up with a long sequence of bits, hall of
which are correct.

The sender and recipient then initiate a public discussion of the
coordinate systems they chose or each bit, and thus they know which biis
were received correctly and which bits were destroyed by the measuring
process. With an appropriate protocol, they can extract from this process a
common random sequence of bits which can be used as a one time pad when
actual messages are sent over the telephone network.

The main property of this process is that any attempt by the cryptanalyst
to measure the polarization of the transmitted photons will corrupt the
polarization of at least some of them, and thus will become known to the
communicating parties. As a result, quantum cryptosystems make passive
eavesdropping impossible, and active eavesdropping detectable.

In the last couple of years, researchers have constructed experimental
devices which can send information securely over short distances with
polarized photons. They are now trying to send information securely over
longer distances with a fiber optic cable, but it is too early to decide whether
such devices can be practical.

3. Cryptosystems based on complexity theory

The most promising approach to cryptographic security is to use
techniques derived from complexity theory. This theory, developed by
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theoretical computer scientists since the mid 1960's, attempts to classify
computational problems by the amount of time and memory required to
solve them on a digital computer. Due to the differences between various
computational models, the theory is asymptotic in nature: Instead of
assigning a concrete complexity value to each instance of the computational
task, the theory deals with the rate of growth of this complexity as the size of
the instance grows to infinity. Feasible computations are defined as those
whose complexity grows at most polynomially with the size of the instance,

A one way function is defined as a function whose evaluation is a feasible
computation, but its inversion is an unfeasible computation. While we
cannot prove at this stage that such functions exist, we have a number of
candidate functions which are widely believed to be one way. The best
known example is the function that takes two large prime numbers and
multiplies them together. It is very easy to carry oul this multiplication, but
there is no known fleasible algorithm which can reverse this process and
factor the result. The problem of factoring large numbers had been
investigated in the last three centuries by some of the best mathematicians
(including Euler and Gauss), but all the algorithms discovered so far for this
problem require superpolynomial time.

Complexity-based cryptosystems are designed to withstand feasible
attacks, rather than attacks by infinitely powerful cryptanalysts using
infinitely powerful computers. If the complexity of the best attack on a
cryptographic scheme with a k bit key grows as 2%, then even the ultimate
parallel computer which uses each elementary particle in the universe as a
processing element would not be able to break the case of k=200 in the next
trillion years.

A particularly promising way of using complexity in cryptography is to
utilize a complex computation in order to generate a pseudo-random
sequence {of bits, digits, or characters) for the one time pad cryptosystem. A
pseudo random generator is a deterministic algorithm which stretches a
short truly random seed of length k into a longer sequence of length n, where
1 is some polynomial in k. The set of possible outputs of such a generator is
only a negligible subset of the set of all sequences of length n, but there
should be no feasible way to tell them apart. Note again that infinitely
powerf{ul opponents will be able to determine that the pseudo random
sequences are compressible (and thus nonrandom) by trying all the possible
seeds of length k. However, for sufficiently large & this process will take an
unfeasible amount of time.
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To formalize this notion, we use the concept of “distinguisher”. A
distinguisher D is any polynomial time algorithm whose input is a sequence
of size n, and whose output is 0 or 1. There are two probabilities associated
with such a distinguisher: The probability PR of outpuiting 1 when its inputs
are {ruly random sequences of length 1, and the probability PG of outputting
1 when its inputs are the oulputs of the generator G applied to a truly
random seed of length k. The generator G is called perfect if for all feasible
distinguishers D, (PR-PG) decreases faster than the inverse of any
polynomial when the sizes of k and n grow to infinity. In other words, there
is no feasibly computable measure which can significantly differentiate
hetween truly random and pseudo random sequences. Any generator which
passes this very strict test can be safely used as a source of sequences for the
one time pad cryptosystem, since any successful attack on the cryptosystem
could be used as a distinguisher between the presumably breakable pseudo
random version of the cryptosystem and the provably secure truly random
version of the cryptosystem.

The main disadvantage of the original one time pad cryptosystem was
the large key which had to be sent in advance via the secure key channel and
stored in a secure way by both the sender and the recipient. By using a
secure pseudo-random generator, the communicating parties can replace the
long random sequence by a short random seed. To encrypt a new binary
cleartext of length m, the sender generates the next m pseudo random bits,
adds corresponding bits modulo 2 and transmits the result. To decrypt the
ciphertext, the recipient regenerates locally the same m pseudo random bits,
subtracts corresponding bits modulo 2, and reads the result. This greatly
simplifies the key management problem, reduces the storage requirements,
and eliminates the need to estimate in advance the likely size of the
cleartexts.

The remaining problem is to develop secure pseudo random generators,
which can defeat any feasible distinguisher. This problem received a lot of
attention in the research community during the 1980's, which culminated in
1989 with a proof by Impagliazzo, Levin, Luby and Hastad that any one-way
function can be turned into a secure pseudo-random generator. This proof
linked two seemingly unrelated fundamental concepts, and had a profound
impact on the foundations of cryptography.
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DISCUSSION
(A. LicsINEROWICZ, chairman)

Areccur: The subject of this week is the emergence of complexity in
mathematics, physics, etc. Do you think that quantum cryptography
schemes are complex in any way? I am relerring to papers by Bennett
and Tipster.

SuaMIR: I think that quantum cryptographic schemes are not purely based on
complexity theory; it is a different branch. I brought it up just because I
was showing all kinds of nifty ideas about how to construct
cryptosystems...

DeL RE: 1 should like to repeat a question I asked before. In your context,
what exactly do you mean by theory of complexity and by complexity
itself?

SuaMIR: T am only trying to give meaningful answers to a very restricted class
of complexity questions, those which are well defined in the context of
computations on finite sirings. We define a computation as a
transformation of input strings to output strings. Then the concept of
complexity is defined as the number of steps required to do it, or, in
alternative, the number of memory cells required to measure time, space,
ete.

THIRRING: What is meant by a function being invertible or not, is clear. But
what exactly do you mean when you speak of a function that is hard to
invert?

SuaMIR: As a first approximation, the following definition can perhaps be
given: no polynomial-time algorithm exists which will compute x given
1(x}.

THoM: Just a Bourbakist question precising the last theorem. If x is one-to-
one, what is the result?

SuaMIR: One-to-one functions can still be hard to invert. In the information
theoretic sense, when you ignore computation aspects, the problem of
going back in easy. But in complexity theory, the unique existence of x
means nothing, it may still be very difficult to get to it.

Trom: If you take the string and associate another string in a one-to-one way
[ would say that you just get a pevmutation between strings, that is a
random generator.
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SuaMIR: A computer scientist will look at things differently, and will say that,
even though you might claim that the description of two prime factors, P
followed by Q, each of 500 bits, giving a thousand-bit string is
isomorphic with the thousand-bit string which is the product, new
mathematical content is added by the multiplication, I claim that from a
complexity theoretic point of view going in this direction is easy, the
reverse is still hard, in spite of the isomorphism.

Lampo: You mentioned security, safety of messages, military codes, etc. T
come [rom a university in Nigeria, where almost one out of every five
students is doing computer science. This is probably true of many parts
of Africa and the third world. Those students are all going to banks,
government services, etc. In the last few years there has been almost an
epidemic of frauds all over the place most of them made possible by the
use of computers, so much so that you are almost afraid even to put your
money in the bank. Is there any way of turning this flood of students
going into compulers towards more positive activities?

Suamr: Cryptology has two aspects. The theoretical one and a practical one.
I have told you about some of the applications, and 1 can tell you that
many of the concerns that you have raised, like bank security, are
actually addressed by a concrete system that we are developing today.
But I want to warn you about one aspect which is impossible to solve: if
the bad guys are in the management of your bank, and they are the guys
to whom you give all the cryptographic keys, then I do not know of any
cryptographic solution to that problem.

DoBEREINER: I still have some difficulty with your definition of “hard” and
“simple”. It seemes to me that being “hard” or “simple” depends on how
your computer is constructed.

Suamir: You have indicated a very important reason why we work with
asymptotics rather than specific numbers and sizes. For the sake of
concreteness we refer to a Turing machine. A Turing machine does not
have any primitive operation of multiplication. The only operations it
knows are how to read one bit, how o write one bit, how to move the
head right of left. Nevertheless, within a polynomial-time factor it can
mimic the operation of any computer.

Rugpia: Lel me first congratulate you on the ability with which you have
been defending your case. You are not only an excellent cryptographer
but you might become a remarkable lawyer as welll Coming back to
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serious questions, as you correctly say, a computer can simulate the
functions of another computer. But [ am confused when you distinguish
between “easy” and “hard”. I cannot give a deflinite, mathematical
meaning to such a concept. What you call a "simple” function for a given
compuler may become a “hard” function for a different computer and
vice versa, “Simple” and “hard” depend on the architecture of the
computer. I can build conceptually with the help of appropriate
hardware a new computer for which a given function which for my
computer is “hard” becomes “simple”. Something which was difficult for
one computer is then going to become easy for another computer. So,
concepls of “easy” and “hard” are in my view computer-dependenti. I find
it difficult to make them "objective”.

SuaMmir: The difference between us it that you consider one hundred steps on
a computer to be an easy computation, one billion steps to be a hard
computation. I define things in a different way. According to my
definition an “easy” computation in one which for inputs of size N
asymplotically requires N, N2, ... N100_  operations; a “hard”
computations is one which, as N increases, requires 2 steps. We made
the conscious decision not to take the fuzzy intuitive notions of “ecasy”
and “hard”, but to give them a precise meaning: “easy” is polynomial-
time computable, “hard” is non polynomial-time computable.

LicinerowiTz: Je voudrais compléter la réponse précedente. Je pense que
c'est une distinction asymptotique en fonction de N; c'est le
comportement. Quel que seit 'ordinateur que vous utilisez, du moment
qu'il fonctionne en binaire, vous aurez un invariant qui est ce
comportement asymptotique. Le type de facilité ou difficulté, c'est
exactement cela.

Rouppia: Hard and not so hard, easy in the ordinary language and hard and
easy in the mathematical language are not at all the same. Mathematical
concepts need a rigorous definition.

DOBEREINER: Your presentation illustrates a process which is exactly opposite
to the process we are supposed to investigate, that is, the emergence of
complexity. You do exactly the opposite in a very interesting way, namely
you reduce complexity to noncomplex propositions and methods. But
there is a price to pay, there. You have repeatedly referred to the Turing
machine, and to the view that we must not ask what understanding is, of
how to define it, as if understanding could be defined in any terms other
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than understanding. That is to say, the very interesting methods you are
proposing cannol themselves claim to be intelligent.

SHAMIR: At variance with your remarks, I think that I am among the few
lucky ones who are exploiting complexity. Most people are unhappy with
the emergence of complexity, they would prefer it if the world were very
simple, but then it would be doom for a cryptographer like myself.

Lzigung: Monsieur le Président, je voudrais poser la méme question gu'hier:
d'oll vient le mot “random”? What is the etymology of that word? Who
introduced it? And what does it mean really? Is it just a fHap of swatches
or what? Is randomness chosen at random? Je voudrais faire remarquer
que nous avons deux grands spécialistes de “randomness”, et que ni 'un
ni l'autre ne sait ce que veut dire le concept qu'ils emploient. Je
m'explique. Dans lwtilisation, ils savent parfaitement la fonction de ce
mot, ils nous P'ont expliqué de fagon parfaitement claire. Mais ce qui
m'intéresse, ¢'est que les mots du vocabulaire sont reliés les uns aux
auires, et en [ait, I'étymologie nous permet de comprendre la consistance
de la pensée humaine. Et quand on rajoute un concept qui ne vient de
nulle part, au sens étymologique au moins, on aimerait connalire son
histoire.

Traom: The etymology of “random” is very well known. It is the old French
word “randon”, it was a way of hunting, “chasse 2 la randon”, and the
word “randon” has later given the word "randonnée”, which means “a
fong hike”,
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THE EMERGENCE OF ORDER AND COMPLEXITY
IN PHYSICS

W. THIRRING
Institut fiir Theoretische Physik
Universitdat Wien

The search for order in nature has a long history, The f{irst significant
landmark in this unending quest are Newton's laws. He realized that the
trajectories in phase space of mass points are determined by a first order
differential equation. They define a flow, that is a one parameter group on
one to one mappings of phase space onto itself. The parameter is the time
and the flow describes the time evolution of arbitrary initial points.
Furthermore for Newton's law for the gravitational force the flow is
particularly simple since the trajectories are either closed or go to infinity.
This simplicity was later found to be due to a hidden symmetry of the
problem. Since the force is a central force, the equations are invariant under
rotations in configuration space but in addition also under a combined
transformation of coordinates and velocities. Altogether this gives an
invariance group isemorphic to 0 (4}, the group of rotation in 4-dimensional
space. The trajectories when projected into donliguration space are ellipses
as empirically found by Kepler for the motion of the planets. These ellipses
caused some uneasiness because in Aristotelian philosophy the most perfect
curve is a circle and only this was felt to be worthy of the earth. Today we do
not attach a deeper significance to this notion of order, but it is amusing to
note that the trajectories are actually perfect circles when projected on
velocity space. In spite of its simplicity Newtonian mechanics was
superseded by more fundamental notions. The forces at distance turned out
to be transmitted by fields which followed their own laws.

In the quest for the correct field equations, another point of view turned
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out to be instrumental, namely mathematical beauty. As in art beauty cannot
be well defined scientifically but I shall illustrate it by the history of
Maxwell's equations for the electromagnetic field.

Table 1
Maxwell's Equations in the Course of History
The constants ¢, y1p, and g, are set to 1, and modern notation is used for
the components.

The Homogeneous Equation The Inhomogeneous Equation
Earliest Form

OB, 9E, OE

E)Bx+aBy+8Bz:0 L op
ax dy & ox  dy &z
9, 35 _p e Do vk,
dy 9z gy 3z
aEu_a;"i :By aB’“+9££ =+ Ev
0z ox : gz dx " '
%Y_-q-g{% =BZ a_Bl-{- an =f. 4 Ex
ox  dy dx  dy
At the End of the Last Century
V-B=0 V- E=p
VxE=-B VxB=j+E

At the Beginning of This Century
Fﬂz_;,_ = (} ""'Fﬁz'z = jﬁ
Mid-Twentieth Century

dF =0 oF =J

The early form looks somewhat complicated with space (x, ¥, z) and time
t, the eleciric and magnetic fields E and B interwoven in a strange way.
Nevertheless Boltzmann saw in il such awe-inspiring beauty that, quoting
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Faust, he exclaimed: "Was it a god who traced these lines?” Later the
notation was made easier by the introduction of symbols for the differential
operations appearing in these equations. It was then recognized by Lorentz
that the equations are invariant under transformation mixing {x, v, z) with ¢
and E with B, Einstlein understood the far-reaching consequences of this
invariance. The deepest understanding of the structure of these equations
was reached when one freed oneself from the limitation to Cartesian
coordinates and admitted the theory of differential manifolds into any
suitable coordinate system. There one finds that there is only one differential
process not referring to a particular coordinate, the exterior derivative d. If
the manifold has a metric as additional structure, one can define a scalar
product and with the adjoint operator to d the coderivative 8. Thus from this
point of view the most natural differential equations are the specification of
the exterior derivative and the coderivative of the quantity F which contains
E and B. The fact Maxwell's equations assume the simple form dF = O, 8F =
J, is not just a suitable shorthand. None less than Dirac himself believed that
this aesthetics had a deeper significance.

“The Lorentz transformations are beautiful transformations from the
mathematical point of view, and Einstein introduced the idea that something
which is beautiful is very likely to be valuable in describing fundamental
physics. This is really a more fundamental idea than any previous idea. I
think we owe it to Einstein more than to anyone else, that one needs 1o have
beauty in mathematical equations which describe fundamental physical
theories” (Dirac). :

The way 1o the equations for the gravitational field was even harder and
when Einstein found them finally he had to admit that under the present
condition the change for Newtonian mechanics is minuscule. Nevertheless,
now it is firmly established and what it did for the Kepler problem was to
reduce the symmetry group from ¢ (4) to ¢ (3).

As a consequence the orbits are no longer closed but the axis of the
ellipse rotates slowly. Nevertheless the invariance group 0 (3} of rotations in
coordinate space insures that the system is still what is called integrable.
This implies that the motion is still orderly in the sense that uncertainties in
the initial conditions grow only linearly in time. The worst case compatible
with group structure of a flow is that they grow exponentially and they do
that if there is no further symmetry in the problem. This is exactly what
happens when the gravitational attraction between the planets is taken into
account. Naively one might think that the characteristic time 1/y for the
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exponential increase ~ et of uncertainties is of the order 1000 years since the
mass and therefore the gravitational effect of Jupiter is 1/1000 times the
mass of the sun. Actually the situation is far more complex and depends on
the irrationality of the ratio of the frequencies of the orbits. If they are sui-
ficiently irrational, resonance effects are averaged out and the perturbation
of other planets by Jupiter causes only a small deformation of the orbits.
Nevertheless the stability of the planetary system over times ~10% years is
still something a miracle.

Since in practice (and in quantum mechanics in principle) the initial
point in phase space cannot be determined with arbitrary precision, classical
mechanics loses its predictive power for f > 1/y and one can talk only about
probabilities. Therefore systems with y # 0 are felt to be disordered and
chaotic and the question arises of how to give a mathematic definition to
these vague notions. Kolmogorov has defined two related quantities, the
complexity and the dynamical entropy. The former is the length of the
shortest computer program which can cope with the system, Since this will
be discussed in the mathematical sections I shall concentrate on its physical
counterpart, the dynamical entropy. This latter gives the maximal
asymplotic information gain by periodically measuring a subsystem. In
chaotic systems in the course of time information gets lost so that new
information can always be gained. Mathematically these quantities are
defined as follows. Suppose you have a probability distribution p(z) for, say,
finding a particle at a point z. By measurement you will not be able to
determine its position exactly but you can say in which of the boxes 4; the
particle was, The 4; are supposed to cover the space M = wd; and A = [4;] is
called a partition, The probability for finding a particle in A; is w; = { ,; dz plz)
and the information gained by knowing in which of the boxes the particle is
given by the entropy

SplA) =- Z i In e

Morve information is gained if the grid is refined for instance by considering
the intersection of two partitions

AVER ?AI'QBI(, Mk :J‘Aiﬁﬁkdz p(Z)

SplAva®)=- Z My In gy
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Now assume that a flow @ : M — M is defined on M which means that at a
time t a particle is at z € M at the time ¢ + 1 it is at #(z) € M. Mcasuring at
the time 7, t+1, 1+2... t+# in which box the particle is equivalent to measuring
at ¢ where it is in the partition Aag(U)a...agn(A). Then the information
gained by the last measurement is

S{A A g (A on 8(A) - S A gl ) Avcon gL (D).
It turns out that for n — e this converges to a definite [imit

fzp(u{, @) = lim [S{A A 2) (L) A agn(A3) - SAAB(AY ALLoa g1 AN ]
1) e
The dynamicalentropy is now defined as the upper limit of the values which
this quantity can assume by varying the partition J:

() = sup (A, @).
A

For a measure of the indeterminism of a deterministic system this quantity
contains a surprising amount of information. For a certain class of systems it
contains in fact alf information in as much as they are isomorphic if they
have the same dynamical entropy. It turns out that generally

hp(u{, !3) s Sp(ui)

and from this point of view the most chaotic systems are so-called K-systems
for which

lim I'zp(ul, #1) = Sp(ul) YA

n-ree
This means that after many time steps all partitions A have a complete
memory loss such that by remeasuring one gains the full information. In
spite of being completely chaotic they have a well-defined structure in as
much as there are three more seemingly different characterizations. One
might object that the simple classical model of a flow @ on M is too poor a
model for a reality which is quantum mechanical. It turns out that all this
(including the Liapunov exponent y) can be generalized to quantum systems
and that the real systems we find in nature are presumably K-systems in this
generalized sense.
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Imtroduction

The quest for harmony was Johannes Kepler's guiding principle when he
struggled to discover the divine plan in the order of our universe. As you all
know, he saw the Mysterium Cosmographicrm in 1596 (fig. 1) as an orderly
arrangement of the five Platonic solids, each touching two planetary spheres
and thereby defining their successive distances. According to this model the
six planets Mercury, Venus, Earth, Mars, Jupiter, and Saturn are held in
their respective spheres by octahedron, icosahedron, dodecahedron,
tetrahedron, and cube — an order for which he had a number of special
reasons, following the Pythagorean tradition. It is remarkable that this
picture “explains” the actual relation in our solar system to within some 10%
(see table 1}. Kepler was cager to confirm his model using the data that
Tycho Brahe had collected throughout his life as a meticulous observer of
the sky. e suffered a terrible disappointment when he discovered that the
planets do not follow circles but eilipses; this seemed to be a fatal blow 1o the
vision of his youth. But gradually he found order of a higher kind, and
praised the Creator for this...

I am not referring to the laws to which his name became atiached later,
the laws of the celestial two-body problem: elliptical motion, angular
momermttum conservation, and 3:2 scaling of spatial versus temporal units.
This was an admirable achievement to be sure, but there was more, which is
little known. In the [irst place Kepler was not interested in just two bodies. He
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Fig. 1 - Two versions of Kepler's world model. a: The six planetary spheres are
assumed 1o obtain their respective radii [rom the five Platonic bodies. The
outermost sphere is Saturn's. Inscribed is a cube which Jupiter's sphere touches
from the inside. As a consequence, Saturn's sphere is V3 = 1.732 times the size of
Jupiter's. The actual value fluctuates in the range 1.84 = 0.20 because the orbits
are not circular but rather elliptic, A tetrahedron is seen to lie between the
spheres of Jupiter and Mars, then a dodecahedron between Mars and Earth. b:
After Kepler found the eiliptic nature of the planetary orbits, he modified his
model by attributing the spheres a thickness that takes into account the
difference of maximum and minimum distance from the sun.

looked at the solar system as a whole, and tried to detect regularities in the
particular values of eccentricities. In Harmonices Mundi', his most mature
opus of 1619, he reports his findings, insisting that geometrical harmony be
related to that of musical intervals. Uniil quite recently there was no basis to
appreciate this kind of “chimériques spéculations” (Laplace, 1821) within the
framework of theoretical mechanics. For those, however, working today in
the field of nonintegrable classical mechanical systems, Kepler's observations
are surprisingly near the mark. The musical harmenies that he identifies in
the frequency ratios of planetary motion (at perihelion, aphelion, or average
position) are nothing but resonances in modern terms. Based on the
geometrization of mechanics as worked out by Poincaré and his followers, we

VI, KerLERr, Harnontices Mundi, Linz, 1619,
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CGctah. {cosah. Dodecah. Tetrah, Cube
Platonic - / : f
o ¥ L R
Solids
ratic of radit 1.732 1.258 1.258 3.600 1.732

Planets | 9 9_ 6 dﬂ ?‘I“ T-Z

Mercury Venus Earth Mars Jupiter Saturn

mean radius (a.w.)] 0.387 0.723 1.000 1.524 5.203 9.546

ratio of radii 1.868 1.383 1.524 3414 1.834

Table 1

can now relate to “more or less rational” and to “more or less irrational”
frequency ratios, and we see the two extremes as particularly conspicuous
types of dynamical behavior on which natural evelution may operate.

The key to an undersianding of how harmony in Kepler's sense arises, is
the observation that number theory is an important ingredient of stability
analysis in complex dynamics. Nobody suspected that, for at least two
hundred years, after Newton had developed his theory of classical
mechanics, and of celestial mechanics in particular. In a continuous world
where natura non facit saltus, how could it matier whether or not a number
was rational, i.e., could be expressed as a ratio of (wo integers, We know that
almost all numbers are irrational, i. e. cannot be written as a ratio of integers
(remember the classical Greek argument for ¥2 to be irrational). Never-
theless, there are sufficiently many rational numbers to approximate any real
number to arbitrary precision; take, for example, a decimal number of
sufficient though finite length. Eventually the difference of ¥2 and
1.414213556... ought to be irrelevant for all practical purposes, and so, it was
felt, the distinction of rational versus irrational should not be of interest in
physics.

But then there was the notoricus difficulty of proving the stability of our
solar system. Inspite of Laplace's bold assertion to the contrary, rigorous
proof is lacking to this very day. In fact, when Poincaré addressed this
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problem a hundred years ago, developing his famous Méthodes Nouvelles de
la Mécanique Céleste?, it appeared the system might not be stable because
for all rational frequency ratios (in a sense to be explained later) it turned out
there was an instability. It took mathematicians some 70 years to recover a
slightly more optimistic point of view: the so called Kolmogorov-Arnold-
Moser theorem of 1963 established the notion that sufficiently irrational
situations may be “robust” against the onset of Chaeos, and thereby represent
an element of stability. Still this is far from directly applicable to our solar
system with its 10 celestial bodies. Delinite knowledge exists only for special
cases of the three body problem. My lecture will therefore focus on such
simple systems, and demonsirate a few aspects of their dynamic complexity.
Among these, perhaps the most fascinating is that with a certain degree of
universality, special numbers turn out to be particularly important.

Chaos

If Kepler laid the foundation of modern astronomy, Galilei was the
father of physics. Newton stood on these two giants' shoulders when some 70
years later he formulated his Principia Mathematica®, Common to all three,
and to physicists ever since, has been the desire to discover Nature's order
and express it in mathematical terms, with a tendency to accept simplicity as
an indicator of truth. But there are two sides to Nature: one is the set of
laws, the other the set of phenomena that they govern. And while the laws
seem to be simple indeed, it becomes more and more obvicus that the time
course of events is typically very complex This is by no means a new
discovery. Newton knew it well, and many scientists including Maxwell,
Boltzmann, Einstein, Born have expressed it very clearly. It must be
confessed, however, that for purely opportunistic reasons, when physicists
turn to explaining phenomena, they tend to select the simple ones, those that
can be handled with available tools. What else could they do? Nobody can be
blamed for being silent about what he does not understand.

In mechanics, the simple problems are called integrable, and they have
occupied students ever since Newton, Euler, and the Bernoullis provided the
first solutions. As these grew more and more impressive, they nourished the

T H, POINCARE, Les Mdthodes Nouvelles de la Mécanigue Céleste, Gaulhiers-Villars, Paris,

1899,
1. NewroN, Philosophiae Naturalis Principia Mathematica, London, 1687.
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prejudice that everything might be integrable for a sufficiently powerful
mind, Laplace's demon is but the symbol of its extreme form. Unreal as it
always was, it did not succumb to better insight: its exorcism had to wait for
powerful computers to be universally available.

. and for Jim Yorke, mathematician of the University of Maryland, to
introduce the catchword Chaos into the field of Complex Dynamical
Systems, in the title of a short article in 1975 (Period 3 Implies Chaos®). He
gave il a precise mathematical meaning, but ol course consciously played
with the many resenances that this notion elicits. Activity of gigantic
proportions grew out of this jocular expression and spread throughout the
world. Any sericus mechanics course these days tells the students that
integrability is the exception, chaos the rule.

I hope you do not object too much to the liberty taken in stealing a well
established term from the context of genesis. Of course we are (alking about
something very different. But considering that applications to the evolution
of the solar system, and even the cosmos as a whole, have been worked out,
Yorke's terminology may not be altogether unjustified.

So what do we mean by chaos? We mean dynamical behavior of the state
of a system that can be formulated as a set of simple deterministic rules, and
yet is unpredictable in the long run. We assert that this behavior is
ubiquitous. But what do we mean by unpredictable in the long run? It means
that, given the slightest uncertainty in the initial state of a system, there
comes a time when the rules are no longer of any help in predicting the state
of the system.

The essence of this behavior can be grasped by a very simple
mathematical example, Let the state of a system be described by the set of
numbers x in the interval (0,1), and let the rule be: multiply by 2 and ignore
the integer part,

x-»2xmod . (1)

The prediction we might be thinking of is to say whether x is smaller or
[arger than 0.5. Now let the number x be given in their binary representation:
x = 0.5, %%5..., the bits x;, x5, x3... being either 0 or 1, Then the rule (1) can be
stated more explicitly:

0095y, = OXaxsxg.. (2)

T.-Y. Ly, I A. YORKE, Period Three Implies Chaos, Amer, Math. Monthly 82, 985 (1975).
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the bits are shifted to the left by one unit, and the leading bit is lost. Now
think of an initial uncertainty. It means that only a certain number N of bits
%y,...Xy can be specified. Our rule then allows prediction up to the N-th step.
After that, we cannot tell whether the number will be smaller or larger than
0.5. Observing the system after the N-th step will reveal more detailed
information about the initial state than we had at the beginning. We say that
this process generates information.

This behavior is often referred to as the butterfly effect, and illustrated by
the butterfly in Florida that prevents or provokes a thunderstorm in New
York. I do not like this particular illustration because it does not correspond
to our daily experience, even though our weather system is undoubtedly
chaotic. The truth about real physical systems is that only parts of them are
of type (1), and that it may be difficult to identify those parts.

My favorite physical example to demonstrate this kind of chaos consists
of ingredients that Galileo Galilei introduced into physics. I call it Galilean
chaos, and am happy to present it to this Academy to which he was so
closely related®. Consider an inclined plane in front of a vertical wall, and a
mass point that is released over it. Assume that the mass point is reflected
elastically both at the plane and at the wall (fig. 2). Between any two bounces
it will follow a Galilean parabola, so everything is very simply described and
computed (though difficult to demonstrate in a real experiment because
friction and non-elasticity interfere strongly). And yet this elementary
physical system is prototypically chaotic!

How do we analyze this? First we might just look at particular orbits and
collect some experience about their behavior. Three typical examples are
given in [ligs. 2. Part (a) shows a periodic orbil. It so happens that it is
reflected back into itsell at two points: at the end of its vertical rise, and

"when it meets the inclined plane at a right angle. This is obviously a very
special situation, and even though there are infinitely many different
periodic orbits, most orbits are not periodic. The next level of complication
is a quasiperiodic orbit as shown in fig. 2b. It bears some of the regularity of
periodic orbits in that it comes close to its initial situation at regular
intervals, but it never quite returns into itsell. The chaotic orbit of fig. 2¢ is
clearly different. It looks erratic at a first glance, and there is obviously no
way to prediet its time course in the long run.

It may be fun to observe a number of such orbits, playing with the initial

$P. M. RicnTer, H.-1. Scionz, A, WITTEK, A Breathing Chaos, Nonlinearily 3, 45-67 (1990).
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Fig. 2 - Galilean chaos. An inclined plane meets a vertical wall at an angle & = 40°, A
mass point bounces back and forth inside this wedge, with elastic reflections at
the walls. Its orbit may be periodic (a}, quasiperiodic (), or chaotic {c},
depending on the initial conditions. The Poincaré section (d) combines the
essence of the three pictures. The periodic orbit {a) appears as a set of three
points (at the centers of three islands); the guasiperiodic orbit (b) generates the
line around the main island, and the chaotic orbit {¢) fills the grey area. The
coordinates plotted are the vy and v4

conditions. In the end, however, we get tired and wonder whether there is a
way to survey all possible orbits in a single picture.This is precisely what
Poincaré achieved when he suggested throwing away most of the
information about those orbits and only retaining the essence. Of the many
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ways of doing this we chose here to look at an orbit at precisely those
moments when it bounces back from the inclined plane. Taking the two
components (v, v,) of its velocity at these moments, paralicl and
perpendicular with respect to the plane, identifies the orbit uniquely, given
the total energy which is constant during the motion: the location on the
plane derives from the available potential energy. Poincaré's idea was to
observe the sequence of values (v, v;) which an orbit generates when we
follow it from bounce to bounce at the plane. A periodic orbit generates a
finite number of such points because it refurns to where it started. A
quasiperiodic orbit generates a dense line of points, or perhaps a finite set of
such lines. Finally, as fig. 2d shows, a chaotic orbit produces a cloud of
peints. This cloud does not, in general, cover all possible situations; its extent
is restricted by the coexistence of periodic and quasiperiodic orbits. But in
contrast to these regular cases, it does cover a finite portion of all
possibilities, and this is in somewhat quantitative terms what we mean by
long term unpredictability.

Chaotic and orderly behavior is typicaliy highly interwoven. The picture
of fig. 2d is simpler than most such Poincaré sections. It contains

e a central island of order, with quasiperiodic orbits of type (b) sur-

rounding a simple periodic orbit;

o a cycle of three smaller island of order, with quasiperiodic orbits sur-

rounding a periodic orbit of type (a);

s one big connected region of chaos which is generated by any initial

condition from within it.
Now consider what happens when we change the angle 8 between the
vertical wall and the inclined plane (fig. 3). The relalive amount of chaotic
versus regular behavior is strongly dependent on @ — an observation that
came as a surprise but is not untypical. Though not in all details, it may be
understood on the basis of a systematic stability analysis of periodic orbits
(op. cit.).

The sequence of fig. 3 starts with two completely chaotic situations.
Computer experiments indicate that this behavior is found for all angles 6 »
45°, It should be possible to prove this as a mathematical fact, but so far no
proof has been found, for reasons I shall not go into. The special case § = 45°
is not shown in {ig. 3 because it contains no chaos whatsoever: in this and
only this case the system is integrable, i.e., contains only periodic and
quasiperiodic orbits. Then, slightly below 45°, there is very little chaos and
lot of different quasiperiodic regions with periodic centers.
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Fig. 3 - Sequence of Poincaré sections of 24 different angles 8. {(a) § = 60°; (b) 0 =
47°% (c) 8 = 44°; (d) 0 = 40°; (e) 0 = 37.5°; () 8=1355%(g) 0=3426% (h) 0
=32 (i) = 30% (j) 6=29.5° () §=25.91°,
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Fig. 3 {continued) - (m) @ = 25.5% (n) 6= 22.5% (0) 6 = 21.5% (p) & = 20.5% (q) G =
20.25% (1) G = 20% (s) 8= 18% (1) O = 17% (u) 8= 16.6% {v) O = 16% (w) 8= 15°
(x) @=14.5°
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As 8 decreases further, chaos spreads, and order gets compressed into a
small triangular region before it disappears completely at 8 = 34.26°. The
sequence continues with order recovering around the center, and taking over
almost completely at 8 = 30°. Then comes a repetition of this scenario with
decreasing amplitude in the oscillation of chaoticity. We have termed this
kind of parameter dependence the breathing chaos, and found that it is
characteristic of other systems as well. Fig. 4 gives a quantitative account of
this breating. Part (a) shows the amount of chaos in terms of refative area of
the chaotic part of the Poincaré section. Part {b) exhibits the so-called
Lyapunov exponeni of the main chaotic region. This is a number which
characterizes the chaos dynamically; it tells us how fast the chaotic orbit
spread over the accessible region of phase space.

Take two initial conditions, close together, from the chaotic region, and
follow their time course. Observation tells us that in the long run, their
separation grows exponentially. The Lyapunov exponent is the rate of this
growth, its inverse gives the time scale on which prediction is possible. Large
Lyapunov exponents indicate fast mixing, i.e., rather guick loss of
predictability. Small Lyapunov exponents, on the other hand, indicate slow
mixing; predictability will be lost eventually, but only after a very long time.
The range of angles 45° < ¢ < 90° may be completely chaotic [rom the point
of view of the sheer amount of chaos: nevertheless the Lyapunov exponent
indicates that there are differences from the dynamical point of view. The
time development of chaos is fast around 8 = 60°, and slow near the
integrable limits 0 = 45° and ¢ = 90°,

To summarize, chaos is an elementary property of mechanical systems.
It can be characterized by the extent to which it covers phase space, and -
in more detail — by the time scale on which prediction is possible in each
chaotic region. A survey on how phase space is partitioned into orderly
{(periodic or quasi-periodic) and chaotic regions, can be obtained from
Poincaré sections. (In practice, this method is limited to cases with only two
essential degrees of freedom.) In our example of Galilean chaos, it appears as
if there is only one chaotic region into which a more or less complicated web
of orderly behavior is embedded, depending on the parameter 8. Closer
inspection would show that the situation is even more involved, with many
small chaotic bands foliating the seemingly regular zones. In other examples,
the various chaotic regions may be comparable in size, but typically this
partitioning of phase space depends strongly on certain parameters.

While the size of a chaotic region tells us to what exfent mixing occurs in
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Fig. 4 - a: relative area of chaos in the Poincaré section, as a [unction of angle 6. The
area was determined by pixel counting or an 8192 x 4096 grid, with 50 miilion
iterations of an initial point inside the chaotic region. b: Lyapunov exponent of
the main chaotic region, computed from [0 million interations of a chaotic
initial point. — The abscissa 90°%9 was chosen so as to show up the similarity of
intervals 90%(mn + 1) <0< 90°Mm, n =1, 2,...

the long run, the Lyapunov number is a measure of the speed of this mixing.
Whatever the precision to which an initial state is given, the unavoidable
uncertainty will be blown up exponentially at this rate. After a length of time
of the order of the inverse Lyapunov exponent, no prediction is possible
within the given chaotic region. Observing an orbit for longer times means
unfolding the initial randomness. Though deterministic in its rules, the
process turns into a random number generator. (By the way, in the very long
run, the distribution of points in a chaos band will be homogeneous due to
the general properties of Hamiltonian processes. However, this statement
may not mean much in practice because a typical chaos band is punctured
by holes of arbitrarily small sizes, and therefore is difficult to identify in
detail.}

Note that I have restricted mechanics to systems without friction. This is,
to be sure, in the tradition that Galilel established in oppesition to
Aristotelian physics, and that paved the way for Newton. But of course, in
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real nature there is friction, and we know it plays an important role in
driving towards a final state. In the case of a mass point bouncing up and
down, the introduction of friction leads to a trivial final state: the orbit will
come to rest at the lowest accessible point. But this is different in celestial
mechanics, the case of interest to Kepler...

Celestial Mechanics

Newton derived Kepler's ellipses from his law of gravitational attraction
between any two celestial bodies, using the framework of analytical
mechanics that he had established. However, this first great triumph of
theoretical physics missed Kepler's point of trying to understand the solar
system as a whole. Why are the planetary orbits the sizes they are; why are
the periods of Jupiter and Saturn so nearly the ratio 2:3? Such questions
have no place in Newton's physics. They are maitters of initial conditions
which may be arbitrarily set. From this point of view, the harmony that
Kepler saw is pure chance, and thus irrelevant.

In our modern perspective, we attempt to reconcile both these atiitudes.
Galilei and Newton are right on relatively short time scales while Kepler's
questions concern the long term evolution. This is where chaos come into play,
and where Aristotelian dynamics begins to play a role inn Darwinian phrasing.

The fact that celestial mechanics is plagued by chaos has been known for
a long time. Poincaré (op. ¢it.) made it very clear that no analytical
integration of Newton's equations can be expected in the case of three or
more celestial bodies. Se what can be done? Well, we can combine Poincard's
geometric thinking with numerical integration, and perform computer
experiments to become familiar with the problem. We can identify regions of
stability and regions of chaos, and thereby characterize the phenomenoclogy
on which evolution must have operated. This kind of work was initiated by E.
Stromgren around 19204 and among the numerous investigations with
electronic computers I mention those of Hénon’” and Wisdom®,

¢ B. Steomernn, Connaissance actuelle des orbites dans le probléwe des trois corps, Bull.
Astron. 9, 87-130 (1935).

" M. Hénow, Exploration sumérigue du probléme restreing, 1. Ann. d'Astrophys. 28, 499.511
(1965), 11, Ann. d'Astrophys. 28, 992-1007 {1965), 1{I. Bull. astron, 1, 1, 57-79 (1966}, 1V. Bull.
astron. 1, 2, 49-66 (1966}, V. Astron. Astrophys. 1, 223-238 (1969).

P Wispom, Urey Prize Lecture: Chaotic Dynamiics in the Solar System, Tearus 72, 241.275
(1987).
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The problem in its simplest non-trivial form is the so called restricted
three body problem. It consists of two main celestial bodies (which I will call
Sun and Jupiter for easy identification), and a third body so small that it does
not influence the motion of the other two. Thus Sun and Jupiter behave
according to the rules of two body dynamics, Their motion takes place in a
fixed plane, and is assumed to be circular (circles are of course special cases
of ellipses, the eccentricity being zero). The third body is assumed to move in
the same plane, attracted by the gravitational forces of the main moving
bodies. Jacobi noticed long ago that the time dependence of these forces can
be eliminated by taking the point of view of a coordinate system that
corotates with Sun and Jupiter. The scales of lengths, times, and masses can
be chosen such that the distance between Sun and Jupiter, their angular
velocity, and their combined mass are unity. The third body's motion, viewed
in the rotating system, is then taking place in the constant potential shown in
fig. 5, and under the influence of Coriolis forces.

The Jacoby potential consists of the gravitational attraction of Jupiter
(mass (W, position (1 -, 0)) and Sun (mass 1 - |1, position (-i, O)), and of the
centrifugal potential associated with the rotating frame. Its value approaches
minus infinity at the position of the main bodies and towards the far outside.
It has two maxima at the so called Lagrange positions Ly and Lg which form
an equilateral triangle with the main bodies (irrespective of Jupiter's mass )
And there are three saddle points L,, L;, Ly, called Euler points, on the line
connecting the main bodies,

To this very day, the test body's motion in Jacobi's potential has not been
grasped in ils entire complexity. In the following T shall attempt to give a
pictorial survey in terms of Poincaré sections. As usual, such sections may be
obtained in many ways, and our choice is purely a matter of convenience.

We consider small values of p (n < 0.05), and Jacobi energies
corresponding to the maximum of the potential (so that the test body is not
energetically excluded from any part of the plane). A typical orbit will then
resemble a Kepler ellipse surrounding the Sun, but its perihelia and aphelia
will not be fixed in space. Rather will they be moving in a more or less orderly
way, and it is this motion that we shall follow in our Peincaré sections. All the
rest of the motion will be ignored because it does not contain new
information with regard to the question whether the motion is periodic,
quasiperiodic, or chaotic. In other words: specifying the Jacoby energy and
the position of peri- or aphelion — in heliocentric polar coordinates » and ¢,
Jupiter lying at (r, @) = (1,0) — the test body’s motion is completely defined.
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Fig, 5 - Equipotential lines for the motion of a lest body in the gravitational field of
two main bodies, of masses gt and 1 - i, al positions (1 - g, 0y and (- i, 0), in a
coordinate system that rotates with the main bodies. The potential atiracts
towards these bodies, and also towards the outside, due to the centrifugal force
associated with the rotating frame. it has maxima at the Lagrange points L, and
Lg which foerm an equilateral triangle with the positions of the main bodies; the
saddle points Ly, Ly, Ly are called Buler points. In addition to the forces that
derive from this potential, there is a Coriolis force deflecting the test body (o the
right in proportion to its own velocity. As a consequence of this peculiar force,
the positions at the Lagrange points turn out to be stable provided the second
main body is sufficiently light (i < 0.0385),

(Strictly speaking, there are two possibilities, depending on whether the
angular velocity ¢ at peri- or aphelion is positive or negative. To have a
unigue orbit, we select the more interesting case ¢ > 0.)

So the rules of our game are as [ollows. Given an orbit of our test body,
we monitor its distance 7 {rom the Sun and wait for » to be a minimum or a
maximum, » = 0. I ¢ > 0, we plot the coordinates (r,¢) of this event, and wait
for the next. What do we get in the limiting case @ = 0 where Jupiter's
perturbation is absent? Clearly, the test body moves along a Kepler ellipse,
with peri- and aphelion fixed in space. Looking from our coordinate system
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which now rotates with the Sun at its center, we see the distances Py and r, of
peri- and aphelion fixed, but their angles ¢ proceed in equal steps, depending
on the ratio ol the Kepler frequencies of Jupiter and test body. The Poincaré
section is therefore foliated by invariant lines [r = r,} and {r = #,} (of which
one may be missing because it may have ¢ < 0). The angular increments along
these lines are easily calculated from Kepler's [aws.

Now consider the case of i = 0.0001, corresponding to one tenth the real
mass of Jupiter. Fig. 6 shows traces of & foliation by lines [r = const}, especitly
in the region of low values of perihelion distances r,. (The corresponding
orbits have large eccentricities, and the aphelia are not shown here because of
¢ < 0.) But in spite of the low value of p1 the effect of the perturbation is quite
pronounced. A number of lines have developed into chains of islands,
indicating resonant behavior at their centers, with quasiperiodicity
surrounding them. The orbits corresponding Lo these islands have perihelia
oscillating (“librating”) around the positions of a stable resonance. In doing
so they tend as much as possible to avoid close encounters with Jupiter, the
source of perturbation here. A special case is that of the two islands around »
=1, @ = = 60°. These are the iwo resonances at the Lagrange points Ly, Lg (see
fig. 5), also called Troian resonances according to the names of the asteroids
found there.

Qutside the islands there is an extended region of chaos, apparently
radiating out from Jupiter which occupies its center. What is the long term
fate of an orbit in this region of phase space? In contrast to the elliptic orbits,
these orbits tend to have close encounters with Jupiter where they pick up
erratic changes of their perihelion positions. To illustrate this observation we
have marked, in the upper part of fig. 6, those points in the Poincaré section
whose orbits run into collision with Jupiter before their next or second return
to the section. {The time reversed situations are aiso shown.) It is obvious
that chaos, in this particular context, is intimately related to collisions. In
addition, the computer experiments show that many points in the chaotic
region eventually leave the system.

This indicates how the insertion of chaotic elements into a system's
dynamics may contribute to order. A perturbation with relative mass |1 =
0.0001 added to Sun surrounded by cosmic dust, creates the structure of fig.
6. The islands mark regions where test particles can survive in the long run,
while the space in between will be cleared by collision or ejection. As a result,
Jupiter will accumulate mass and become an even stronger perturbation of
the system. Al L = 0.0003 the systern's structure is that of fig. 7. The biggest
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Fig. 6 - Poincaré section of the restricted three body problem for u = 0.0001 and
Jacobi energy equal to the peak value of the potential, The picture records
perihelion and aphelion positions {r, @) of orbits if ¢ » 0. The angle ¢ is plotted
along the abscissa (-180° < @ < 180°); the radial distance from the Sun is plotted
along the ordinate (0 < r £ 1.2). The islands swrround regions of arder where test
particles may survive forever. The chaolic regions in between will eventually be
cleared of particles because of collisions with Jupiter or ejection from the
system. The batman like figure in the upper part marks the set of orbits that run
into collision with Jupiter before the next or second return to the Poincaré
section, both forward and backward in time.

islands have grown even bigger while the small ones have disappeared into
the chaotic region. This makes the distinction between order and chaos more
clearcut than when the perturbation is small.

Let us finally consider the sequence of piciures in fig. 8 where we increase
the value of §t from 0.005 to 0.03852. Linear stability analysis of the
Lagrangian libration points L,, Ly indicates they ought to be stable in this
range of perturbing masses. However, in a Hamiltonian system stability
cannot be established by linear analysis only. It needed the formidable
development of Kolmogorov-Arnold-Moser theory belore it could be shown in
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Fig. 7 - Poincaré section of the restricted three body problem for it = 0.0005 and
Jacobi energy equal to the peak value of the potential. In comparison to the case
of 4 = 0.0001, the prominent islands have grown in size, and their number has
become smaller. The chaotic region has also grown. The distinction between
order and chaos has become more clearcut.

1967? that stability in fact holds — except for perhaps three special values
where the conditions of Moser's theorem do not hold. Fig. 8 illusirates that
for two of these cases, viz. | = 0.01352 and 1 = 0.02429, the stability region
around the Troians is indeed compressed, and expands again in the
intermediate mass ranges. This is reminiscent of the breathing chaos that we
observed in the preceding section. Loss of stability of a resonance is to be
expected when the libration around the periodic orbit is itsell resonant to
order two, three, or four, In that respect the case ¢ = 25.91° of our Galilean
chaos (fig. 31) corresponds to p = 0.01352 (fig. 8d). The angle 6 = 34.26° (Fig.
3g) corresponds to p = 0.02429 (fig. 8f). In both systems stability is lost
finally beyond the resonance of order two, at 8 = 45° or jt = 0.03852.

* A. DeeriT, A, DEPRIT-BARTHOLEMY, Stability of the Triangular Lagrange Points, Astron. I, 72,
173-179 (1967).
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Fig. 8 - Poincar¢ sections of the restricted three body problem for eight different
values of p. The Jacobi energy is always equal to the peak value of the potential.
Each picture shows the main resonances {in particular those around the
Lagrange points Ly, Ls) and the sel of points whose orbits collide with Jupiter
before the next return to the Poincaré plane. (a) g = 0.00500; {b) 1 = 0.00551; (c)
po=0.00827; (d} p = 0.01352.

The Troian resonance is certainly an interesting feature of these pictures,
but not the most important. The main observation concerns the general
behavior of chaos versus order. The sequence of fig. 8 illustrates clearly how
under the influence of increasing perturbation both chaos and a few strong
resonances expand while all the minor features gradually disappear. If it is
true that we may interpret the chaotic orbits as being condemned to
disappear in the lung run, then what remains are just a few stable islands
whose motion, if compared to Jupiter's, exhibits frequency ratios of the
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Fig. 8 (continued) - (e} p = 0.02000; () p = 0.02429; {g) u = 0.03000; (I:) 12 = 0.03852.

highly rational kind 2:1, 3:2, or 4:3. In musical terms, this is octaves, fifths,
ot fourths. And we are back to Kepler's harmonies.

Conclusions

What can we conclude from these observations? We have seen that the
simplest possible three body system in celestial mechanics contains all the
complexity of chaotic behavior, notably the lfong term unpredictability of
individual orbits. But on the other hand, surveying the development of chaos
as we leave the integrable limit p = 0, we recognize a delinite pattern in the
emergence of structure. As the strength of the perturbation grows, the
relationship between chaotic and regular regions in phase space loses
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complexity. Fewer and fewer islands of order survive, and these islands
become the prominent feature of phase space (before eventually they may
also be flooded by chaos).

All this is pure Newtonian mechanics, presented in terms of Poincaré's
geometric ideas. The difference [rom Newton's way of thinking is that the
focus is on whole classes of orbits and their stability rather than on single
orbits. This allows us to think of the problem’s global features: given the two
main bodies and a dust of test particles to start with, how will the system
evolve? Clearly it will matter for a dust particle whether or not its orbit is in
resonance with the main motion, and in what kind of resonance it is. If it
happens to move in one of the major islands of stability, chances are that it
will stay there for a long time. We may speculate that under the influence of
some slight dissipation (due to collisions or tidal friction) the orbit is drawn
towards the centers of its islands. In this way different dust particles may
approach each other and combine to form larger bodies. But then the three
body problem gets more complicated. ..

Almost four hundred years after Kepler conceived his Mysterium
Cosmographicum, we have not solved his problem of understanding the
global dynamics of our solar system. But at least it appears there is
something to understand: that the arrangement of the planets is not pure
chance but the result of an evolutionary process in which the respective
stability properties of regular versus chaotic types of obits have played an
essential role.
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DISCUSSION
(G. Puprs, chairman)

THOM: You mentioned the ratio of masses that distinguishes chaotic and
non-chaotic behavior of the Troian asteroids. Can you calculate or
explain why just this particular value distinguishes the two cases?

Ricurer: This calculation was made by J. J. Lagrange some two hundred
years ago. It is a standard linear stability analysis about the critial point
L4 of the potential, called Lagrange point. The non-intuitive part of this
problem is that L, is a maximum of the potential function; the stability is
therefore an effect of the Coriolis forces. This effect depends on the mass
ratio of the two main bodies, and linear stability analysis shows that L, is
unstable when this ratio exceeds the value (1 - ¥69/9)/2 = 0.038521). 1
must confess I have no intuitive explanation for this result.

Mossinsky: The Kepler picture that you showed us, and, more generally, the
fact that there are integrable systems, related to the presence of
symmetries. My question is this: does the algebra of symmetry groups
play a role in chaotic phenomena?

Ricuter: Thank you for mentioning symmetries. We make extensive use of
symmetry properties when we look for periodic orbits. It was Birkhoff's
idea that when the system possesses a discrete symmetry including time
reversal invariance, the Poincaré map can be written as the product of
two involutions. You may than consider the invariant lines of these
involutions, and their iterates under the map. Any intersection of two
such lines gives a periodic orbit. As periodics orbits are the backbone of
the dynamical picture, it is very imporlant to have these symmetries.

MosHINSKY: But not specially Lie algebras?

RicHTER: No, Lie algebras don't play an important role in chaos, except in the
negalive sense that some continuous symmelry is broken by the
periurbation that leads into chaos, Lie algebra may have something to
say in connection with perturbation theory, in the near vicinity of
integrable limits. But it is our experience that pure theory does not help
us very much in this context, Let me take this opportunity to express my
point of view, as a physicist, with respect to mathematical theorems. I
am very grateful for the security that rigorous results like the
Kolmogorov-Arnold-Moser theory provide. I take them as a source of
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ideas for our computer experiments, even where their assumptions do
not hold any more. The observations made on the computer screen can
then be interpreted in the light of mathematical clarity, but they take us
beyond established theorems, and so may stimulate further mathematical
thinking.

RusgIA: First of all let me thank the speaker for this very clear and extremely
illuminating presentation. I'd like to add a comment to this, regarding
the operational experience one needs to understand these phenomena
where chaos plays a role together with some regularity of the orbits. You
mentioned asironomy as a field of application, but of course there are
very few examples in real astronomy; you replace that by computer
simulations. I would like to point out the existence of another system
which is very useful for these studies. Indeed, we are observing, in our
own field, all the same phenomenology: in the behavior of cyclic particle
accelerators. Let me tell the audience that in a particie accelerator, or a
storage ring, we have one turn every few microseconds, and we can keep
particle for days. So we reach 1010 to 10!! cycles without any appreciable
friction, and that corresponds to the number of cycles the earth has
made around the sun since the beginning of the history of our planetary
system. So it's long, long time, and there is strictly no friction. You can
then realize situations similar to the one you mentioned, of several
particles interacting with each other, or interacting with a perturbative
force that you can introduce from outside. And indeed, we do see the
same type of phenomena: we see periodicity with the magic numbers,
associated to certain islands of stability, we see chaotic phenomena
occuring around these islands. Many of the phenomena you indicated
are now emerging in practice from accelerators. I think this is a very
interesting tool for understanding the fuzzy borderline between order
and chaos.

RicureEr: Thank you. It's probably fair to say that the impact that boosted
this field in modern times comes from elementary particle physics, and
also from plasma physics. But the mathematical foundations were laid in
celestial mechanics a long time ago.

THIRRING: Your last result was very remarkable, that for large values of u it's
exactly the rational frequencies which give you some stability. When you
apply perturbation theory to small 1 you find these are just the values
where you cannot show there is any stability. And usually what happens
for large perturbations is that the islands around {requency ratios which
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are completely irrational, like the golden mean, are the ones which
survive longest. Also in reality, just at frequency ratio 2 there is a gap in
the distribution of asteroids — of course for a smaller value of ¢ than you
considered. ‘

Ricurer: T did not have time to speak about the golden mean and its special
role in this kind of system. It is one of the most fascinating aspects, and
there are systems where il can be shown very neatly that orbits are
particularly stable when their frequency ratio is the golden mean
{because this is the most irrational of all numbers). I have studied one
such system extensively, namely the planar double pendulum. However,
in the case of the restricted three body problem, that scenario does not
seem (o be particularly important. If you want to observe it as a global
feature of a system, you need two strong chaos bands that grow under
increased perturbation and squeeze a last KAM torus between them
before it breaks up into a “cantorus” and gives way 1o large scale chaos.
In our situation the chaos emanates from only one center, and that's
Jupiter the perturber; it radiates into the system and spreads out
gradually as |1 increases. In such a case the golden mean does not play a
conspicuous role. Granted, if you look at the system under a microscope,
then you will find areas where the golden mean scenario takes place; it is
a “universal scenario” after all.

RusBia: I'd like to ask about the possibility to compute the behavior of the
whole solar system, the ten body example you mentioned. The reason
why this comes to my mind is associated with the asteroids which are
part of our planetary system. This is a very practical problem: can we
predict an astercid hitting our planet? Is the motion of the asteroids, or
these stoned flying around in our system, a chaotic movement, or is it
regular? We know that in past history, a large number of collisions have
oceured; we also know the dinosaurs presumably disappeared because of
that. It is important that modern science should be able 1o predict such
an event with precision, It's a different issue to prevent it, but we should
try at least to foresee it. There is no doubt in my mind that sooner or
later in the future such a thing will occur on earth, because it did occur
many times in the past, so it's a real problem. Can your calculation help
in that respect?

RicHTER: The person who has done this kind of calculation with highest
precision so far is Jack Wisdom at the Massachusetts Institute of
Technology. He has a special purpose computer with one processor for
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cach of the ten bodies of our solar system, and he has simulated its
motion for the next five hundred million years or so. He finds with some
confidence that taking only those ten bodies into consideration, the
system is essentially stable, except for small scale chaos in Pluto's
motion. With respect o the asteroids, Jack Wisdom has also done a lot of
careful computations, taking into account the influence of Jupiter and
Mars. He finds that when an asteroid comes close to Mars it may get
deflected into an orbit that approaches the Earth. He claims that many
meteorites that hit us originate from the asteroid belt. So, yes, there is a
chance that small celestial bodies will collide with our planet every now
and then. But prediction will be very difficult because of the sensitive
dependence of the motion on initial conditions that we do not know well
enough.
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1. Introduction and synopsis

Many recent inquiries have been devoted 10 the old problem of the power
of human knowledge. Today there are two opposing attitudes, namely, the
scientific one, in which in line with Galileo and Descartes, we start from self-
evident notions and deduce all possible necessary consequences, and the
rhetorical one, in which we rely on argumentations. The two approaches,
that we may call “top-down” and “bottom-up”, are illustrated respectively by
Carnap' and Perelman® Both aspects were ireated in Aristotle's logic, but the
triumph of the scientific attitude has made the second one neglected up to
recently (Perelman, Boyd and Kuhn?}. However, argumentation is based on
analogies, and the anoclogical approach appears as a connection between
different cultural backgrounds stored in man's mind, rather than having a
direct grasp on reality.

Two crucial questions arise, namely, 1) are the two approaches really in
conflict? and ii) rather than examining historically what has been produced
in the two areas, can we start from one side and recover some aspects of the
other?

As a working scientist, I shall take the latter attitude. Nowadays the
average scientific community in unfamiliar with the notions and viewpoints

' R. CarNAP, Philosophical foundations of Physics: an introduction (o the philosophy of
science, Basic Books, New York 1966,
* C Pererman and L. Ornracuts-Tyreca, Traité de Pargumentation. La nouvelle rhétorique,

Presses Univ, de France, Paris 1958,
* R. Bovp and T.S. Kunn, Metaphor and thought, Cambridge Univ, Pregs, Cambridge 1979.
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of traditional philosophical debale, On the other hand, the success of the
scientific programme has brought about a large amount of investigation into
its procedures. Most scientists are aware of what they are doing and take
good care of it, even though often in a language not equivalent to that used
by philosophers.

I shall try to point out the power as well as the intrinsic limitedness of
the scientific approach with special reference to investigations in physics in
which I am currently involved.

A crisis analogous to that which exploded a few decades ago in
mathematics with questions of undecidability and intractability has been
brought about in physical sciences by the investigation of non-linear
dynamical phenomena (chaos and complexity). Coping with this crisis
implies re-discussing the role and power of human knowledge, with
anthrolopogical and ontological consequences.

The main result is that our cognition of reality can not be fully expressed
within a single formalised procedure {that we call "model”), but it requires a
network of different models, corresponding to different languages (Arecchi
1992)*, “Metaphors”, or bridges not strictly formalised among different
models are an essential constituent of this linguistic network.

Furthermore, nonlinear dynamics introduces a new paradigm in
cognitive sciences. At variance with a Turing machine , a biological cognitive
system does not get trapped in undecidable or intractable problems, but it
decides, and does it within a (reasonably) short time. This happens because
it does not obey fixed rules, that is, it does not “speak” a single language, but
it continuously readjusts, adapting to the intrinsic evolution of the event
under observation. In other words, knowledge is intentional since it consists
in a continuous “adaequatio” of the mind to the observed reality.

In particular human knowledge is not enly an efficient survival strategy,
but — and this is unique among living beings — it includes a reflection on
the structures, the natural forms which oblige us to re-shape our cognitive
strategies. Thus, a hierarchy of orders emerges as an intrinsic property of
reality, not as superimposed by the trascendental activity of the human mind
which imposes its own “values”.

In Sec. 2, I analyse the historical construction of physical language as a
way out of the ambiguities of ordinary language. The eflectiveness of physics

CE.T. ArEcci, Why seience is an open sysiem implying @ meta-science, in The science and
theology of informalion (ed. by C. Wassermann), Editions Labor et Fides, Genéve, 1992, pp.
108-118.
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fostered some pretensions which had an impact on our philosophical ideas.
Nowadays we are able to criticise those pretensions [rom within the scientilic
programme, and thus recover the right to coexistence of many independent
languages. Sec. 3 distinguishes between “models” (or intra-linguistic
procedures) and “metaphors” (or inter-linguistic procedures). In Sec. 4, I
highlight nonlinear dynamics as it applies 1o the passage [rom individuals 1o
collective phenomena, and criticise the term “self-organization” showing why
it is more appropriate to replace it with “hetero-organisation”. Sec. 5 is a
critical review of the current definitions of complexity. Sec. 6 extracts the
ontological implications of complexity. Sec. 7 summarises the main theses
which emerge from this study.

2. The language of Science and its limitations
Physical language was introduced by Galileo as a way out of the

ambiguities typical of ordinary language (fig. 1a). Rather than trying te pick
up the “essence”, that is, to formulate words which fully describe the “nature”

Ordinary language

O 0O

0

O =0
Linguistic Reality
Symbols

Fig. 1a - Mapping of reality into the symbol-words of ordinary language.
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of an event X, physics limits itsell to assigning some quantitics related to
(“quantitative affection of") X, as e.g. the length of X, the weight of X, etc.

As a consequence, the approach of the observer to reality R is mediated
by some measuring apparatuses M (fig. 1b). The new language in the space
of symbol 8 is made of symbols- numbers which are the cutputs of M and
whose “semantics” depends upon the operations performed by M, while the
“syntax” connecting those numbers is the mathematics. To complete physics
as a formal language we fix a set of primitive relations among the numbers
that we take as the “physical laws” and that become the “axioms” of the
language. Whether those relations are extracted from reality by trial and
error {guessed and then tested) or whether they are a trascendental human
activity ordering otherwise raw data is a matter of philosophical debate.

Physical language

n' O M O

nﬂ QQ M ‘ 0
Scientific Measuring Reality
Language Apparatuses

Fig. 1b - Mapping of reality into the symbols-numbers of the scientific language,
through the mediation of measuring apparatures A.

A Kanlian transcendental scheme is iltustrated in fig. 2, where the role of
the theoretical construction seems purely a priori, unrelated to observation.
Naive realism would instead take the scheme of fig. 1b as a passive operation
whereby M acts purely as a filter. In fact, my working experience as an active
physicist suggests that observations play a twofold role, namely, 1) in
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motivating the selection of the set of definitions and axioms, and 2) in
testing the correspondence as shown in fig. 3, which is a synthesis between
the Carnap scheme (fig. 2) and the Galileo scheme (fig. 1b).

Definitions
&
Axioms
deductions
Theorems s Observations
correspondence
rules

Fig. 2 - The Carnap scheme of a scientific theory.

Definitions T —F Y .
Observations

& = M i

Axioms

Theorems M s Obser;ations

Fig. 3 - The scheme of critical realism. Observation 1 motivates the choice of
definitions and axioms. Observation 2 is either a prediction or a veriflication of
the model. M is suggested by the pre-formalized aspects of the observed reality
{dashed lines from R to M) but it is also inlluenced by the observer's activity
(dashed line from S to M),
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The Carnap scheme of fig. 2 is after all a representation of what Tarski®
calls a model, that is, a possible semanlic interpretation of an absiract
theory, In our case, the theory is the collection of deflinitions and axioms and
the consequent theorems, while the interpretation is the set of the
corresponding rules and the associated observations, which then appear as
physical realisations of that theory.

What Carnap calls “correspondence rules” are in fact a selective group of
recipes which pick up some behaviour of an observed world, leaving out
what is considered “irrelevant”. Now, such a filtering procedure is also
performed in selecting the starting elements of language, as denoted in fig. 3
by applying M twice. Thus, the starting elements of a language (definitions
plus axioms) are no longer totally subjective, but they appear to be motivated
by our living in the werld and making use of it, in ways not yet formalised,
Such a pre-linguistic adaptation is what in the Middle Ages was called
“adacquatio intellectus et rei”, and what M. Polanyi® called the “tacit
dimension” and A. Livi" “commeon sense”.

In fig. 4 we qualitatively sketch the adjustment that we perform
whenever we are exposed L0 an experience. We usually have a global classi-
fication parameter (the “genus”) and a local detailed set of specifications (the
“species”). As we increase the reselution, that is, the number of details, we
specify our experience better, but we reduce the extension of the genus. Any
knowledge can be seen as an adaptive process whereby we optimise the
competition of genericity versus specificity. The intersection E of the two
diagrams (fig. 4}, which is the final cutcome of the adaptive process, appears
as an objective property of the observed event. We denote the adaptation by
the dashed feedback lines in fig. 3. They imply a matching between objective
aspects and subjective reactions (comparison with previous knowledge
schemes). Of course in infancy a personal body of expertise has to be built
starting [rom “tabula rasa” plus some innate mechanisms (Lorenz)® and any
cultural experience (learning) modifies the successive ones (Piaget)’. The
position of E on the plane depends on the slopes of the two diagrams, that is,

AL Tarskl, The concept of truih in Jonmalized languages, in Logic, semantics, mathematics:
papers 1923-1938 by A, Tarski, Engl. transl., Clarendon Press, Oxford 1956,

¢ M. Poranyl, Personal knowledge: towards a post-critical philosophy, Roulledge and Kegan
Paul, London 1938,

P AL L, Filosofia del senso comune, Bd. Ares, Milano 1990,

¢ K. Loranz, Kant's doctrine of the a priovi in the light of contemporary biclogy, in: General
systems, Eds. L V. Bertelanffy and A. Rapaport, Soc, Gen, Syst. Research, Ann Arbor 1962.

* J. PiaGET, Introduction & Pépistémologie génétigue, Presses Univ, de France, Paris 1950.



EMERGENCE OF COMPLEXITY - ARECCH] 135

Globality Detail
(genus) (species)

Reselution
Fig, 4 - Trade off between genericity (globality) and specificity {(detail) for different
resolution, leading (o an optimal appreciation (the crossing point) where the two
competing requirements find the best compromise E. The slope {indicative) of
the diagrams and hence the position of E depends on the individual, through
innate and learned skills,

on the individual, through inherited and learned skills. For a hypothetical
external “supervisor” the position of E will be dilferent for different
observers, but any individual will always recognise that particular reality
which has turned him (her) to a particular E.

To sum up, the scheme of {fig. 3 includes the “naive” realism of fig. 1b as
well as the subjective aspects of [ig. 2. { call this generalised attitude “critical
realism”.

Scientists are generally realists in the sense that they take as strong
evidence what “common sense” suggests to them before any linguistic
formulation, but they are critical realists, since they are aware of the strong
filtering action of M, in virtue of which they always selected specific aspects
of reality.



136 PONTIFICAL ACADEMY OF SCIENCES: PLENARY SESSION 1992

Three centuries of success in physical investigation have suggested three
unwarranted claims or dogmas.

i) Decidability: once a suitable set of symbols has been collected and the
corresponding relations (laws) have been formulated, all the rest is a matter
of straightforward mathematical derivation.

il) Predictability: once the equations of a preblem are known, given a set
of initial conditions the future of that problem is univocally fixed, since the
solution of a differential equation with assigned initial conditions is unique.

iii) Explainability: rather than postulating different sets of laws for any
level of organisation, apply Ockham's razer (Entia non sunt multiplicanda
praeter necessitatem, that is, do not introduce new explanatory concepts
unless they are strictly necessary). Hence split any complex object into its
components, find the elementary laws connecting the components and
reconstruct the behaviour of the whole object.

The first dogma fosters a “methodological reductionism” whereby any
scientific language has to be reduced to the set of formal rules which are
peculiar to physics.

The second dogma was taken as the basis for determinisn: in the sense
that a finite (and knowable) set of physical laws determines any future
behaviour of the world. Notice that this is not the theological determinism of
monotheist religions which atiributes to God the knowledge of any event
whatsoever, but this is a kind of anthropological determinisny, since it fixes
its roots into a set of first principles that we can grasp.

The third dogma fosters an “ontological reductionism”, that is, a
tentalive to consider the elementary constituents into which we analyse a
composite body {molecules, or atoms) as a sulficient and complete cause of
the macroscopic forms in which the body manifests itself.

The above three dogmas have found “in-principle” limitations from
within the same scientific language. The three limitations are respectively:

i} The Godel undecidability theorem (1931)

ii) Deterministic chaos, i.e. sensitive dependence on initial conditions
(Poincaré 1890, Lorenz 1963 etc.).

iii) Complexity, i.e. emergence of new information in a large system, not
included in the separate constituents {(Kolmogorov, Chaitin, Bennett, Atlan,
ete. from 1960).

We consider these three limitations as new paradigms ol science which
introduce crises into the very foundations of mathematics (i)) and
experimental physics (ii) and iii)). We wish to show that these crises are
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healthy. On one side they provide new thrust to scientific investigation, on
the other side they destroy the ciaim of science to be the only language
qualified to describe reality (scientism), so that science becomes open to
inferdisciplinary relations with other languages.

1) Undecidability

Once we have organised a group of observations in a set of statements,
we presume o be able to do scientific research in a deduclive way, taking
those statement as axioms and deducing all possible consequences (figs. 2
and 3). The Godel theorem hampers such a claim. It says that, given a set of
axioms, there is eventually a statement which is true because it is expressed
by the rules of formal language, but for which we can prove neither that it is
true nor that it is false without falling into a paradox. We must consider such
a lack of univocity as a limit to the reliability of a long list of grammatical
constructions. Thus, we must get off the space S of linguistic symbols and
fish in the real word R for [urther relevant input. Truth can no longer be
considered as the correctness of a formal procedure but it must be given a
semantic value with reference to R.

ity Chaos

Determinism was based on the uniqueness of the solutions to dynamical
equations, once initial conditions have been assigned. Although a trajectory
may be unique in starting from certain initial conditions, it is enough for it
1o have a minimal uncertainty to lose the predictability of its [uture path.
Now, these minimal uncertainties are intrinsic to the method of measure-
ment itsell. In coding events by numbers, we can assign with accuracy only
the rational numbers, but by far most numbers are irrational, such as the
square root of 2, that is, they consist of an unlimited sequence of digits. As
infinity can neither be encompassed using our systems of measurement nor
recorded in our memory, the truncated version of an infinite number
introduces a tiny initial uncertainty, the effect of which become enormous
when we (ry to extend our prediction beyond a certain time. Deviation from
the “unique” path can be expressed diagrammatically (fig. 5). Let us compare
two equal paths but with different surrounding “landscapes”: the first on a
valley floor, the second on the ridge of a hill. The initial “exact” position A
gives the required path; a slightly wrong position B gives a path which in the
first case converges on the correct one, but in the second diverges (away)
from it.
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Y time

Fig. 5 - Energy landscape around a dynamical trajectory.
a) valley [loor means regular moltion, that is, convergence of nearby (rajectories,
b) ridge of a hill means irregular motion, iLec., rapid divergence of nearby
irajectories: this is chaos.

Even simple physical systems like Poincaré's three body problem have
critical paths which run along a ridge and can give rise to deterministic
chaos. Similar effects, called determinisiic chaos, are observable today in
various different situations: chemical reactions, the motion of fluids, lasers,
cardiac rhythms, the movements of astercids, economic and social {rends etc.

Why did it take two centuries to discover that paths are not always stable
(at the bottom of a valley), but are often unstable (on the ridge of a hill}? The
fact is that physicists have limited their considerations mainly o stable
equilibria and have then only examined small perturbations around these,
Now these tiny movemenis obey linear dynamics which always produces
trajectories with valley floors, i.e., ensure future predictability.

Thus, the simplified models used to study nature excluded certain
pathologies. Nonlinear dynamics is, however, the way in which nature
normally behaves,

iii) Complexity: ¢ heuristic approach

Entering nonlinearity means discovering complexity. The fact that one's
starting-point is never a geometric point from which a single line emerges
into the future but is in general a small blob from which lines fan out in all
directions, can be seen as a case of dynamic complexity, i.e., as an
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infringement of the simplicity requirement which forms the basis of the
Galileian method.

In addition to the dynamic complexity of deterministic chaos we can see
the emergence of structural complexity which consists of the impossibility of
satisfactorily describing a large object by reducing it to an interplay of its
component parts with their elementary laws. In this sense, complexity is
associated with descriptions rather than being an intrinsic property of
objects. A classification of the describing processes should then provide
different complexity measures.

Let us consider three sequences of letter of our alphabet: the first one is
randomn, the second is regular, that is, a chain of letters repeated in the same
order, and the third one is part of a poem, or any other literary text. We
define as complexity the cost of the effort which enables us to realise one of
the three sequences. In the first case the programme is simple because it can
be associated with the outcomes of a random number generator. For the
second case the instruction is very short. In the third case no programme
exists which would be shorter than the poem itself. This last sequence will be
called complex, the other two simple.

We can say, in anthropomorphic terms, that complex systems are those
in which a choice has to be performed, and hence a unique description can
not exist. Once we have recognised that the reductionist’s dream leads to
complexity, the only way out is to give up insistence on working with a single
set of elementary laws. In respecting the various, irreducible levels of the
description of reality, physics is on the one hand respecting the scientific
organization of other areas of science (from biology to sociology) without
trying any longer to reduce these to “applied physics”, on the other hand it is
rehabilitating certain aspects of the Aristotelian "organicism” for which “a
house is not the sum of its bricks and beams inasmuch as the architect's plan
is an integral part of it”.

3. Models and methaphors
From the consideration of Sec. 2 it emerges that there is no unique

science, but rather different scientific approaches dealing with different
aspects of reality. An example is shown in the following scheme (taken from
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SCIENCE DEALING WITH
Sociology communities
made of
Psychology individuals
made of
Physiology organs
made of
Cytology cells
made of
Biochemistry biomolecules
made of
Atomic physics atoms
made of
Particle physics element. particles

Fig. 6 - Diflerent levels of scientific desceription.

the book by F.T. Arecchi and 1. Arecchi)"” where some areas of investigation
{follow the criterion that the object at each level can be analysed into
elementary components (atoms) belonging to the lower level (fig. 6).

By no means can we reduce any higher level to the lowest one. We are far
from Democritus' reductionistic dream still current in the early decades of
modern physics or molecular biology. Indeed, the study of complexity has
shown that the amount of information at a given level is larger than the sum
of the information of its components. Think of a literary text, where a large
part of the information is in the mutual correlation of words, and not in their

0 15T, Arzcctt and 1. Ariceur, 1 simboli ¢ la realta, Jaca Book, Milano 1990,
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individual information as provided by a dictionary, Similarly, even though
living individuals are made of cells and cells by atoms, neither cytology nor
atomic physics can fully describe the behaviour of a living being.

We call “model” a finite set of symbols (concepts and laws} which
provide “fair” predictions for a given class of events. By this definition, a
model is co-extensive to a language, since a model is characterised by the set
M of measuring rules which specify concepts and laws. “Fairness” is not the
result of an engraving of reality upon the mind like that produced by a
camera, but a correspondence between model and observation within the
rules selected by M. Such a point of view is developed by E. Agazzi"' and by
M. Artigas'. Fairness means a truth, even though a partial truth i.e.
projected in the subspace of events allowed by M. Comparison of fig. 2 and
fig. 3 shows that Carnap's scheme missed the realistic foundation of the
starting elements of the language.

Notice that the adaptation scheme of fig. 4, being pre-linguistic, applies
to ordinary language (fig. 1a) as well. Thus the knowledge process leads 1o a
satisfactory compromise for any experience.

However, the language of physics with the artificial insertion of M, on
one hand enhances our precision providing reliable numbers and avoiding
ambiguities, on the other hand extracts in general a finite set of elements
with which to start the deductive procedure. Notice that the artificial
separation into a set of initial elements and a deductive procedure, typical of
formalised languages, opens those problems that Cantor tried to solve with
his set theory and which lead to all recent limitations of mathematics.

Since the set of symbols is finite, it is impossible to extract an unlirited
number of consequences in order to predict all possible behavior. In fact we
come across undecidability questions, in line with the Gédel criticism of the
axiomatic formulation or arithmetic. Thus a closed science, based on a finite
set of rules, fails even in trying to describe a single layer of reality.

There are two possible ways out of this limitation. The first one is {o
break up the unlimited number of deductions which eventually ends by a
Godel limitation and block the deductive procedure to a finite number of
theorems, all decidable. This finistic approach (Webb)* is not tenable within

" E. Acazzi (ed.) L'objectivité dans les différent sciences. Td. Universitaires, Fribourg CH
{988, pp. 41-54,

" M. ARTIGAS, Scientific creativily and human singulavity, in The seience and theology of
information {ed. by C. Wasscrmann et al) Editions Labor et Fides, Genéve, 1992, pp. 319-326.

P1.C.Wins, Mechanisim, Mentalism and Melamathematics (An essay on finitism), D. Reidel,
Anisterdam 1980,
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a formalised science, since the set of language elements pre-assigned by M
may not fit some of the observations. Already within the physical theory
(Wolfram}"* we resort to non {initistic procedures (the thermodynamical
limit in statistical mechanics, the path integral formulation in guantum
mechanies) which do not fit Webb's finitistic self imitation.

Anocther finitistic approach (Basti and Perrone)” consisls in not fixing
the set M of measuring procedures, which delimits the language, but in
exploiting the adaptive process of fig. 4 in order to adjust to any observed
event, The intersection of fig. 4 is the best compromise between a finite
resolution and a finite set of properties specilying the species. This way
corresponds to a rejection of the Galileian scheme of fig. 1b and to a return
to fig. fa. It is also related to the theory of argumentation (Perelman) as we
shall discuss in Sec. 7. Since Basti and Perelman seem — though in different
ways — 1o give up the Galileian scheme of {ig. 1b, I intend to introduce an
allernative approach which recognises the power and specificity of each
different science.

We admit the intrinsic limitation of any scientific language, and carry a
double line of reasoning, a deductive one within each language and an
analogic one, consisting of heuristic correlations among different languages.

Let us then introduce into a science A the notion of “metaphor”, where a
metaphor is a symbol borrowed from another science B (e.g. a psychological
conceptl used at a physiological level). A metaphor is strictly not usable in
building a model, because it is not formulated via M. However it is rich in
heuristic, since it brings correlations with other levels of reality. In other
words, a linguistic term, formulated at a given level, is the outcome of its
own M which extracted a specific characteristic. Beyond that characteristic
the term is still “rich in ontology”, since it carries the flavour of other
characteristics which were filtered out by M but were anyway part of the pre-
formalised experience of the scientist. This extra meaning becomes useful
when approaching other aspects of reality not captured by M.

As shown in the scheme of fig. 7, taken from the same book by Arecchi
and Arecchi, a given science (e.g. cytology) builds a legal model description
out of legal symbols (concepts and laws specific to that level of description).

" 8, WorrraM, Undecidability and intractability in theoretical physics, Phys. Rev. Lelt, 54,
735 (1985).

¥ G,F. Bastt and A. Perrong, A theorem of compudationa! effectiveness for a nmudual
redefinition of numbers and processes, Proc. Inl. Symposium of information Physics (ISKIT "92),
Kyushu Inst. of Techrology, 1992
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Fig. 7 - Role of metaphors in bridging different linguistic levels.

However it can also borrow symbols belonging to other sciences: these are
metaphors. If metaphors enter a model, then the model is a “hybrid”, that is,
less formalised, but in general more powerful, insofar as it overcomes the
Godel limitations.

To conclude this section, all hybrid models (as e.g. Landau models in
phase transitions: see Sec. 4), which include a given amount of metaphoric
content, make science more effective, i.e. to say open to other languages, but
as a result it is no longer strictly formalised.

Extending these considerations from one science to the overall scientific
programme, we realise that natural sciences have to interact with other
linguistic formulations of reality in order 1o be effective, insofar as the Godel
limitations forbid any finite set of sciences from being a complete self-
consistent description of reality, as claimed by some scientistic ideologies
which have tried to limit relevant knowledge only to scientific statements.

On the other hand, even though limited to partial connotations, each
science implies an ontology, since the adaptive process of Fig. 4 is controlled
by reality itself. Hlence the question whether statements about reality not
formalised within the procedure of fig. 3 are relevant or not, that is, whether
metaphysics, even though not being a Galileian science, discloses aspects of
reality as an affirmative answer, once we acknowledge that the adaptation of
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fig. 4 is preliminary to any filtering of the kind of fig. 3.

The above considerations raise further questions. First of all, where does
the subdivision of dilferent sciences {fig. 6) come frony? Does it stem from
intersubjective consensus among scientists or is it based on “matter of fact”
differences? In the first case we have a Kantian argument, in the second we
have an objective classification of different sections of reality. Notice that the
question of individuals versus a collectivity (molecules versus the cell) goes
back to Socrates and it is the most crucial question in our concept
formation, which already in the Middle Ages caused disputes between
Nominalists and Realists.

I have used “model” in the sense of a formalised description of an object
of science (e.g. the solar system, or the atom), but also in the more particular
meaning of interpretation of a theory in another theory, insofar as a
homomorphic application of a theory to another context means that a
careful reading of that context has shown the applicability of the same
formal tools developed on the previous occasion. In such a case we will say
that one description is reducible to the other, that is, the two are included in
the same [evel.

Our general definition of model includes also pragmatic models such as
numerical simulations and mock-ups. Indeed a more or less extended set of
measurements can filter out some subsets of behavior which are fit either by
a numerical simulation {as Montecarlo simulaiions in a liquid state) or by a
toy model built for demonstration purposes.

To conclude, the question whether models exist only in the human mind
or are suggested by things, that is, the old controversy of subjectivism versus
objectivism (fig. 2 versus fig. 3), has been answered in this Section in the
objective sense. While on one hand, one could say that even the measuring
procedures which extract data from things are subjective (why did I choose
{o measure e.g. weight rather than length?), on the other hand, we recognise
that the choice of M is never arbitrary, but rather motivated by objective
regularities.

4. Biftircations and organisalion
Most dynamical models until late 1800 were linear, that is, with a

straight line diagram of force versus position, and consequent parabolic
behaviour for the potential energy {fig. 8). If there is a strong viscous
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Fig. 8 - Linear dynamics.
The straight line is the force versus position. The associated potential energy
has a parabolic shape. In the dissipative case, the motion stops in the
bottom, which is then called “attractor”,

damping (dissipative systems), the kinetic energy is released to the
surrounding medium, and the falling body stops at the minimum of energy
x = 0. We call this final point “attractor” and “basin of attraction” all initial
positions which merge at the bottom of this energy landscape.

By change of a “control parameter” we can distort the energy landscape,
as e.g. in fig. 9, and enter the realm of nonlinear dynamics.

Linear dynamics is universal in the sense that any initial condition will
converge on the unique attractor. There are many applications of nonlinear
dynamics characterised by different attractor numbers and positions, as in
the example of fig. 9. Fig. 10 shows how the energy landscape changes for
different A. At a critical point A, the single valley is replaced by two separate
valleys this is a qualitative change. If we represent the position ¥ of the
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Fig. 9 - Nonlinear dynamics: example of energy landscape with two atiractors.

attractors versus A, the change at A, appears as a “bifurcation”, as shown by
the solid line of fig. 10b. The dashed line represents the hilltop.

We have shown the simplest of all bifurcations. Accounting for geometric
constrains, one can classify all possible shapes of bifurcations (this was
called “catastrophe theory” by R. Thom, but I prefer the less conspicuous
term of bifurcations).

The previous ligures refer to a simple system, that is, a marble sliding along
the energy landscape. The ambitious programme of statistical mechanics is to
extend this description from a single object, as an atom or a molecule, to a
large collection of objects behaving as a single body. As far as the component
particles do not interact, or interact by linear forces, like the atoms of an clastic
chain, each of them is embedded in an energy landscape like that of fig. 8 with
just one attractor and no bifurcations. It is immaterial whether we have 1 or
1022 atoms (such is the number in a cubic centimetre of solid matter), anyway,
the single object is representative of all the atoms. That is why an ideal gas has
no qualitative changes, no “phase transitions”. Il instead we consider nonlinear
forces, a parameter change can induce bifurcations. We are no longer able 1o
provide a “global” description which holds everywhere, but we attempt a “local”
description, the so-called Landau model, which applies the above ideas to a
collection of many interacting particles as if they were a single body. Such is
indeed the approximate behaviour close to a phase transition.

Consider a macroscopic magnet. Iis magnetization is the sum of all the
atomic contributions {the so called atomic spins). At a low temperature, they
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Fig. 10 - a) Modification of the energy Jandscape for a varying control parameter A.
b) The position of the valley bottoms (solid lines) and of the hilliop (dashed
line) are plotted versus M. A, = bilurcation value. For each A, the bottem is a
stable fixed peint, the hilltop is an unstable fixed point.

attract one another and hence they become parallel yielding a macroscopic
sum. At a high temperature, the mutual atiraction is contrasted by thermal
agitation which scrambles the single spin orientations. Thus they com-
pensate one another, giving a vanishing total sum.

The overall magnetization, that we may call the order parameter, acts as
the position of the single particle of fig. 10. At a high temperature it is
attracted by the zero value, at a low temperature it is attracted by two
macroscopic values of opposite sign. Indeed the symmetric bifurcation does
not privilege cither choice. To point out that this is a collective and not just a
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Fig. 11 - Collective Model of a magnetic system at high temperature (paramagnctic
phase) and at low temperature {ferromagnetic phase). The probability
curves around the energy minima denote the role of thermal fluctuations.

Fig. 12 - In the absence of external fields (M = 0) a temperature decrease yields equal
probabilities of aligning the magnels upward or downward. An external field
(H # 0} breaks the symmetry making one branch preferred to the other.
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single particle description, we sketch also some bell-like curves which give the
probability spread of magnetization around each attractor due to thermal
fluctuations (fig. 11). Let us consider the probability at high temperature.
This being symmetric around the zero value, as the system cools down we
have equal probability of landing with magnetization up or down.

The presence of a tiny external field # # 0 induces a “symmetry
breaking” which makes the two branches no longer equivalent (fig. 12). Thus
an external perturbation is responsible for selection. Repeat this selection
many times, through a sequence of bifurcations (fig. 13). The system reaches
a state of "organisation”, that is, it assumes just one among a large number
of possible configurations. Some people call this “self-organisation”, to stress

control
parameter

A
, N
!
£
”’/‘}\
\
b

sl

- organization
hetero

A
boundary cffccts

Fig. 13 - In a long chain of bifurcations (the control parameter here points
downward) an external perturbation provides a selection at each
bifurcation, thus the final state is unique, even though the dynamics allows
for a very large number of final states: this is the meaning of organisation.
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that the bifurcations depend on the inner dynamic relations among the
system components. I do not find that word appropriate, because a specific
path (dashed line of fig. 13) is the result of many selections imposed by
external perturbations, Thus, it was not enough to have the right number of
components (atoms, biomolecules, etc.) but it was crucial to put them in that
specific environment or ecological niche which provided the appropriate
selective push {symmetry breaking) at each bifurcation. For this reason I
propose the new word a "hetero-organisation” as more appropriate than self-
organisation.

Only if we could describe each system together with its ecological niche,
and the niche of the niche, and so on, would we fulfil this endeavour. Thus,
this programme requires the feasibility of a global description and we have
just learned that the Landau models are just local approximations, close to a
bifurcation.

The Landau model arises from heuristic considerations. However in
some cases we are able to trace the whole passage from microscopic
dynamics to a macroscopic description of the Landau type. This occurs for
lasers, fluids, and chemical reactions, for which we can build a macroscopic
model almost from first principles. Such an area of investigation was called
“Synergetics” by Haken' to denote an identity of behaviour based only on
dynamical arguments, independent of the physical nature of the problem.

In fact only under most restricting assumptions can we trace all the way
from microscopic to macroscopic, and in general we must rather resort to
heuristics of the Landau type, whereby the model is suggested by macroscopic
symmetries rather than by individual behaviour. In the case of the magnet, we
saw that the transition is explained in terms of competition between thermal
agitation and spin interaction and that it is controlled by temperature.

Analogous heuristic models without direct reference to microscopic
behaviour were applied by A. Turing'” (1952} 1o the morphogenesis, that is to
pattern formation in chemical reactions or embryonic development. In this
case the control parameter is not the temperature, but the amount of two
chemical species, respectively the activator and the inhibitor. To obtain an
interesting dynamic of patterns the space and time scales of activator and
inhibitor must be widely different, otherwise the relative change in their
populations does not provide bifurcations. Similar competitions, which

¥ H. HakEN, Synergetics: an introduction, 3d Ed, Springer-Verlag, Berlin, 1683,
7 A M. TuriNG, The chemical basis of morphogenesis, Phil. Trans. Rov. Soc. London, 237, 37,
(1952).
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recall the struggle for life of two competing biological species (Volterra-
Lotka population models; see Haken) explain the convective instability of a
fluid or the onset of the laser action.

The difference of time scales between the two competing processes has
been called by Haken “slaving” of the fast variables, which adapt themselves
to the conditions imposed by the slow variables. These latter which survive
for a long time, are the order parameters, like the magnetization in the above

example.

5. Complexity: attempis al formal definitions

We try to establish a quantitative indicator C of complexity. This has
been done by many people, but all definitions proposed so far are subject to
criticism.

5.1. Probabilistic definition

What is common to all the organisation phenomena is the emergence of
space-time structures which seem “new” with respect to what is known of
the constituents as shown in fig. 12b. Let me quote P.W. Anderson®.

“The behaviour of large and complex aggregates of elementary particles,
it turns out, is not to be undersiood in terms of a simple extrapolation of the
properties of a few particles. Instead, at each level of complexity entirely new
properties appear, and the understanding of the new behaviour requires
research which I think is as fundamental in its nature as any other. That s, it
seems o me that one may array the sciences roughly linearly in a hierarchy,
according to the idea: The elementary entities of science X cbey the laws of
science Y.

But this hierarchy does not imply that science X is “just applied Y”. At
each stage entirely new laws, concepts, and generalisations are necessary.

Has a higher level to be necessarily described by different laws, or is
organisation a recipe to guess the higher level once we know the rules at a
lower level? Such a programme seems to be contained in the following
staternent by Atlan®.

«... We cannot assume that the finality of natural organisation has been
set up by some consciousness either {rom the outside or from the inside. In

® P W, ANDERSON, More is different, Science 177, 393 (1972).
" H. AtLan, Self creation of meaning, Physica Scripta 36, 563 (1987).
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cither case, this would amount to resorting to God as an explanatory
principle, ... and no one knows what God's purpose was ... in setting up an
organism or an ecosystem, as opposed to a man-made machine which has
been designed with a given known purpose in mind. This is why various
attempts have been made to understand mechanisms of self-organisation by
which non-purposeful systems, not goal-oriented from the outside, can
organise themselves in such a way that the meaning of information is an
emerging property of the dynamics of the system.”

My criticism is that Atlan’s statement is based on a subjective attribution
of a purpose, a “value”, by part of the observer. Such is also the case of the
tentative by 8. Kauffman® to attribute an “emergent” complexily to an
otherwise simple Boolen model.

Let me detail my criticism. The emergence of meaning, in Atlan's sense,
is based on a comparison between the giobal information /, of a compound
system and the sum Y, /; of the information /; of the individual components.
If I, > 3, I, the difference, which is the mutual information (M.1.) among the
components, is the complexity C, that is,

C=ML=1-31

In the case of a written text, M.I. is related to the word positions in the
phase, while [; are the single word information provided by the dictionary.
Of course, a random collection of words or a collection put in some
conventional order (e.g. alphabetic) has C = 0. Now information, following C.
Shannon, is related to the “surprise” of a message, and hence to the inverse
of its probability p, via a logarithmic dependence

[=<logllp>= 2 pi log p;

Here the pointed brackets denote an average over the set of possible
situations in which the event may show up, and this average is the sum of
log 1/p; = - logp; with each term weighted by its probability p; of occurrence.
The drawback of this approach is thatl assignment of a probability
measure is subjective, related to the “value” we attribute to an object. In
communication theory, where we worry only about information loss in a
communication channel, it is sufficient to choose a conventional probability
measure. When we refer to a piece of the real world, information has a

8. Kauseman, Emergent properties in randort complex automata, Physica 10D, 145 (1984),
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semantic connotation, and the probabilities must be assigned after a pre-
scientific recognition which has attributed different weights to different
events, depending on their use.

An apparently objective definition is the one based on “frequence” by J.
Venn and R. von Mises. We partition the space of events by small equal
boxes, and attribute to the i-th box a probability given by the number of times
N; the event falls into it, divided by the total number N (N 2 N,) of events

pi=N;/N

While this definition is helpful to classify trajectories in chaotic
dynamics, it is useless for classifying forms of objects. For instance, if we
take a chip of a few cubic centimetres of glass and shape it as a Venetian
artistic cup, the above criterion applied to the space occupied by the
amorphous chip and by the formed cup yields the same information,
provided that the glassy material has the same consistency. So, information
provides criteria just for detecting sponge-like {(fractal) structures in the
interior of the glass. Only by attributing a higher weight (“value”) to those
boxes of the partition along the desired contour do we succeed in attibuting
higher information to the cup.

“Semantising” the probability measure means that the object is not
explainable “per se” but only in relation to a context, (¢ an environment,
Hence the open structure that I called “hetero-organisation” in Sec. 4.

5.2, Compuiational definition

Besides the semantic problems related to a probability measure, the
previous delinition requires knowledge of an ensemble of systems, in order
to assign probabilities as relative requencies of occurrence.

It seems reasonable that we should be able to describe a system as
ordered or disordered irrespective of how much we know about it. What is
needed is a measure of complexity that refers to individual states, rather
than to ensembles. Mathematicians have proposed such a measure using a
new branch of mathematics known as algorithmic complexity theory.

The algorithmic complexity of a state is the length (measured in bits of
information) of the shortest computer programme that can describe the state,

Suppose that a particular string of information looks like 101010101010. ..
We would assign this state a low algorithmic complexity because we can
recover it by a very short algorithm, namely, «Print 10 # times”. This regular
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binary array can be regarded as the arithmetic equivalent of a crystal. We
cannot, however, generally display an arbitrary sequence of ones and zeros
using a short algorithm. It can be proved that almost all sequences cannot be
reproduced by algorithms significantly shorter than themselves. That is, the
algorithm contains almost the same information as the sequence itself. In
attempting to generate such a sequence, therefore, we can do little better than
simply display a copy of the sequence. Only rarely is a sequence
“algorithmically compressible”, in order words, can be generated by an
algorithm containing less information than the sequence itself.

This notion provides a formal definition of randomness: a random
sequence is one that cannot be algorithmically compressed. This satisfies our
intuitive expectation that random sequences are devoid of all patterns; the
existence of any pattern would imply a more compact description because
we could write a short computer programme Lo specily that random. Indeed,
Chaitin® has shown in an extension to Goédel's incompleteness theorem of
mathematics that one can never prove a given string to be random. On the
other hand, one can show that a string is non-random, simply by discovering
a short algorithm to generate it.

Algorithmic complexity is not a suitable measure of organisational
complexity of a system, because it would assign a high complexity to a
random state of a gas, for example. A gas is disordered, but it is not
organised. What is needed is a definition that assigns low organisational
complexity to systems that are either highly ordered or highly disordered.

C. Bennett® has proposed a different definition of organisation, called
the logical depth of a system. This is the "difficulty of generating a
description of the system from the shortest algorithm”. A system with high
organisational complexity, such as a living organism, weould require a long
and elaborate computation to describe it. This reflects the long and elaborate
sequence of steps in the evolution of the crganism. On the other hand, we
can describe a crystal by a short computation from a single algorithm. But
what about a random gas? As we have seen, a short programme cannot
generate an algorithmically random state at all. We can do littde better than
take a description of the actual state, translate it inte computer language and

8 G.J. Cuarmin, Algorithmic nformation theory, Cambridge Universily Press, Cambridge,
England 1987.

2 C.H. BenneTt, Dissipation, Information, Computational complexity and the definition of
organisation in Bmerging Syntheses in Science {ed. by D. Pines) pp. 215-234 Addison Wesley-
New York, 1988.
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use as the algorithm “Print that”. This is pretty brief, and it implies that a
gas, like a crystal, has low logical depth.

Since “logical depth” is (roughly speaking) identified with time required
to compute the message from its minimal algorithmic description, here
again we find a difficulty: the choice of the minimal description is
undecidable in the Gédel sense!

Identifying “logical depth” with the complexity of a physical entity,
Bennetl appeals to the computational view of physical processes, in which
physical processes are viewed as computing equations specified by the laws of
nature. The solar system can, in this view, be seen as an analogue computer
solving Newton's equations. We may begin with a very elementary set of rules
or algorithms to make such a computation (the “minimal algorithmic
description”), like Newton's laws for the solar system or the rules of
molecular combination in the case of living systems. The “logical depth” of an
object — its complexity — is measured by how long it takes a computer to
simulate the full development of that object beginning with the elementary
algorithm and taking no short cuts. Complexity, in this sense, is a measure of
how hard it is to put something together starting from elementary pieces.

And here we come across the difficulty of extremely long computation
times, in which case the problem becomes practically unsolvable.

The behaviour of a physical system may always be calculated by explicitly
simulating each step in its evolution, Much of physics has, however, been
concerned with devising shorter methods of calculation that reproduce the
outcome without tracing each step. Such shortcuts can be made if the
computations used in the calculation are more sophisticated than those that
the physical system can itself perform. Any computations must, however, be
carried out on a computer. But the computer is itself an example of a physical
system. And it can determine the outcome of its own evolution only by
explicitly following it through: no shortcut is possible. Such computational
irreducibility occurs whenever a physical system can act as a computer-

Computational reducibility may well be the exception rather than the
rule: most physical questions may be answerable only through irreducible
amounts of computation. Those that concern idealised limits of infinite time,
volume, or numerical precision can require arbitrarily long computations,
and so be practically undecidabie (Wolfram).

Let me give an example. Suppose we want to classify the head-tail
conligurations of 100 identical coins put in sequence. The total number is
2100 1033, If a fast computer evaluates 106 configurations per second, it still
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needs 1027 sec = 1020 years, that is 1010 times the age of the Universe!

Thus the formal procedures have not only to face the Godel undecida-
bility, but also intractability whenever the computing time increases expo-
nentially with the size of the problem.

6. Metascience-toward an ontology of complexity

From the difficulties we have encountered trying out probabilistic and
computational definitions of C, we have realised that a phenomenon is
complex when it can not be described in a unique way. We can thus define C
as the number of irreducible descriptions or models of that event.

In Sec. 3, I called “model” a procedure which, starting from an assigned
set of measurements, defines a language (concepts, laws and syntactical
consequences). This definition is different from Tarski's definition used in
meta-mathematics, whereby a model is a possible realisation of an absiract
set of rules. Starting from the consideration that in physical sciences the
rules are formed by measuring procedures, it is these that define the model.

Is there any way of comparing different models, or are they
incommensurable as sustained by Kuhn®? The question requires a meta-
symbolic space MS (fig, 14) to compare the different models classified in S,
depending on different sets of measuring apparatus M; applied to the piece
of the reality R under observation.

If the problem of confrontation of different models is not solved at the
level MS, it may require a meta- meta-level and so on, “ad infinitum”! The
comparison can be made by introducing extra-scientific criteria, but where
do they come from? If they are imposed as “values”, then our scientific
endeavour is contaminated by a highly subjective procedure.

On the other hand we should expect that MS considerations be directly
motivated by reality, through that pre-linguistic knowledge (dashed line
from R to MS), that provides a realistic ground to metaphors.

The crisis of the scientific language outlined above, has questioned the
claim that science be the only language able Lo speak aboul reality. But
would the result be pure scepticism? In other words, do the limitations of
Sec. 2 destroy the trust in the power of science and hence make us despair of
our ability to grasp reality (nihilistic exit)?

Not at all! On the contrary, any cognitive strategy adapts successfully to

# T.8. Kunn, The structure of scientific revolutions, Univ. of Chicago Press, Chicago 1962.
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Fig. 14 « Mapping of a piece of reality R into the space of scientific symbols S
through different maodels associated with different measuring procedures
M. Successive mapping of § into M8, in order to compare different theories
referring to the same reality.

the chain of changes of a complex event. We refer again to fig. 13, to be
considered not only as a morphogenetic strategy but also as a cognitive
strategy which justifies what was anticipated in the scheme of fig. 2. My
criticism means in fact that science is an open language which has to
readjust itself whenever this is required by reality, in order to avoid
undecidable or intractable questions.

It has been objected (Webb and Hofstadter”} that finistic procedures,
that is, handling of a finite number of possibilities, avoids the Godel
undecidability. Thus we might foresee a science and human knowledge as
well, based on [initism, and hence not limited by Gédel. In lact, quantum
and statistical physics are not limited to finitistic procedures, and
furthermore, intractability, that is, a prohibitively long processing time, is
peculiar to most problems.

On the contrar , we experience that man decides, and decides within a
short time. To use the computer metaphor, man does not act as a “braid” of
self-referential routines and is not trapped by undecidable questions, but he
rather changes his rules, adapting them to the bifurcations of an external
organising reality {fig. 13).

Neural models of the past decade considered the brain as an extended

¥ W, op. cit; D.R. Hosstanrik, Godel, Escher and Bach: an eternal golden braid, Basic
Books, 1979.
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dynamical system whose energy landscape had many valleys corresponding
to stable fixed points, By a suitable codification, each of those points
represents a useful pattern. Recognition of a new pattern means providing
energy to escape from an attractor (codification of the old patiern) and
entering another one {new pattern to be memorised). This requires a given
amount of energy and time.

On the other hand, physiologists (see Skarda and Freeman®) have
recently given evidence that the electric activity of neurons is chaotic in the
absence of an input, and that it regularises in the presence of a stimulus.
Notice that, informationally, deterministic chaos is not as hopeless as
thermodynamic disorder. In this latier case a Maxwell demon can not make
any [urther prediction out of the system, since he needs the same amount of
information he wants to handle (Gabor)®. In the former case, even though
the trajeciory slides downhill {fig. 3), loss of information takes some time.
Thus, there is room either to stabilise chaos (01t et al.)” or to synchronise
another system to a chaotic one (Pecora and Carroll}® in the presence of
chaos the Maxwell demon is efficient!

Combining physiological evidence with synchronisalion stralegy suggests
a new cognitive paradigm: the most eflicient neural network has a chaotic
activity, and it synchronises itself to an external pattern. Synchronisation
means that the rules are not fixed as in a Turing machine (which gets stuck
in undecidable or intractable questions), nor are they arbitrarily modified by
the observer (pure subjectivism of the trascendental orderings of Kantian
derivation), but they are motivated by the observed reality. Thus, any
symmetry breaking into the organisation tree of an external reality induces a
corresponding rule modification in the recognising system.

One could object that such a superiority with respect to a Turing
machine is common to any biological cognitive system (even the immune
systems which build antibodies against a virus!). This is true, but, as Blaise
Pascal said, we are the only living system which does not limit knowledge to
a survival strategy, but that makes a problem of the fact that many levels of
order exist (the different layers of a tree such as fig. 13) and hence builds an

(. SkarDA and W. FrEEMAN, How brains make chaos (n order to make sense of the world,
Behavioral and Brain Sciences, 2, n. 10, pp. 161-195 (1987).

® D. GaBor, Light and information In Progress in Optics, (ed. by B. Wolf), Vol. 1, North
Holland, 1964,

7 g, Orr, C. Gresog and I, Yorks, Controlling chaos, Phys, Rev, Lell. 64, 1196 (1990},

#» LM, Prcora and T.L, CarroLY, Synchronization in chaotic systems, Phys, Rev, Letl. 64,
821 (1990).
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ontology of complexity. In other words, man is not the measure of all things,
as Protagoras said but he is rather measured by things.

Let me cite Thomas Aquinas ( In I Sent., XIX, V, ii): “Therefore our
science does not measure things, but is measured by things, as said by
Aristotle in book X of The Metaphysics”.

7. Conclusive theses

In this essay, I have used my working experience as a physicist to show
how the two logical approaches to a problem, the deductive one starting
from necessary evidence, and the argumentation one starting from
circumstantial evidence, are not fully unrelated, as it may appear [rom
defenders of scientific and rhetorical methods. In fact, use of metaphors in
science is necessary in order to overcome the limitations of a model.

We have discussed the realistic grounds of a measuring procedure M
upon which a model is based, and have also shown that metaphors, or
analogies, are not just linguistic tools, but they are based on real features, as
they shape our knowledge through adaptive processes, This heuristic role is
always used at a preliminary stage of scientific formalisation. It was
inappropriately called “metaphysics” by Popper”, on the wrong basis that
only languages formalised as in fig. 3 are relevant. An example is the role
that anthropic principles have in cosmology (see e.g. Dalla Porta®). The
different role of deductions within a model and metaphoric bridges outside a
model explains why I do not consider the “included third” principle as a
logical tool (Nicolescu®) but rather as a metaphoric suggestion.

An insight into recent physical ideas (bifurcations, organisation and
complexity) was necessary in order to discuss the above questions from the
point of view of a physicist, without getting involved in the lengthy or
questionable approaches developed by philosophers throughout the centuries,

From the previcus considerations I extract the following theses.

1) Against methodological reductionism

Since any formal language has Gédel limitations, (o overcome them it
would require feeding with more input, thus changing the very structure of

#ICR. Porrer, Conjectures and refutations, Harper and Row, New York 1963,

*N. DaLra PorTa, The heuristic role of the anthvopic principle, Charles Universiiy and Nova
Spes Seminar on Models: science and knowledge, Prague, 20-21 November 1992,

¥ B. Niconiscy, Levels of complexity and lavels of reality: nature and transnature, Plenary
Session of the Pontifical Academy of Sciences, Roma, 26-31 Oclober 1992,
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the language. Therefore we must recognise that different languages have the
right to describe different aspects of the same reality independently, and
thus provide partial truths,

2} Against methodological anarchism

The different descriptions cannot be bridged by formal rules, since each
description has its own rules. However they can be bridged by “metaphors”.
In Thomistic language, these are analogies, predicated of things which have
been considered from different points of view by dilferent sciences.

3) Against logical atheism

If logical reductionism were true, then only scientific language would be
relevant and one could speak scientilically only of directly measurable
things. This would exclude a science of God, or natural theology, which
should then be considered in terms of a private life of devotion, without any
logical impact. The established independency of different scientific levels,
plus the fact that any statement on reality results from a balance between
genericity and specificity (fig. 4) which is preliminary even to fixing
measuring procedures (fig. 3), gives legitimacy to metaphysics as a science
with its own rules, and hence to a natural theelogy (Gonzales)®.

4} Against concordism

We cannot apply univocally concepts or findings of the physical sciences
{cosmology, biology etc.) to natural theology and viceversa. Any teniative of
this kind would have the nefarious consequences of Galileo's trial. Instead, it
is legitimate to use the analogy procedure, that is, to apply metaphoric
bridges not as a poetic touch, but as an expression of a complex reality,
which cannot be confined within the formal boundaries of a single language.

5) Truths versus Truth

We have seen that any description reveals partial truths. Since Truth is
“adaequatio intellectus et rei” and since any reality is not exhausted by a
single language, to comply with Truth is a non linguistic affair which
involves all our being. Therefore the search for Truth can not be synthesised
in linguistic formulae but is a life commitment.

® A L. Gonzariz, Teologia natural, Ediciones Univ, de Navarra, Pamplona 1982,
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Introduction

The crystalline state is the most ordered state of matter, exhibiting infi
nite long-range order. The liquid state, on the other hand, shows only short-
range order. The non-crystalline glassy state produced by quenching matter
in the liquid state shows interesting structural features due to the presence of
short and intermediate range order. Apart from the noncrystalline state of
maltter possessing positional disorder, we have the plastic state exhibiting
orientational disorder. The newly discovered fullerenes, Cyy and Cy;, just like
other spherical molecules, exhibit the plastic to crystalline state transition.
By freezing the plastic state, we get the orientational glassy state. The liquid
crystalline state is characterized by orientational order although there is no
translational order. An important new state of solids is the asicrystalline
state with icosahedral structures involving the “forbidden” five-fold symme-
try. A guasicrystalline phase can transform to a more disordered glassy
phase or to a more ordered crystalline phase. We shall discuss these various
states of solid matter. In addition, we shall briefly examine the nature of
disorder in crystalline solids and explore how one can quantify disorder in
noncrystalline solids. We shall show how Nature avoids a high proportion of
random point defects in crystalline solids, although there could be some
disorder at the ultramicro level, often involving differences in composition
and structure from those of the bulk crystal,
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Defects and Disorder in Crystals

Crystals rarely attain a state of perfect order even when they are cooled
close to absolute zero. At ordinary temperatures, crystalline solids generally
depart from perfect order and contain several types of imperfections, which
are, indeed, responsible for many solid state phenomena such as diffusion,
electrical conduction, plasticity and so on. The types of disorder that occur
in solids fall into one of the following categories: point defects, linear
defects, planar defects and volumetric defects. Point defects arise from the
absence of atoms (or ions) on lattice sites, the presence of atoms in intersti-
tial positions, the presence of atoms in the wrong positions (not possible in
ionic solids) and the presence of alien atoms. The presence of point defects
results in the polarization of the surrounding crystal structure, giving rise to
small displacements of neighbouring atoms or ions. For example, a cation
vacancy in an ionic solid will have an effective negative charge and cause
displacements of neighbouring anions. The energy of formation of a point
defect depends mainly on the alomic arrangement in its immediate neigh-
bourheoed since the relaxation effects decrease rapidly with distance. Linear
defects in crystals are dislocations, corresponding to rows of atoms which do
not possess the right coordination. Planar defects are grain boundaries
(boundaries between small crystallites), stacking faults, crystallographic
shear planes, twin boundaries and antiphase boundaries. Segregation of
point defects can give rise to volumetric {(three-dimensional) defects.

Point defects order themselves, giving superstructures; point defects such
as vacancies are eliminated by the formation of planar defects (shear planes)
or structural singularities,

There is a wealth of information in the literature on the real structure of
defect solids, but rarely has it been necessary to invoke point defects. In fact,
much of the recent literature on the chemistry of defect solids does not per-
tain to the regime of point defects; instead, chemists are mainly concerned
with superstructures, shear and block structures, and intergrowths. Defect
behaviour in solids actually varies from the entropycontroiled point-defect
regime at one end to the enthalpycontrolled systems such as crystallographic
shear (cs) planes at the other, superlatiice ordering and defect complexes
coming in belween,

There are many examples of solids exhibiting superlattice ordering of
vacant siles or interstitials as a result of interaction between them, Defect
complexes have been observed in many inorganic solids. Defects are assimi-



COMPLEXITY AND PHYSICS - RAO 163

lated into the structural elements of the lattice so that there are no longer
any point defects. Crystallographic shear is a well known structural principle
where instead of sharing corners metal-anion polyhedra share edges to
accommodate anion deficiency (fig.1). An interesting phenomenon in solids
is the occurrence of disordered intergrowths of lamellae of a different com-
position (and structure) in the host matrix of a solid. Such intergrowths are
commonly seen in complex oxides showing thereby that uniformity in com-
position and structure at the ultramicro level is an idealized description of a
solid. What is cven more surprising is that there are solids exhibiting recur-
rent intergrowth of related structural/compositional units.

The point-defect regime in crystals is found only when the defect concen-
tration is extremely small. In the case of disordered alloys (where the atoms
occupy wrong sites, e.g. A on B site and B on A sile), one can quantitatively
treat the disorder to order transition, the simplest treatment being that due
to Bragg and Williams.

Crystals undergo transitions from one form (structure} to another and
the transitions can be thermodynamically of [irst or higher order. The high-

(a) o (b) (120)

Fig. 1 - a) Cubic Re03 structure showing oxygen vacancies which are eliminated by
b) crystallographic shear,
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temperalure phase in a transition is generally more disordered and has
higher symmetry. Structural phase transitions were elegantly treated by
Landau who proposed the concept of an order parameter. We can under-
stand the nature of a phase transition by studying the behaviour of the order
parameter in the transition region.

Noncrystalline Solids

Although much of the study of solids pertains to the realm of crystalline
solids, there has been a tremendous increase in interest in non-crystalline (or
amorphous) solids in the last two decades, probably because of the universa-
lity with which almost all materials can be transformed into the amorphous
state as well as the diverse applications of these solids. While the term
amorphous or noncrystalline solid is a general one, the term glass is used
only with reference to amorphous solids prepared by slow-or fast-cooling of
melts. Today we have metallic glasses, organic glasses and polymeric glasses.
Glasses are characterized by the so-called glass transition. At the glass transi-
tien temperature, the glass melts or an underceoled liquid freezes.

What is not sufficiently recognized is that a large variety of materials -
catalysts, catalyst supports, xerographic photoreceptors, optical libres, large-
area solar cells and many biominerals - are all noncrystalline. Most noncrys-
talline (or amorphous) materials become crystalline on appropriate heat
treatment. For example, ordinary glasses devitrify at some temperature;
metallic glasses become crystalline on heating (~700 K or so). Crystallization
is by no means a universal feature as exemplified by fused quartz. Vitreous
carbon is a material employed in high-temperature applications,
Crystallization of vitreous B,0j is possible only with severely contrived crys-
tallization procedures. While crystallization is an important phase transition
of non-crystalline materials, the phenomenon of glass transition is char-
acteristic of glasses, but not of all amerphous substances.

In crystals, the existence of long-range order forms the basis of all
discussion; crystal symmetry, Brillouin zones and associated aspects of crys-
tals are of paramount importance in solid state chemistry because of the pre-
sence of long-range order, In the noncrystalline state there is no long-range
order, but short-range order is very much in evidence. Although the absence
of long-range order makes it difficult to obtain exact structural information
from diffraction and other experiments, we are able to say a lot about the
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Fig. 2 - Random network model for a A;B; glass

structure of noncrystalline solids. Some of the recent techniques such as
EXAFS and MASNMR are able to provide precise information on the struc-
tural features of these solids, but much has been gained in our understan-
ding of these solids by the structural models of the amorphous state.

One of the early models to describe the amorphous state was by
Zacharjasen, who proposed the continuous random network model for cova-
lent inorganic glasses. We are now able to distinguish three types of contin-
uous random models:

Continuous random network {(applicable to covalent glasses as in fig. 2)

Random close packing (applicable to metallic glasses, see fig. 3)

Random coil model (polymeric glasses)

All these models involve a deseription of the amorphous state in terms of
statistical distributions,

Most materials, if cooled fast enough (and far enough) from the liquid
state, can be made into the form of glasses. The various technigues available
for the preparation of glasses are cooling of supercooled liquid phases,
vapour deposition, shock disordering, radiation disordering, desolvation and
gelation (fig. 4). All these techniques with the exception of the first produce
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Fig. 3 - Computer simulation of a random close packing of atoms. Heavy lines
indicate elements of pentagonal symmetry

materials which cannot easily be characterized, especially with regard to
their entropies refative to those of the corresponding crystals.

A varicty of glasses, possessing different types of bonding, have been pre-
pared. The rate of cooling has to be very fast to prepare glasses from metallic
materials; the temperature drop required is around 1000 degrees in a millise-
cond (~ 10¢ Ks1), Melt-spinning, where the metallic glass is spun off a copper
rotor as a ribbon at a rate exceeding a kilometre per minute is employed for
the purpose. Most other glasses prepared by quenching melts require slower
rates, Si0, requires a cooling rate of hardly 0.1 Ks-! and this is attained by
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Fig. 4 - Ways of making non-crystalline (positionally disordered) solids

allowing the melt to cool freely. Splat-quenching techniques with a range of
cooling rates (105 - 108 Ks-1) have also been employed to prepare metallic
glasses. Of special interest is the technique of laser-glazing where the surface
of a crystalline material is made glassy by exposing it 1o a moving focussed
laser beam so that the subjacent solid acts as a heat sink; the quenching rate
in this technique is estimated at 10!! Ks'L. Crystals can also be rendered disor-
dered or glassy by subjecting them to shock or large doses of radiation.

The vapour deposition method is widely used to obtain amorphous solids.
In this technique, atoms, molecules or ions of the substance in dilute vapour
phase are deposited on to a substrate maintained at a low temperature.

Computer simulation studies help in the understanding of the nature of
the glassy state vis-a-vis the liquid state. A question that arises is whether
there is a way of quantifying disorder in such positionally disordered glasses.
One approach based on graphtheoretical considerations makes use of the
minimum spanning tree (MST). MST is characterized by the average edge
length, m, and the standard deviation, 6. One can obtain m-¢ plots for differ-
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ent atomic arrangements and [ind out how disordered a system is. We have
found that in real molecular glasses the disorder can be higher or lower than
in a liquid depending on the molecular shape.

The plastic crystalline siate

Ordinarily, crystals possess both translational and orientational order.
Amorphous or non-crystalline states discussed earlier have no translational
order. Crystals of certain substances, especially those formed by spherical or
globular molecules, exhibit orientational disorder while retaining the fong-
range transiational order, Such an orientationaily disordered crystalline state
is referred to as the plastic crystalline state. The transition [rom the crystalline
to the plastic crystalline state is exhibited by molecular crystals as the mole-
cules acquire orieniational degrees of freedom with higher temperature. The
characteristic thermedynamic feature of plastic crystals, which led to the
recognition of their existence by Timmermanns, is that the entropy change in
the crystal-plastic crystal transition is far greater than the entropy change
accompanying the melting of the plastic crystal. In addition to the low
entropy of melting, plastic crystals usually melt at a relatively high tempera-
ture; for example, plastic crystalline neopentane melts at 257 X while n-pen-
tane, which does not form the plastic state, melts at 132 K. In some cases,
plastic crystals directly sublime without melting, camphor, being a typical
example. The newly discovered supermolecuies of carbon, fullerenes, Cg and
Cyp, show plastic-crystal transitions since they are spherical molecules (fig. 5).

Fig. 5 - Structures of the [ullerenes, Cyq and Cqg
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Because of the orientational freedom, plastic crystals usually crystallize
in high symmetry (cubic) structures. It is significant that cubic structures are
adopted even when the molecular symmetry is incompatible with the cubic
crystal symmetry. For example, #-buty! chloride in the plastic crystalline state
has a fee structure even though the isolated molecule has a three-fold rota-
tion axis which is incampatible with the cubic structure. Such apparent
discrepancies between the lattice symmetry and molecular symmetry provide
clear indications of the rotational disorder in the plastic crystalline state. It
should, however, be remarked that molecular rotation in plastic crystals is
rarely free; rather it appears that there is more than one minimum potential
energy conliguration which allows the molecules 1o tumble rapidly from one
orientation to another, the different orientations being random in the plastic
crystal.

As the name suggests, plastic crystals are generally soft, frequently
flowing under their own weight. The pressure required to produce flow of a
plastic crystal, as for instance to extrude through a small hole, is consider
ably less (2-14 times) than that required to extrude a regular crystal of the
same substance. {-butyl alcohol, pivalic acid and d-camphor provide com-
mon laboratory examples of plastic crystals.

Existence of a high degree of orientational freedom is the most character-
istic feature of the plastic crystalline state. We can visualize three types of
rotational motions in crystals: free rotation, rotational diffusion and jump
reorientation. Free rotation is possible when interactions are weak, and this
situation would not be applicable to plastic crystals. In classical rotational
diffusion (proposed by Debye to explain dieleciric relaxation in liquids),
orientational motion of molecules is expected to follow a diffusion equation
described by an Einstein-type relation. This type of diffusion is not known to
be applicable to plastic crystals. In the case of plastic crystals it would be
more appropriate to consider diffusion, interrupted by orientational jumps.

Computer simulation is helpful in understanding the nature of the plas-
tic crystalline state as distinet from the crystalline state. By freezing a plastic
crystal one can obtain an orientational glass, as distinct from positionally
disordered glasses discussed earfier. We have indeed observed such an orien-
tational glassy state in Cg,.



170 PONTIFICAL ACADEMY OF SCIENCES: PLENARY SESSION 1992

The liguid crystalline staie

The liquid crystalline state is another intermediate state of matier which
several molecular crystals pass through before they become isotropic liquids
on melting. The term mesophase is often used to describe such a state of
maiter. Mesophases share the characteristics of both liquids and crystals. In
liquid crystals, there is no translational order but there is orientational order.
The nature of the mesophase depends on the molecular shape; spherical or
globular molecules gain rotational freedom easily and form plastic crystals.
Rod-shaped molecules, on the other hand, gain transiational freedom more
easily than rotational freedom and give rise to liquid crystals. Liquid crystals
have become a vast subject of study, and we shall only introduce the various
types of transitions exhibited by liquid crystals in this section. Newer varie-
ties of liquid erystals and transitins are being reported all the time,

Liquid crystals can be broadly classified into lyotropic and thermotropic.
Lyotropic liquid crystals are formed by amphiphilic substances in the pres-
ence of a solvent. The majority of liquid crystals of current interest are ther-
motropic in origin, that is the liquid crystal state arises as a result of a tempe-
rature change. Both finite molecules as well as polymers form thermotropic
liquid crystals. Nematic, cholesteric and smectic are the three Friedelian class-
es of liquid crystals formed by rod-like elongated molecules. Since the chol-
esterics are nothing but nematics formed by chiral molecules, in present-day
classification, only nematic and smectic are recognized as distinct classes of
liquid crystals.

PR
| | //\ / /
\\\H ;7 IREAVR RN
AN /7 Uyl
AR AT NVARN
N AL
fa ba
(a {c)

Fig. 6 - Representalion of a) nemalic, b) chiral nematic and ¢) smectic liquid crystals



COMPLEXITY AND PIYSICS - RAO 171

In the nematic phase, molecules are arranged almost parallel 1o one
another in the direction of the long axis (fig. 6), but there is no long-range
positional correlation in the direction of the long axis. Cholesteric phases are
spontaneously twisted nematics, the twist arising from the optical activity of
the molecules. A number of cholesterol derivatives exhibit this phase and
hence the name. Smectic phases are, in the Friedelian sense, lamellar phases
with no long-range positional correlation in the individual lamellae (fig. 6).
Smectics possess, in addition to the orientational order as in nematics, some
positional order as well; the centres of the molecules are on the average in
equidistant planes. An interesting class of liquid crystals is that formed by
disc shaped molecules (discotics).

Quasicrystals

It has long been known to crystaliographers that a five-fold axis of Sym-
melry cannot be present in crystals. It is an article of faith that a five-fold
symmelry in any properties of crystalline materials, including diffraction
pallerns, cannot occur except as a result of twinning. The report of
Shechtman er.al. in 1984 that specimens of a rapidly quenched alloy with
approximate composition MnAl, were found to exhibit icosahedral diffrac-
tion symmetry was therefore received with astonishment by crystallo-
graphers and others. There was considerable scepticism regarding the prof-
fered explanation that this rapidly quenched material is not crystalline in the
conventional sense, but may instead be quasicrystalline, representing a three-
dimensional analogue of Penrose tiling. This proposed state of matter differs
from the crystalline state in possessing no lattice periodicity (i.e. no transia-
tion group}, and is therefore characterized as aperiodic. The crystal lographic
community preferred at the time to accept the alternative hypothesis put
forward on chemical structure considerations, by the celebrated chemist
Linus Pauling that the material was actually an icosa-lwin (i.c. a composite
of twenty identical crystalline individuals twinned together with icosahedral
symmetry). Condensed matter scientists have however preferred the quasi-
crystal concept, or the concept of an icosahedral glass or a compromnise
between the two.

While it has been known for many years that five-fold and icosahedral
symmetry are forbidden in the presence of two- or three-dimensional trans-
lation groups (represented by two- and three-dimensional Bravais lattices
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respectively), local icosahedral arrangements of atoms in crystals are possi-
ble, as in complex metallic materials. The icosahedral arrangements do not
have ideal icosahedral symmetry. Each icosahedral grouping has local,
neatly icosahedral symmetry, the ideal icosahedral symmetry being broken
by the requirements of the crystal lattice and the associated physical forces
that distort the icosahedral shape. In some cases it is also coarsely broken by
differences in chemical identily among atoms of the group.

With the quasicrystal model, the detailed atomic arrangements in the
icosahedral phases (as exemplified by rapidly quenched MnAl} are not
known exactly. Their relationships with icosahedral groupings in known
metal alloy structures are therefore stili not known with certainty.
Icosahedral groupings and linkages seem to be the important features of the
structures of these materials. We should note that some icosahedral phase
compositions are approximately the same as those of crystalline alloys con-
taining icosahedral groupings and also that there is some correspondence
between the two in observed diffraction intensities. In the last few years, a
number of alloys displaying icosahedral symmetry has been characterized.
Transmission electron microscopy (electron diffraction) has played a central
role in deciding en the quasicrystalline nature of these alloys (fig. 7).

Fig. 7 - Bleciron diffraction pattern of a guasicrystal taken along the 5-fold symmetry
axis
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Fig. 8 - Kinetic roules Lo prepare quasicrystals

The formation of the quasicrystalline phase depends on the competition
the material faces from other phases during the process of nucleation and
growth, both of which depend on the process parameters. In fig. 8 we show a
schematic diagram depicting the different kinetic routes for transformations
involving the quasicrystalline phase (QC). The liquid to QC transfermation is
thermodynamically first-order. Interestingly we can also have a glass-QC
transformation and there seems to be a structural similarity between these
two phases. The glassy state is a higher cnergy state with respect to the QC
state. Therefore, the QC— glass transformation requires high input of energy
(e.g. electron radiation) and the reverse process requires thermal annealing.
Proper annealing can transform a QC to the ordered crystalline phase. It
appears that in terms of order, the OC state is between the glassy and the
crystalline siates.
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The Icosahedral Motif

We have just seen how the icosahedral motif is present in the quasicrys-
talline state. Crystalline alloys with icosahedral coordination are also known
(fig. 9). Buckminsterfullerene, Cq, the supermolecule of carbon has the ico-
sahedral symmetry, I, (fig. 5). It is noteworthy that I, is the highest point
group symmetry. Amazingly clusters of noble gases and metals also exhibit
icosahedral structure almost as if it were Nature’s preferred packing arrange-
ment (fig. 10). The number of metal atoms in stable clusters in the gas phase
corresponds o magic numbers associated with electron or atomic shells. The
atomic shells seem to have preference for the icosahedral structure over the
face-centred cubic structure (cubic close packing) although the two arrange-
ments have the same number of atoms per shell.

Fig. 9 - Part of the crystal structure of NaZn;y where the Zn;; icosahedral cluster is
shown
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Fig. 10 - Electron micrographs of icosahediral gold clusters

Concluding Remarks

From a study of defects in crystalline solids it would appear that large
concentrations of random defects or disorder are not tolerated; an ordering
mechanism manifests itself to eliminate disorder in such solids. Many of the
complex crystalline solids however show departure from periodicity associat-
ed with compositional changes due to occurrence of intergrowths of units of
related structure.

All crystalline solids including metals can be rendered amorphous or
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glassy. In amorphous solids (and glasses) where there is only short-range
and intermediate-range order, one can develop models to describe and simu-
late “structure”. Orientationally disordered solids are an interesting class of
solids formed by spherical molecules; they give rise to a orientational glassy
state on quenching. The quasi-crystalline state of certain alloys is an aperiod-
ic metastable somewhere between glassy and crystalline states. Icosahedral
structural units seem to be present in quasi-crystals. Interestingly, even atom-
ic clusters of metals seem to have icosahedral structures.
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It is a great pleasure pleasure and honor to speak at this Plenary Session
of the Pontifical Academy of Sciences on “Complexity in Mathematics,
Physics, Chemistry and Biology”.

It is also a dilficult task to present the subject of “Relativistic Complexity
in Physics” as, in view of the diverse fields of the members of the audience,
only very elementary mathematics can be used, and also because the time
allotted is very short. Let me plunge immediately into the subject.

Since the XVII century, particularly alter Newton's Principia, two
fundamental concepts have been introduced in physics. One of thern was the
momentum of the particle which, in one dimension, can be expressed as

p=nw (1)

where m is the mass of the particle and v its velocity. The other is the kinetic
energy of the particle

E = my2/2 (2)

Clearly these two concepts are related, as eliminating the velocity v
between them we obtain

P?
F = (3)
2m

“ Member of El Colegio Nacional
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This, very simple, and enormously important, relation pervaded all of
physics until the seminal work of Einstein in 1905.

Without going into any detail of the concepts that lead to its derivation,
we shall simply state the equation that Einstein proposed instead of the
Eq. (3) which is"?

E? = plc? + mict 4)

where ¢ is the velocity of light, which now is assumed to be the same in all
frames of reference.

At first sight Ep. (4) is an algebraic relation as simple as (3), but it has
turned out to be a revolutionary concept in physics and, in one aspect, to
bring about an enormous complexity in describing refativistic phenomena.

Let us first consider the positive square root of Eq. (4) and assume that
(pc) << mic?, so that using Newton's binomial theorem we have

E = (22 + m2e4)1? = me? o+ (p2/2m} + ... (5)

We thus recover the non relativist relation (3) between energy and
momentum, but with a constant term added, which does not interfere with
the equations of motion, but indicates that the simple fact of having a mass
m1 implies an energy mc?,

Now let us return to the relativistic equation {4) and take its square root
with both signs i.c.

E =+ (pPc? + mict)12,

and compare it in fig. 1 with the non-relativistic expression (5) in which the
energy of the rest mass is included.

The part with diagonal lines indicates the region where energy levels are
present associated with different values of the momentum p giving rise to a
continuous spectrum. For the non-relativistic free particte problem, these
Jevels occur above me?, but in the relativistic case they appear both above
mc? and below -me?, due to the = sign of the square root of (6).

The latter situation did not seem to bother those that used relativistic
mechanics for the twenty years after 1905, as they always took the positive
sign of the energy.

' A, BINSTRIN, Zur Electrodynamik Bewegter Korper Ann. d. Physik 17, 891, {1905},
: A, Sommerrirn Bd. The Principle of Relativity, Dover, New York 1952 pp. 37-96; M.
Pranck, Zur Dyrnamik bewegfer Systenre, Ann. d. Physik 26, 1 (1908).
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The advent of quantum mechanics in 1925-1926 and, in particular, the
relativistic equation for the electron in 1928, changed this attitude radically.

Dirac’ became aware that to have a complete set of states, for a one body
problem, one needs to consider both those with positive as well as with
negative energy levels. Nevertheless at the beginning he considered that the
gap of 2mc? (1 M e V for electrons), was sulficiently large to trust
calculations involving only the positive energy part. Thus, assuming a
Coulomb interaction between proton and electron, he was able to predict
correctly the relativistic effects on the spectrum of the hydrogen atom. In [ig.
2 we illustrate the resulting spectrum, where in the ordinate we have the
energy and in the abscissa we indicate the orbital angular momentum.

Because of the = sign of the square root we have reflected levels in the
negative part, and the diagonal lines indicate a continuous spectrum.

The discrete levels below mc? but above -me? are greatly exaggerated if
the charge of the nucleus is ¢ i.e. a proton, but would be approximately
correct if it is Z ¢ with Z of the order of 92, The levels are also slightly split
because of the spin orbit coupling, but the figure is not derailed enough to
show it.

If Z = 137 the two lowest levels join at £ = 0 and thus we can no longer
ignore the negative energies which start to invade the positive part. This may
be seen in future experiments where, for example in the collision ol Uranium
with Uranium, a complex nucleus with Z > 137 could be formed, [or a small
amount of time.

What to do with the negative energy levels? Before entering in their
discussion we wish to analyze a two body relativistic problem in the same
manner used in the one body case.

Assuming that the masses of the two particles are the same, their
energies are given

E, = x(py2c? + m2c)12, (7a)

i Ey = +(p,2c2 & m2eh)e, {7b)

and in the center of mass frame, where the total monument of the system
vanishes i.e.

' PAM. Dirac, The Principles of Quanium Mechanics, Oxford, at the Clarendon Press,
Fourth Bdition, revised 1967, Chapler X1
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pr+pz=0, or py=-py=Ep (8a, b}
the total energy is

E+ = 2(???264 + })ZCZ)UZ
E=EI+E2: EO:O (9)
E_ = .20mic4 + ple2)I2

which is shown in fig. 3.

When we look at the corresponding problem in quantum mechanics, i.e.
the Hamiltonian of two [ree Dirac particles’, we obtain the same type of
spectrum, a continuous one above 2me? or below -2me? indicated by the
diagonal lines, and a single infinitely degenerate one at Ey = 0. Again, we
could dismiss the last one together with negative energy cigenvalues but, if
an interaction is introduced, the latter become active and states start pouring
from below and in particular from the degenerate level £y We have denoted
the latter as a cockroach nest (“cucarachero” in Spanish) because it looks
like an innocuous crack in the wall until you put some food near it i.e. apply
an injeraction.

We have several examples of the behavior of this cockroach nest. In one
case, the Dirac osciilator interaction®, only part of the levels of definite parity
pour out. In another, in which we have a particle-antiparticle system® with a
Dirac oscillator interaction, all the levels pour out from the original Eq = 0.
Finally, for a square well potential, the cockroach nest subdivides into two
parts.

The question remains though of how to deal in general with a relativistic
quantum mechanical problem”. The answer was given by Dirac when he
suggested that all the negative energy states are filled with particles that obey
Fermi statistics and so by Pauli's exclusion principle a transition to them is
forbidden,

« M. MosHInskY, G. Lovora, A, SzezepaNIAK in JJ. Giambiagi Fesischrifi, edited by H,
Falomir ef al World Scientific, Singapore 1990, pp. 324-349.

5 M. Mosimnsky, G, Lovora, C. VILLEGAS, Anomalous basis for representation of the Poincaré
group, J. Math. Phys. 32, 373 (1991).

¢ M. Mosuinsky and G. LovoLa, Mass spectra of the particle-aniiparticle sysfem with a Dirac
oscillator interaction, Proceedings of the 1992 Conference on The Harmonic Oscillator (NASA
publications, in press); M. Mosminsky, L. Bengr, G, LovoLa, A. SALINAS, Comparison of
perturbative and variational proceduves for a relativistic problern, Rev. Mex, Fis, 38, 778, (1992).

71D, Brorken and 8.0, DreLl, Relativistic Quantum Mechanics, McGraw-Hill, New York,
1964.
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The above remark sounds trivial for physicists, and possibly
incomprehensible for those in other disciplines. Thus I intend to discuss it
only with the help of analogies.

Let us consider a car, and a perfecily straight and well paved highway,
on which the car can move at constant velocity with no hindrance, as
jHustrated in fig. 4. This could be considered a picture of the situation in

Fig. 4

Fig. 5
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non-relativistic quantum mechanics. In the relativistic case the highway
would be smooth on the left hand side, i.e. positive energies, but full of holes
of the dimension of the car on the right hand side, i.e. negative energics, as
shown in fig. 5. This in an experience I have lived through on some secon-
dary Mexican highways and I know that the reasonable thing to do is to turn
back. Suppose though that a hand (Dirac's) comes from heaven and puts a
cover on each of the holes as illustrated in fig. 6. Then you can proceed, but
the nature of the problem has changed completely. Before you had a single
car on a smooth highway, now there is the car and innumerable covers.

If you proceed at slow speed the motion can still be almost rectilinear
and uniform but with the feeling of periodic bumps. If you travel at high
speed the covers will fly apart and a veritable chain reaction can be initiated,
with hundreds of covers moving around and a good chance that the car will
end up in one of the holes.

Thus we see that the existence of negative energy levels tremendously
increases the complexity of our problems, as it is impossible, at Jeast at high
energy, to speak of a single particle, as one has to consider its interactions
with all the others with negative energies {op.cit. n. 3, 7).

How are physicists dealing then with the problem? Again using analogies
we could say that there are three ways: Walking over the negative energy sea,
swimming in it or diving.

Walking over it implies restricting ourselves to the positive energy states
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as, for example, Dirac did when dealing with the hydrogen atom. In today's
more complex calculation involving relativistic effects in heavier atoms?,
variational calculations are used which involve negative energy states, but
procedures are introduced in the computer program to eliminate their
contribution.

Walking on the sea, should not be surprising to members of the
Pontifical Academy, as Jesus-Christ did it 2,000 years ago.

By swimming we mean the perturbative calculations that are made, for
example, in quantum electrodynamics’, in which the coupling between the
electron-positron and electromagnetic fields is small, i.e. the fine structure
constant & = (1/137). The validity of these procedures, particularly using
Feynman diagrams, is shown by their extraordinary agreement with
experiment.

Finally by diving we imply the non-perturbative type of procedure when
the coupling between fields is large, as happens in quantum chromo-
dynamics', which seems to describe systems of particles with strong
interactions. For these procedures the largest computers are barely sufficient
and give rise (o a technique known as lattice theory.

In conclusion we sce that the change in the relation between energy and
momentum [rom (3) to (4), while insignificant from the algebraic point of
view, has increased the complexity of our physical world tremendously.

¢ Relativistic Many Body Problems, Procecdings of the Adriatic Conlerence, Editor L.
LinpGriEn, Physica Scripta, Vol. RS7, (1987).

# 1.0, Brorken and S.D. Drewy, Relafivistic Quantum Fields, McGraw-1ill, New York, 1965,

0T Mura, Foundations of Quantum Chromodynanies, World Scientific, Singapore {1987).
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DISCUSSION
(H.R. CrOXATTO, chairman)

CrOXATTO: Dr. Moshinsky's interesting paper is now open for discussion,
questions, comments.

Caniego: What definition of complexity do you have in mind when you say
that the relativistic picture is more complex?

MosHinsKy: T would say, for example, that in nonrelativistic physics, either
Newtonian or quantum mechanical, you can treat the one body problem
by itself. Even in the motion of the planet, when you eliminate the center
of mass motion, you have a one body problem. The quantum non-
relativistic hydrogen atom is a one body problem. But if you are
concerned with problems like those Prof. Rubbia deals with in CErN, or
other people in high energy laboratories, they never have the simple
situation of one body problems, so for that reason I call these
phenomena complex.

CapibBo: It was nice to see this complicated concept presented in a way
which I think makes it transparent. I personally feel that your statement
that this small modification to the question adds complexity, I would say
it adds richness, in the sense that the vacuum which in common
language is considered to be nothing, now turns out to be a very rich
thing. Indeed the vacuum shares in its own essence a lot of properties
with matter, just because the positive and the negative and zero energy
are essentially current and similar properties. Not only does it carry the
properties of the electron position field which, as you have mentioned, is
the most obvious field, because it is connected with the hydrogen atoms
and with things we know about, but it contains all other propertics of all
other particles, first of all fermions, other particles (you have mentioned
quanturn chromodynamics), quarks and anti-quarks. They also make
atoms, they also satisfy the Dirac equation. Therefore they are also
present in one way or the other in the vacuum. In fact if your equations
are extended from the Dirac equations to other types of equations
because the expression E = Me? is true for all particles, they also fill up
the vacuum with all kinds of other particles which are different in
nature. Then you get a field in which those particles sit, but they interact
with each other so strongly that they fill the vacuum with a vacuum
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expeclation value which is non zero. So it is a long journey which starts
from the Dirac equation and goes now to the total revision of the
vacuum, which is no longer just emptiness but what I would call the
lowest energy level, which has less energy but as much richness as
maiter itself. In fact today, we elementary particle physicists are mostly
concenirating on the study of the vacuum. Our most profitable target is
the vacuum itself. We excile the vacuum, we hit a stale of zero energy
which will indicate a new graph of particles, Thus we excite out of the
vacuum the states which are indicated by your graph and then the
vacuum becomes a real horn of plenty. Those of you who have seen the
event produced in the lab have learned that two particles coming
together annihilate, vacuum follows, but is vacuum excited? The result of
energy in the vacuum starts a spontaneous transformation of this excited
vacuum into other particles. In fact, all possible forms of matter come
out, not only the ones which have survived 15 billion years instability,
but all possible forms of matier independently of whether they exist
today, whether thay have been observed by men or not, as long as they
exist as forms of real matter they will be coupled through that little zero
line that you indicated to be a source, of course I would not call it a
snake pit, T would call it a real horn of plenty.

Mosuinsky: I certainly agree with the word richness as applied to the
vacuum. I also would like to point out that the vacuum state appears in
the second quantized ordinary Dirac eqguation and concerns all the
negative energy states that are filled with electrons. In the two body
problem I discussed, the line at the center is not the vacuum, but a new
type of state we called cockroach nest as we are not dealing with second
quantization. Atomic physicists that deal with variational procedures for
the sum of Dirac Hamiltonians plus Coulomb interactions, get these
types of cockroach nests, but pay no attention to them as they only want
states in the vicinity of Zme? {where Z is the charge of the nucleus, and m
the mass of the electron}. They should though take these nests into
account because they affect the variational results, and we are discussing
this situation with atomic physicists interested in relativistic effecis. In
relation to whether the word richness is more appropriate than
complexity, for the problem I am discussing I would like to go back to
the presentation of Lovasz on Information and Complexity, who related
the latter term with the length of the program required to get some
specific information. Now if you want to get numerical information on,
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say, the Bohr energy levels in the hydrogen atom, the program is only a
few lines long, but anything that is done in relativistic physics with
present day accelerators requires very long programs on the most
powerful computers. That is why I call relativistic phenomena and, in
particular, the vacuum as visualized in relativistic quantum mechanics, a
very complex phenomena,

Ruggia: I believe that the vacuum being the state in which all possible
physical phenomena are present, in a virtual way, but still present, will
win the record for the highest complexity.

THrRING: T just wanted to add a word to what Rubbia has said, because he
seems to be a vacuum fan and I think there is one thing one can say
about the vacuum inspite of its complexity. It is usually the only state
which is invariant under Lorentz transformations. You could also say the
vacuum fills like a gas or so all of space and contains a lot of stuff inside,
but it has a remarkable invariance property, it is not only isotropic and
translation invariant but it is even invariant under the Lorentz
transformation, where we mix space and time; this is what sets it apart
from other substances which we see.



THE NON-LINEAR UNIVERSE:
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1. Introduction: Cosmology as a Theory of the Ensemble of Universes

Cosmology is exposed to a seemingly irrefutable objection: it cannot pre-
tend to be a truly empirical science since it studies the object, the Universe,
of which we are given a single copy. What does a single “copy” mean? Are
stars, cluster of galaxies, atoms, and quarks given to us in “many copies”?
Are they given to us or constructed by us?

Laws of physics are usually expressed in the form of differential equa-
tions.' Solutions of these equations reconstruct general patterns of the
world’s behaviour, whereas suitably chosen initial or boundary conditions
account for individual characteristics of phenomena. This is where “many
copies” enter our theoretical investigations: many copies of atoms, electrons,
quarks, of our Galaxy and, if necessary, of the Universe. Let us see how this
method works by considering the example of the Universe.

The paradigmaltic equations of XXth century cosmology are the field
‘equations of Einstein’s general theory of relativity. Having the equations we
iry to find as many of their solutions as possible. We treat each class of solu-
tions as if it represented a family of potential universes and then we attempt
to identify by the initial or boundary conditions the subclass of solutions
which best fits the Iarge scale structure of the world we actually observe,

' Bul also in the form of symmetries, It seems that there is no serious philosophical analysis
of this twofold mathematical expression of physical laws (i.e., laws as differential equations and
laws as symimelries).
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Although we try to narrow this subclass as much as possible we are always
left with a cerlain observational indeterminacy® which does not allow us to
single oul the unique world model.

From the theoretical point of view we are also interested in universes
(solutions of Einstein’s equations) that are not very similar to the world we
inhabit. The only way to learn which properties of the world are its essential
features and which are its accidental ones is by comparing various solutions,
i. e., by investigating the “space of solutions”. For instance, we study how the
properties ol having singularities or horizons, of admitting favorable envi-
ronment for carbon life, efc., etc,, are distributed within the space of the
solutions of Einstein's equations,

Even the results of our experiments (which ultimately are just real num-
bers) give us no direct access to the “world in itsell”. We must construct it
with the help of our theoretical machinery, and from the very nature of this
construction, when producing one copy, we automatically produce many
“nearby” copies. In this way, the possibility of producing many copies of a
given instance turns out to be the key property of the empirical method. As
we have seen, cosmology is not an exception in this respect.

The set (or space) of all solutions of Einstein's field equations is someti-
mes called the ensemble of universes. From the mathematical point of view,
it is a very complicated space. In fact, only its rather small subspaces have
been investigated. The above considerations justify treating cosmology as a
theory of the ensemble of universes’. Such an approach to cosmology turns
out to be especially fruitful, or even unavoidable, when topics like those
which will be studied below are concerned.

In section 2, I briefly discuss some features of Einstein’s field equations
which are reoted in their non-linear character. One of such features is the
existence of the deterministic chaos in some (or possibly in the majority) of
their solutions. Strangely enough, it would be better to play dice than make
computations to predict the evolution of a world modelled by such a solu-
tion. This is analysed in section 3. Another problem is that the commonly
used criterion of chaos {Lyapunov exponents) depends on time reparametri-
zation and consequently it cannot serve as its invariant characterization.

! Even without inveking quantum uncertainties, simply because of unavoidable
measurement errors which in cosmelogy are usually bigger than in other branches of physics;
usually, but not always, see, for instance, recent COBE measurements of the temperature of the
blackbedy background radiation.

' M. Huvee, Theoretical Foundations of Cosmology, World Scientific, Singapore-Londen
1992.



COMPLEXITY AND ASTROPHYSICS ~ HELLER 193

Recent resulis in the relativistic (i.e., invariant} theory of chaos are reported
in section 4. On the one hand, equations admitling chaotic behaviour are
non-integrable. On the other hand, integrable equations are at the core of
almost all developments in theoretical physics. The interaction between
chaos and integrability is discussed in section 5. It is argued that the phase
spaces of physically important chaotic systems are, in a sense, organised by
the phase spaces of “nearby” integrable systems. Some examples are quoted
and analysed. And finally, in section 6, some doubts are considered concer-
ning the view that the existence of life is a generic property of the ensemble
of universes.

2. Non-Linear Straiegies in Space-Time

The Binstein field equations are
G+ Ag =T

where G is the Einstein tensor, g - the metric tensor of space-time, T - the
energy-momentum tensor (responsible for the distribution of all form of
energy in space-time besides that of the gravitational field), A - the so-called
cosmological constant, and « - the gravitational constant the value of which
guarantees the smooth transition to the limit of the Newtonian theory. In
this short string of symbols a very rich structure is encoded (if written in
components without any simplifications the above equations contain several
thousand terms). From the mathematical point of view Einstein’s equations
constitute the set of ten strongly non-linear second order partial differential
equations. For a Lorentz metric g (which is the standard choice) they beco-
me hyperbolic, i.e., wave eguations.

One often hears that, on the strength of Einstein's equations, it is the
distribution of “matter” (7) that determines the space-time geomeltry (g}, but
in fact the interaction between T and g is more complicated. One cannot first
specily T and then solve the equations for g since all physically sensibie for-
mulae for T depend on g. Consequently, any g whatsoever is a “solution” of
Einstein’s equations if no restrictions are imposed cither on T or on g*. The
important fact is that these equations admit four arbitrary functional
degrees of freedom among ten components of g. This fact reflects the free-

“They can assume the form: of space-time symmetry assumptions or restrictions imposed
on the algebraic type of the Riemann tensor, or on boundary conditions.
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dom of making arbitrary changes of coordinates, and reduces the number of
ten equations to an independent six.

The much popularized fact thaf, according 1o general relativity, gravity
bends space-time is a symptom of the non-linearity of this theory. It is
exacily to this property that the theory owes some of its most appealing pro-
perties. I shall mention only those relevant to the present paper.

1. The holistic character of the theory. The essential property of non-linear-
ity is that in a non-linear equation, in contradistinction to a linear one, the
superposition of two solutions is not a solution. Roughly speaking, a non-linear
structure cannot be built up by simply adding or juxtaposing its component
parts; it consists of a subtle hierarchy of interactions between all elements of
the totality, interactions between interactions included, The degree and strength
of this hierarchy may be of various types and is determined by the concrete
form of non-linearity. In general relativity we are faced with its strong form.,

2. Strictly connected with the above property is another aspect of the non-
local character of general relativity. Although solutions ol Einstein’s equations
are determined only locally (as is the case with solutions of all differential
equations), non-local topological questions enter the theory from the begin-
ning. In connection with this, two remarks are to be made. First, this kind of
non-locality refers not to space alone but to space-time, i. ¢., also the histories
of objects or of observers are part of a global play. Moreover, the concept itself
of history strongly depends on the structure of the totality. It turns out that the
very existence of the global history of the Universe is not a generic property in
the ensemble of universes. To have a global history, a given universe must sat-
isty rather demanding causality conditions®. Second, this non-locality refers
not only to space-time, but also to various matter fields which, through the
fteld equations, are coupled 1o the gravitational field.

3. Non-linearity is the necessary, but not sufficient, condition for the exi-
stence of deterministic chaos. The essence of deterministic chaos consists in
a complete unpredictability of the system (described by equations which are
in principle fully deterministic) originating from an arbitrarily small, but
finite, indeterminacy of the initial data. Unfortunately, not much is known
about the nature and existence of chaos in partial differential equations.t In

* M. HeLLER, Tinte and History: the Humanistic Significance of Science, Turopean Journal of
Physics, 11, 203-207 (1990). M. Herier, Time and Causality in General Relativity, The Astronomy
Quarterly 7, 65-86 ($990),

The standard approach is Lo approximate partial differential equalions by diflerence
equations, the so-calied maps, and investigate chaos in terms of the latler.
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principle, because of their strong non-linearity Einstein’s equations, even in
the absence of any non-gravitational energy, allow for solutions of the
chaotic type for the metric field, but in fact only those cases have been
studied which can be reduced to a system of ordinary differential equations
(this can be done for spatially homogeneous world models, the so-called
Bianchi cosmology). Although only several individual chaotic solutions are
known, there are good reasons to believe that the existence of the determini-
stic chaos is a generic property within the ensemble of universes.

4. In the light of the above one should reconsider the determinism issue
in relativistic cosmology. In addition to the fact that the hyperbolic character
of the metric introduces strong limitations to classical determinism and cau-
sality (light cones, domains of dependence, Cauchy horizons...), the unpre-
dictability connected with the deterministic chaos unconditionally ruins all
Laplace-like programs in cosmology’.

5. Non-linear effects make possible the origin and growth of self-organi-
zing structures, It is known to-day that such structures - from clusters of
galaxies to living organisms - can persist and evolve in the far-from-equili-
brium states owing to various non-linear gravitational, chemical, thermody-
namic, etc. strategies. Since such structures consist, in essence, of spacial
patterns and temporal rhythms it seems that the necessary precondition to
produce them must be for the Universe to admil a certain non-purely-local
history. If the existence of the history is not a generic property in the ensem-
ble of universes, the same should be said about the existence of self-organi-
zing structures. Moreover, the question could be asked: is the existence of
self-organizing structures a generic property in the subensemble of universes
admiiting the existence of histories? Time (history) and life seem to be
epiphenomena of non-linearity. (Some remarks concerning the generic cha-
racter of life will he made in section 6.)

6. The non-linear character of equations is sometimes so tedious in solving
problems that one would like to have the possibility of linearizing the pro-
blem, i. e, to find a set of linear equations which would sensibly approximate
the situation. If one regards the ensemble of universes as a geometrical space
(the points of which are solutions of Einstein’s equations), then the linearized
Einstein equations would determine the tangent space to the ensemble. Of
course, one can meaningfully speak of the tangent space only if the ensemble

"M. HeLLeR, Laplace's Demon in the Relativistic Universe, The Astronomy Quarlerly, 8, 219-
243 (1991).
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has the structure of the differenciable manifeld (in a neighbourhood of the
considered solution). In such a region Einstein's equations are said to be stable
with respect to linearization. As shown by Fisher et al?, this is not the case
around the spatially closed solution with sufficient symmeiries?, where the
ensemble exhibits an unexpected complexity (conic singularities appear). The
fact that in the neighbourhood of such solutions the ensemble is not even a
manifold shows its geometrical richness, and also poses serious problems,
especially when the method of “small perturbations” is applied to Einstein's
equalions, e. g. in studying the problem of the origin of galaxies and their
agglomerations (in such circumstances spurious perturbations can easily be
fabricated, (1)).

7. The smoothing-out problem. This problem is especially imporiant for
the RWFL cosmology.”” World models belonging to this class (which itself is
of zero measure within the ensembie) are spatially homogeneous and isotro-
pic and, as testified by many observational data, surprisingly well approxi-
mate the actual Universe. The problem is that our Universe is manifestly
non-homogeneous over scales smaller than 10 or even 100 Mpc, exhibiting
rather complicated texture of the “galactic tapestry”. On such scales the
space-time geometry, as determined by strongly non-linear Einstein’s equa-
tions, is expected to be extremely complex. How could it happen that it is so
well approximated by the spaces of constant curvature corresponding to the
isotropic and homogeneous distribution of matter? For non-linear equations,
an “averaged solution” is, in general, not a solution. Are we faced with an
exceptionally benevolent type of non-linearity that makes the lile of cosmolo-
gists easier than allowable in principle? It seems that this is really the case.
Carfora and Marzuoli" have performed a smoothing-out procedure for
models which may be considered to be near (in the ensemble of universes) to
the closed RWFL cosmological models. The procedure has been made in the
full theory, having nothing in common with the linearizing of the Einstein
equations®. It has been demonstrated, for the considered class of models,

* AE. Fisciir, JLE. Marspen & V. Moncrizr, Symmetry Breaking in General Relativity,
Essays in General Relafivity — A Festschrifl for Abrahar Taub, ed. by F.J. Tipler, Academic Press,
1980,

*Although it has been formally shown for Rinstein's equations wilh vanishing energy-
mementum tensor, the result could be extended to classes of matiier fields, such as gauge
theories coupled to gravity.

“RWFL slands [or Roberlson-Walker-Friedman-Lemailre.

! M. Carrora & A. MarzuoLt, Smoothing owt Spatially Closed Cosmologies, Physical Review
Letters, 53, 2445-2448 (1984).

“The idea is lo select initial data, the Cauchy development of which leads to the model 1o
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that the smoothing-out procedure, for decades used in cosmology without an
explicit explanation, is indeed a legitimate method.

I have listed above some spectacular features and problems generated by
the non-linear character of general relativity. However, one should remem-
ber that in the “every-day life” of this theory in contemporary physics its
non-linearities seldom assume more proncunced forms, In analysing many
phenomena the linearized field equations are enough and, as we have seen,
the smoothing-out procedure in cosmology effectively screens cut more dan-
gerous non-linear effects. The strongly non-linear character of general relati-
vity shows up in such exotic states (exotic from our point of view) as the very
early moments of the Universe and violent phenomena in astrophysics. They
also play decisive roles on the conceptual level, for instance in all attempts to
quantize gravity.

3. Does God play dice?

It is an interesting property of our mind that it takes for granted events
of high probability, but it asks for explanations if confronted with improba-
ble events. It looks as if the high probability of an event were for our mind a
kind of “sufficient reason” to justify the occurrence of the event. A random
outcome when playing dice does not evoke our surprise, but if the outcome
is ten times in succession the same number we begin to inquire “why?”, This,
when applied to our understanding of the world, leads to what has been cal-
led by Ellis the probability principle’®; it states that “the universe model
should be one that is a probable model within the set of all universe models”.
To make this principle a workable tool one should define an appropriate pro-
bability measure on the ensemble of universes, Till now no such measure is
known, and instead one usually employs the other principle, called the stabi-
{ity principle stating that the world model, when slightly perturbed, should
retain its original shape. Rigorously speaking, this requires at least a reaso-

be averaged out. These data are then smoothly deformed into the initial data for a closed RWFL
world model. The deformation is defined in such a way that the four constraini equations are
aulomalically satisfied. The flow of deformed inival data generates a one parameter family of
solutions which interpolate between the space-time to be averaged oul and the closed RWFL
sclution which now can be considered as a smoothed out version ol the original space-time,
“G.F.R. BLus, Relativistic Cosniolegy: Iis Nature, Aims and Problems, General Relativity and
Gravitation — Invited Papers and Discussion Reports of the 10th International Conference,
Padua, July 1983, ed. B. Birrorr, F. pE FiLic: & A, Pascorin, Raidel, Dordrechi-Boston 1984,
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nable topology on the ensemble of universes to make meaningful such terms
as “slightly perturbed” and “to retain the original shape”; in practice, howe-
ver, people perturb a given quantity describing the Universe (e.g., its
Hamiltonian) by adding to the equations a term with a small coelficient, and
look how this procedure affects the considered world’s property.

Another rather technical point is that one seldom considers merely the
set of all possible universes, i.c., the set of solutions of Einstein’s equations,
but rather the set of all possible initial conditions which lead to these sclu-
tions. The probability principle in such a formulation would imply that our
Universe should be modelled by the solution evolved from the initial condi-
tions chosen at random. Many people believe that in fact this is not the case.
In their opinion, the Universe evolved from random initial conditions would
have been very different from the one we inhabit and investigate. Some pro-
perties of our Universe, such as the high degree of its spatial isotropy and
homogeneity, iis precise expansion rate, physical and chemical conditions
enabling the biological evolution to start and continue, make it very “impro-
bable” within the ensemble of universes; in fact, they make it belong to its
zero-measure subset. We can picture the Creator, equipped with a pin which
he throws at random onto the space of initial conditions. The initial data
shown by the pin are to be created to produce the Universe. If the Creator
plays his game honestly, the chances for a Universe like ours to be created
are null.

It seems that the way out of this “improbability dilemma” is the so-called
mixmaster program in cosmology. According to this program, the initial data
of our Universe were completely chaotic, i.¢., chosen at random from among
all possible initial data, but they came 1o appear very special because some
dissipative (mixing) effects ironed out all original irregularities. Particle crea-
tion, neutrino viscosity or hadron collisions were suspected to mixmaster the
carly Universe, giving it its present shape.

Of course, this program “explains” the special character of the actual
Universe only if the above mechanisms work equally well in all sufficiently
typical initial conditions. To see whether this is really the case we must turn
to those solutions of Einstein’s equations in which mixmaster processes can
occur. For this to happen the geometry and the evolution must be properly
synchronized, For instance, if the expansion is too [ast it can prevent mixing
to overwhelm the entire universe. Only very few mixmaster solutions are
known. The Bianchi IX mixmaster world model serves as a case-study.
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In 1921 Kasner” found a seemingly simple solution of Einstein’s equa-
tions which was first studied as a cosmological generalization of the RWFL
model by Schiicking and Heckmann'®. The model is flat and has ellipsoidal
symmnietry at any instant of time; it expands along two perpendicular direc-
tions, and contracts along the third perpendicular direction. Its rate of evolu-
tion is such that the total space volume expands proportionally to time, but
implosion in one direction causes the model to evolve towards an ever-flatte-
ning (but expanding in two directions) pancake.

Historically, the Kasner modet (in fact, it is a one-parameter family of
models) was interesting as the first discovered spatially homogeneous but
anisotropic solution of Einstein’s equations (to-day classified as a Bianchi I
solution); now its importance stems from the fact that it serves as a building-
block of the Bianchi IX mixmaster world model, originally investigated by
Misner® to whom we owe the mixmaster idea in cosmology”. This world
model is spatially closed, and has the initial singularity of the Big Bang type
and (probably) the final singularity of the Big Crunch type. Iis evolution
backwards in time {towards the initial singularity) consists in the sequence
ol Kasner-like epochs separating cycles during which two axes perform a
certain number of “small oscillations” accompanied by the monotonic
decrease of the third axis. Then, suddenly, the Kasner epoch occurs: the axes
change their roles in an unpredictable manner, two of them collapse, whe-
reas the third one is streiched in a vielent tidal deformation. The evolution
jumps to another cycle, the amplitudes of all oscillations become bigger, and
the process leads to a continuous squeezing of volume. The jumps succeed
one after the other. An infinite number of Kasner epochs will occur before
the initial singularity is reached (see fig. 1).

One can suspect that such a special evolutionary pattern would require a
special tuning of the initial conditions. Indeed this happens 1o be the case.
Although rather simple algorithms exist to compute the number of small
oscillations in every successive cycle {provided we choose this number in the
first cycle), the oscillation amplitude and the periods of oscillations, the
system is entirely unpredictable. To compute the state of the system at a cer-

"I Kasner, Geometrical Theorems on Einstein’s Cosmological Fquations, American Journal
of Mathematics, 43, 217-221 (1921),

BE. Scnieking & 0. HuckMmann, World Models, La struciure i Pevolution de Punivers,
Onziéme Conseil de Physique (Solvay), Stoops, Bruxelles 1958,

“CW. MIsneRr, Mixmaster Universe, Physical Review Letter 22, 1071-1074 {1969),

TCW. MisnER, The Isotropy of the Universe, Astrophysical Journal 151, 431-457 (1968).
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Fig. 1 - The mixmaster evolution of the Universe.

tain moment one should know the initial data with infinite precision. A tiny
error in our knowledge of these data, for instance, at the tenth decimal place,
after only eight cycles would completely ruin the possibility of predicting the
oscillation number in subsequent cycles. Such behaviour is technically called
deterministic chaos. I not usual measurement errors {we could suppose the
Creator knows things precisely), the quantum uncertainties (which, after all,
the Creator himself has invented!) would make such a world a completely
unpredictable system. Therefore, we could suppose that even for God it
would be better to play dice (or toss a coin if He prefers zero-one outcome)
in order to compute the evolution of such a universe rather than make com-
putations.

Unexpectedly, the last sentence turns out to be almost literally true. As
shown by Chernoff and Barrow', the dynamics of the mixmaster model can
be reasonably well approximated by the so-called Bernoulli process (an itera-
tion map generated by a simple difference equation") which in turn is iso-
morphic to the ideal coin tossing or dice playing®.

"D.F, Cunrnorr & J. Barrow, Chaos in the Mixmaster Universe, Physical Review Letters, 50,
134-137 (1983).

#J. Forn, How Random is a Coin Toss? Physics Today, April, 40-47 (1983).

©1n fact, the Bianchi IX mixmaster dynamics is mixing, ergodic, Bernoultlian and has
positive Kolmogorov entropy.
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4, Towards the Relativistic Theory of Chaos

Standard indicators of the chaos existence in dynamical systems are the
so-called Lyapunov exponents measuring an exponential separation rate of
nearby trajectories which, in turn, causes effective “forgetting” the initial
conditions and, consequently, the onset of chaos. To be more precise, let us
consider the phase space of a dynamical system and (wo trajectories in it
evolved from the initial conditions separated by a small distance Ag. At some
later time t, under the action of dynamics, this distance becomes A. If the
ratio AfAy grows exponentially with time, the quantity (1/0)InlA/Ay] exists and
is finite. The limit A of this quantity when A, goes to zero and t goes to infi-
nity is called the {(principal) Lvapunov exporneni®. Chaos exists in the sysiem
ifA>0.

The criterion of chaos existence defined above explicitly depends on time
reparametrization, and this makes its application to general relativity mislead-
ing. For instance, in current literature three “times” are used to analyse the
mixmaster Bianchi IX model: 1) the cosmological time t in which the Big
Bang occurs at 1 = 0; 2) the so-called A-time (the “standard time” for Bianchi
cosmologies) in which the initial singularity takes place at A — oo; and 3) the
Misner-Chitre time T in which one approaches the initial singularity as T — .
All three times are interrelated by trasformations of an exponential type. For
the mixmaster Bianchi IX world model the Lyapunov exponent is equal to
zero in the A-time, is positive in the Misner-Chitre time and is inapplicable to
this model in cosmological time since the region of chaos is not near t = = but
near { = 0; however, by using other methods it can be demonstrated that in the
cosmological time 1 trajectories diverge even faster than exponentially®. No
wonder that when Lyapunov exponents are used for numerical computations
one oblains indecisive resultst.

It has been shown by Chitre* that the mixmaster Bianchi IX model can
asymptotically be represented by the geodesic flow on a curved space, and
the fact that the curvature of this space is negative tesiifies to the presence of

# Usually, one Lyapunov exponent is defined [or each dimension of the phase space (the
separation A, belween trajectories is regarded as a veclor in the phase space, and projected
along the vnit vectors of the coordinate system). The principal Lyapunov exponent, defined in
the text, coincides with the largest of these exponents.

=Y PuLLiN, Time and Chaos in General Relativity, reprinl Syracuse University, 1990,

B, PuLLIN, arl, cit., and S. RuaH, Chaos in the Einsiein Relativity, reprint of the Niels Bohr
Insitute, Copenhagen, 1991,

“13.M. Currriz, Ph. D, Thesis, Universitly of Maryland.



202 PONTIFICAL ACADEMY O SCIENCES: PLENARY SESSION 1992

chaos. The idea has been [ully elaborated by Szydlowski and his co-
workers®. Its main features are the following.

It can be shown, by using the Maupertius least action principle, that any
Hamiltonian dynamical system can be reduced to the prebiem of the geode-
sic flow on a certain {pseudo)riemannian space with the so-called Jacobi
metric {essentially, determined by the potential). The trajectories of the
syslem are now represented by geodesics on this (pseudo)riemannian space,
and from their behaviour one can make inferences about the existence of
chaos (with the help of the geodesic deviation equation).

To present the Bianchi IX cosmelogy in the form of a Hamiltonian
system is a standard thing, and it turns cut that the rest of the procedure
works equally well.

However, the deviation cquation is too complex to be solved directly, but
there is a simple procedure® which gives us the sign of the Ricci scalar {with
respect to the Jacobi metric). If this sign is negative, the geodesics of this
metric are unstable against small changes of the initial conditions, i.e.,
deterministic chaos appears (in compact areas of the phase space)”. The
chaotic behaviour itself can be identified with the negative sectional curvature
averaged over all two-directions?®,

As we can see, the above construction is purely geometric and can serve
as an invariant indicator of deterministic chaos. It liberates us from all trou-
bles connected with the reparametrization of time.

5. Chaos and Integrabilily

In the light of the prevalent view, a certain degree of deterministic chaos
seems 1o be a necessary condition for the origin and evolution of organized

B M. SzyprLowsk: & Lapera, Pseudo-Riemannian Manifold of Mixmaster Dynaniical Systems,
Physics Letters, 1484, 239-245 (1990), M. Szvnrowski, 1. Szczrsny & M. Binsiaba, A Criterion for
Local Instability of a Geodesic Flew from the Jacobi Equation in Permi Basis, Chaos, Solitons and
Fractals, [, 233-242 (1991); M. Bmsiapa & M. Szynrowsxl, Mixmaster Cosmiological Models as
Disturbed Toda Lattices, Physics Letters, A 160, 123-130 (1991}, M. Szyvprowskr & A. Larnra, The
Local Instability of Mixmasier Dynaniical Systemis, General Relativily and Gravitation, 23, 151-167,

*The potential of the system depends on two vectors, the angent to the geodesic and the
normal one, which are chosen at random from alt possibililies.

# One should notice that the chaotic behaviour, being a gualitative propertly, can be
destroyed by the averaging proceduwre, but it cannol be created by it Therefore, the negalive sign
of the Ricei scalar is only a sullicient condition of chaos,

*The relaxation time of the system can also be defined in {erms of the sectional curvature;
it turns out to coincide with the Kolmogorov entropy.
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structures (biological life included). On the other hand, theoretical physicists
would be inclined 1o say that everything that exists in the world (the world
itsell included) is modelled by a solution of a certain differential equation?.
Even if this statement might seem exaggerated, one should admit that the
world our physics reconstructs would be unthinkable without solving diffe-
rential equations. One should suspect that one owes the existence of structu-
res {onesell included) to an interaction between chaos and integrability.

As far as chaos is concerned there seem to be no major problems: as we
noticed earlier, the existence of chaos is most probably the generic property
within the ensemble. But there are problems with integrability: our experien-
ce with the Hamiltonian dynamical systems tells us that any small perturba-
tion of the form of an integrable equation almost always destroys its integra-
bility. In view of these, all successes of modern physics, based on modelling
phenomena in terms of integrable equations, seem to be an edifice construc-
ted on a razor’s edge. It was René Thom who first stressed the contradiction
between {to use his wording) “structural stability” and “calculability”. He
wrote: “Today’s physics has sacrificed structural stability to calculability; 1

Fig. 2 - The invariant tori of the Kolmogorov-Arnold-Moser theorem.

" This statement need not be incompatible with the fact that certain laws of physics
assume the form of symmetries; see fooinate 1.
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would like to believe that physics would not have to regret its choice™*. It
seems, however, thal this need nol necessarily be the case. The disjoint
either-or could in fact be replaced by a nice consonance.

The problem of integrability is a difficult problem, and to go beyond intui-
tions one would have to limit one’s considerations to the Hamiltonian dyna-
mical systems. The integrability of this class of systems was intensively stu-
died in connection with the famous problem of the stability of the planetary
system. This is not to say that dissipative systems play a lesser role in science.
On the contrary, the very mechanisms of life are inseparably linked with dissi-
pative structures, We only consider the Hamiltonian systems as an indication
of how tricky things could be when we change to more general situatiens.

1
—
=
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Fig. 3 - Stochastic layers in the space of a fast asymmelric lop.

W R. Tuowm, Stabilitd siructurelle et morphogéndse, Intevedition, Paris, 1977,
“ Strictly speaking, there is a difference between “calculability” and “integrability”, but I do
not think Thom's idea differs very much from that developed above,
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First of all, we must remember that there is no single concept of integra-
bility; as Poincaré said “a system can be only more or less integrable”.
However, for the sake of present — of necessity very sketchy - reflections it
would be enough to understand integrability in its broadest sense as the pos-
sibility to solve a system in a finite number of steps consisting of algebraic
operations and compulting integrals of known functions (quadratures)*'. The
general result is that any perturbed integrable Hamiltonian system is non-
integrable. Moreover, if a Hamiltonian dynamical system depends on a para-
meter (i.e., if we have a one-parameter family of Hamiltonian systems), then
integrable systems correspond, in a general situation, 1o exceptional jsolated
values of the parameter.

If in phase space the regions of the different behaviour of trajectories are
separated from each other by invariant stable or unstable trajectories, called
separairices, they play an important role in determining the topological
structure of the phase space of the considered dynamical system. The exi-
stence of separatrices is a characteristic feature of integrable systems (the
separatrix itself is a solution of the system). It turns out that although inte-
grability is an unstable property of dynamical systems, some structural ele-
menls of integrable systems survive the action of small perturbations, An
outstanding example is the Kolmogorov-Arnold-Moser theorem concerning
the stability of the solar system. The structure of the phase space of the cor-
responding non-perturbed Hamiltonian system is such that its trajectories
wind up around invariant surfaces forming a family of concentric tori (fig. 2).
The theorem states that the majority of invariant tori survives any sufficien-
ily small perturbation but undergoes deformations. This means that for the
majority of initial conditions, for the dynamical systems remaining close to
the integrable ones, the motion continues to be quasi-periodic. These pheno-
mena are accompanied by a dissolution of separatrices in the phase space of
the perturbed system®,

In some examples (for instance in the motion of a fast asymmetric top),
when an integrable system is perturbed its separatrices disappear and in
their places stochastic layers are created (fig. 3). In this way, the structure of
the phase space of nearby models is somehow organized by the structure of
the integrable model or, in other words, an integrable trajectory (separatrix)

H"W.W. Kozvow, fntegrability and Non-Integrability in the Hamiltonian Mechanics, Usp. Mal.
Nauk, 38, 3-67, (1983).

2 W.L ArnoLp, Mathematical Methods of the Classical Mechanics, Polish Scientific
Publishers, Warsaw, 1981 (Polish translation from Russian).
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is approximated by chaotic ones. Bogoyavlenskii* has even elaborated a
method allowing him to reconsiruct complex dynamical regimes having
some stochastic properties by investigating the behaviour of separatrices
{which approximate, the topology of trajectories)*.

Let us turn io another importanl example. An interesting type of dyna-
mics has been discovered by Toda® when investigating the problem of the
wave motion in non-linear media. It has been found by him that solitons in a
one-dimensional non-linear lattice are conserved and behave like particles. A
simple model of this kind, in which particles of unit mass with an exponen-
tial potential are considered, is integrable, but some of its “disturbances”
exhibit stochastic properties. The model has led to a number of theoretical
works®, It turned out that the mixmaster Bianchi XI cosmological model
belongs to the class of disturbed three-particle Toda lattices. Already in the
third order of approximation such a Toda system has clear stochastic pro-
perties and exhibits all qualitative features of the mixmaster Bianchi IX
world model”. We are entitled to say that the phase space structure of the
non-integrable and chaotic mixmaster model is organized by the phase space
struciure of the integrable Toda lattice to which the mixmaster model is an
approximation.

Examples of this kind offer an interesting possibility of reconciling the
discrepancy (alluded to by Thom) between integrability and structural stabi-
lity: the wealth of evolving forms in the real Universe is possible because of a
subtle interaction between these two properties. To have an organized struc-
ture one needs chaos, but not any chaos; it must be of such a special sort
that would lead, in the limit as the perturbation goes to zero, to an integrable
system.

This would also explain another puzzling property of the world, namely
its capability of being approximated by relatively simple mathematical
models. To this property science owes its very existence, and so far it has see-

“0.1. BocovavLeNsKI, Methods in the Qualitative Theory of Dynamical Systems in
Astrophysics and Gas Dynamics, Nauka, Moscow, 1980 {in Russian), pp. 31-34.

YGUM, Zastavski & R.Z, Sacorrv, Tifroduction to Non-Linear Physics, Nauka, Moscow,
1988 (in Russian), pp. 129-139,

S M. Tona, Waves in Nonlinear Lattice, Prog. Theor. Phys. Suppl., 45, 174-200 (1970).

% (.1 BoGOYAVLENSKL, op. ¢it., pp. 300-313. G. Conrorouros & C. PoLymILs, Approximations
of the 3-Particle Toda Lattice, Physica, 24 D, 328-342 (1987); S. Unry & L. MarmingT, Orbital
Behaviour Transition from Hennon-Heiles to the Three-Particle Toda Latiice Hamiltonian, Physica,
44D, 61-74 (1990).

M. Bizsiana & M. SzyprLowski, Mixnwaster Cosmological Models as Disturbed Toda Lattices,
Physics Letlers, A 160, 123-130 (1991).
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med to be one of the greatest mysteries of natural philosophy. If the above
considerations are correct, they throw new light on this question. Forms in
the real world are by no means simple, they are non-integrable and chaotic®,
but they inherit at least some of their structural properties from integrable
mathematical structures. In our investigations of the world we are hunting
for simple integrable structures. If we find a correct one (we do surprisingly
often), the world responds to it through various experimental data. These
data, being always “contaminated” by unavoidable measurement errors, do
not fit exactly (o a unique integrable model, but rather to a class of nearby
chaotic and non-integrable ones. In a sense, it is not our simple (integrable)
structures that approximate the complex (non-integrable) structures of the
world, but rather vice versa: the wealth of structures in the real world
approaches, in a sort of a limiting process, our integrable models.

To sum up, we have these three: structural stability of chaos, integrabi-
lity of equations, and the world’s property of admitting approximations by
our simple models. Neither of these three is independent of the other two.
They are all aspects of the strong non-linearity of Einstein’s equations.

I should point this out clearly, that the ideas developed in this section are
but hypotheses based on examples taken from the class of Hamiltonian
systems. However, these hypotheses persuasively suggest that deterministic
chaos and integrability need not be antagonistic properties of the world but
rather mutually cooperating aspects of its non-linear structure, We should
expect that a non-Hamiltonian dynamical system could offer us yet richer
examples of this cooperation.

6. Our Place in the Ensemble

The measurements of the blackbody background radiation give us the
ratio of the number of photons to the number of baryons (the so-called
entropy per baryon) which is of the order of 108, This number imposes strict
constraints on the amount of chaos admissible in the carly history of the
Universe. All chaos had to be effectively smoothed out before the baryon

*The Reader is asked to forgive me for abusing the language. I should have said "forms in
the real world are modelled by non-integrable and chaotic equations”, etc., but such pedantry
would make the text non-readable. T hope this concession on behalf of the smoothness of
language, met from: time (o time throughoul the present paper, will not lead Lo misunder-
standing.



208 PONTIFICAL ACADIEMY OF SCIENCES: PLENARY SESSION 1992

number first imprints upon the world’s structure, and this occurs when the
Universe is 10-35 second old. If this happened later, the heat production due
to chaos dissipation would have been so great that life would have had no
chances 1o appear.

This again raises the question of how special are we in the ensemble of
universes. As we have seen, according to the philosophy implemented in the
probability principle (see section 3 above) owr existence is justified provided
the life admitting conditions are generic in the ensemble of universes. A
modification of the same philosophy guides many works connected with the
so-called inflationary scenario. The inflation phase is the very early period in
the world’s evolution when, owing to the splitting of the strong nuclear force
from the electroweak force, the quantity p + 3p becomes negative {(p is here
the energy density and p the pressure of the fluid filling the Universe), cau-
sing the exponential expansion which is superimposed on the ordinary
Friedman-like evolution®. Because of this dramatic expansion the Universe
effectively forgets its pre-inflationary state. In this way, the present proper-
ties of the world could evolve from any initial conditions, and we owe our
existence not to the fine tuning of the initial conditions, but rather to the
inflation mechanism itself. It goes without saying that this philosophy worlks
only if the set of initial conditions admitting the inflationary phase is "large
enough”. This, however, is an open guestion.

The philosophy underlying the probability principle, although very popu-
Jar nowadays, is not the only option. Roger Penrose, has adopted just the
opposite view. In his opinion, 1o explain the second principle of thermodyna-
mics and to solve the {ime arrow problem one must assume that the initial
singularity (in contrast to the final one) had to have a very smooth structure
(its “gravitational entropy” had to be extremely low) which, of course, requi-
res carefully chosen initial conditions*. Penrose believes that the fundamen-
tal asymmetry between the structures of the initial and final singularities (or
equivalently, the very special choice of the initial conditions leading 1o this
asymmetry) will be incorporated into the future quantum theory of gravity.

# Inflarionary Cosmology, eds. L.F., Assor, S Young Pr, World Scientific, Singapore, 1986;
S.K. Brav & AH. Guri, Inflationary Cosmology, 300 Years of Gravitation, eds. S.W. Hawkng, W,
IsraEL, Cambridge Universily Press, 1987; AD. Linng, Physics of Elementary Particles and
Inflationary Cosmology, Nauka, Moscow, 1990 (in Russian).

®R. PENROSE, Singularities and Time-Asynumetry in General Relativity, An Einstein
Centenary Survey, eds. S.W. Hawking, W. Israel, Cambridge Univessily Press, Cambridge, 1979;
R. PnnosE, The Emperor's New Mind, Oxlord University Press, Oxford, 1989,
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In other words, he suspects the existence of a new law of physics governing
the {ine tuning of the initial conditions.

With Penrose’s philosophy there is nothing to do but wait till we have a
quantum theory of gravity and see whether it is right or wrong, With respect
to the philosophy underlying the probability principle T would like to make
the following remark. In my view, this philosophy is premature as long as a
suitable measure is not available on the ensemble of universes (or equival-
ently on the space of corresponding initial conditions), and this does not
seem likely to occur in the near future. The ideology of perturbing a given
equation with the help of a “small parameter” might easily lead to spurious
results since by using this method we arbitrarily isolate a single property
(wanting to know whether this property is generic or not), whereas different
properties of the world are certainty mutually interdependent, and we should
expect that they will together contribute to determining the measure in
terms of which the stability or genericity is to be deflined, In this manner, a
set of properties could turn out to be “typical” even though some of the pro-
perties belonging to this set, when considered alone, seem to be non-generic*'.
The necessary conditions for biclogical evolution might seem non-generic,
but the problem could look very different if they are considered as structu-
rally linked with other properties of the world. Without a suitable measure of
the ensemble of universes such philosophies can only have the value of vague
speculations. Sometimes a philosophy may seem highly attractive, but
attractiveness alone cannot be regarded as a rational justification.

' To put some flesh into these intuitions let us remember the Banach metric on the
space of dynamical systems in terms of which the structural stability of these sysiems is
destined. All terms of the corresponding equation (not just a small perturbing parameter)
play a role in defining this metric, S. SMaLi, The Mathematics of Time, Springer, New York -
Heidleberg, 1980.
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DISCUSSION
(CoyNE, chairman)

ARECCHI: Some time ago there was a seminar in which Lee Smolin dealt with
a vision of quantum cosmology which looked like a bifurcation tree.
However, the control parameter is not external to the system but it is due
to feedback within the same bifurcation tree. In other words it is a self-
consistent structure, as if in your case the perturbation parameter, by
some kind of feedback process, were stabilized at a given value. Are you
familiar with Smolin’s approach? Is there any correlation with yours?

HEeLLER: Smolin’s ideas concern quantum gravily, whereas in my talk I dealt
with purely classical cosmology. I think, however, that the problem of
time is essential in both approaches. I have alluded to the fact that the
usual criterion for the occurrence of chaotic behaviour, i.e., that the
Lyapunov exponents should be positive, does not work in the relativistic
context. Lyapunov exponents are not invariant: after time rescalling the
positive Lyapunov exponents can vanish or become negative. Here we
have the problem of time. We try to avoid it by replacing the Lyapunov
exponents by some other, more geometric, criteria, nevertheless the pro-
blem of time enters into the game in this or in another way. Already in
the seventies there was some work, the goal of which was to introduce an
“internal time” to cosmology. This time was assumed to be measured by
the complexity of what happens in the Universe rather than by an exter-
nal parameter. When we come to the quantum gravity regime, things can
drastically change, time can entirely disappear. But, of course, the pro-
blem in classical and quantum regimes are strictly linked by the mecha-
nism of the emergence of time in changing from one regime to another,

PuLLMan: D'abord je veux vous [éliciter pour une conlérence gui est vraie-
ment fascinante et suscite des questions intéressantes, Je vais vous en
poser une moi-méme. En relation avec le probléme des conditions initia-
les, nécessaires pour 'apparition de la matiére de I'univers, dont vous
avez parlé, certains le présentent sous forme d'une nécessité d'une sélec-
tion extrément rigoureuse, extrémement précise, des constantes univer-
selles qui nous régissent, condition absolument nécessaire pour que le
monde soit tel que nous puissions y exister et I'observer. Je voudrais vous
demander quelle est votre position, quelle est votre opinion, si vous en
avez une, par rapport au principe anthropique de Brandon Carter.

HEeLLER: T have revealed a little of my attitude to the anthropic principle in
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the last paragraph of my taik. Generally speaking, I think it is premature
to draw strong cosmological conclusions from the existence of life. We
have no well-defined probability measure on the set of all initial condi-
tions leading to various universes, and consequently we are unable, in a
precise manner, to say which property in this set is typical and which is
non-typical. Moreover, the origin and the evolution of life is a very com-
plex phenomenon which must be treated in connection with many other
phenomena. And, as I said at the end of my talk, it might casily be that
the phenomenon of life seems to be non-typical when it is considered in
isolation from other properties of the world's evolution, but if a class of
properties, including life, is considered together, as a certain entirety, it
might turn out that it is less non-typical or even generic. I think that the
main advantage of the anthropic principle is that it forces people to think
about certain questions which so far have never been asked in cosmo-
logy.

Jakr: It seems to me that Binstein, who filled the pivotal role in the very foun-
dations of your presentation, may object to it in the same graphic way in
which he objected to the Copenhagen interpretation of quantum mecha-
nics. In 1948 he and Pauli were walking in Princeton and just when they
reached Einstein's house he became rather impatient with Pauli’s insi-
stence on the Copenhagen interpretation, he turned to him and said —
the full moon was visible: — “My dear friend do you think that the moon
is there only when you observe it?” To your presentation Einstein might
object: “"Do you think that the universe is there only when scientific
cosmologists write equations about it?” This is the first point I would like
to make. The second point is this: It seems that a set of inferences may
follow from your paper. The first step is this: Until we know the exact
measure of our possible solution to Einstein’s equations we cannot know
that there is a universe which encompasses all material existence. The
second step: Assume that we learn that measure. In that case the inferen-
ce bifurcates, one dirvection is the Platonic direction, namely, that the
geomeltrical or mathematical formulas turn themselves into material rea-
lity. But I do not want to be concerned with Platonism at this point. The
second direction is in the Gédelian direction. Let us assume that we
learn that measure. Then in terms of Goédel’s theorem we cannot have
certainty about that measure. Then comes the third step. Immanuel Kant
then could argue that he was in substance right with the first two of his
four antinomies, namely, the two cosmological antinomies, that the uni.
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verse is an unreliable notion and therefore the cosmological argument is
impossible.

HEeLLER: T would be very happy if I could discuss with Einstein, and if T could
be shown to be wrong by him. The “philosophy” underlying my talk is
the following. There are some mathematical structures, and there is the
Universe; these mathematical struciures model the Universe; and
nothing more. Therefore, in my talk there was no real philosophy, I
would even say that there were some accents warning against a too sim-
plistic philosophy, as for instance the anthropic principle in its exaggera-
ted forms. If I speak about the set of universes, or the set of initial condi-
tions, it is a purely mathematical concept. The probability measure on
such sets is necessary in order to say something sensible about the pro-
bability of an occurrence within these sets. And nothing more. I think
what I have presented is perfecily neutral with respect to your questions.

RicHTER: When talking about general relativity there are always these two
levels to distinguish, one is the description of the motion of particles
within the given metric as when you apply Einstein’s theory to the
motion of planets and derive the perihelion motion of Mercury, etc., but
that is not the context of your talk. Tt is a context, however, in which I
would immediately accept that the relevant equations that one derives
from general relativity should be of a Hamiltonian type. Now you were
talking at a level where the metric itself was derived from Einstein's
equations, which are in a sense similar to Maxwell's equations, except
that they don't have boundary conditions and therefore are usually only
solved on manifolds without boundaries. Doing so you obviously have
freedom, because you have so many equations and you have to introduce
specifications belore you can reduce your system to a system of a few
degrees of freedom as you did. A priori I think there is nothing that
necessitates a Hamiltonian structure in the system that you derived here
as a chaos. For example if you take the Robertson Walker metric as a
starting point you wouldn’t get Hamiltonian equations there. So what is
the reasoning behind reducing these equations to equations with only a
few degrees of freedom rather than to continuous models like a Navier-
Stokes equation, where you also would have chaos, of course, but of a
different kind?

HerLsR: The main reason is that we want to have as simple equations as pos-
sible. There are also deeper physical reasons behind it. Observations
show that our Universe is spatially homogeneous and isotropic to a very
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high degree. If you drop the assumption of isotropy, you are left with a
homogeneous space, and in such a case all cosmological solutions are
divided into nine classes, the so-called Bianchi classes. All these Bianchi
cosmologies can be reduced to Hamiltonian systemns. The Mixmaster
cosmology I spoke about belongs to the Bianchi class IX. However,
modern cosmology also deals with dissipative phenomena. For instance,
particle creation in a strong gravitational field can phenomenologically
be described as the bulk viscosity effect.

GERMAIN: I want to make a similar remark. I am not competent in Relativity
and Cosmology. But why do you assume a Hamiltonian system? Why do
you neglect dissipation? We have a lot of examples in ordinary conti-
nuous mechanics in which you find singularities, chaos, shocks and
similar difficulties. You have a different picture if you deal with non-dis-
sipative models and a very different picture if dissipation is taken into
account. Will your conclusions be changed by the introduction of dissi-
pation?

HELLER: A lot of work has been done on dissipative processes in cosmology.
However, the present Universe is very well approximated by the
Hamiltonian world models. As I said, the Universe is spatially homoge-
neous and isotropic, that is to say, it enjoys spherical symmetry. If you
have an isotropically expanding sphere there is no shear viscosity. There
might be some bulk viscosity, but it turns out that it could be at work
only at the very early stages of the Universe. The strict observational con-
straint to the quantity of dissipation present in the Universe comes from
the observed ratio of the number of photons to the number of barions in
the Universe which is equal to 108, This implies that all dissipative effects
should be over before the Universe was 10-35 of a second old.

LicHNEROWICZ: Je voudrais avant tout remercier notre conférencier. Ensuite,
je voudrais prendre un ou deux points sur les modeles d'univers, comme
vous avez trés bien dit. Les conditions initiales possibles sont beaucoup
moins nombreuses qu'elles n'ont air & priori, parce que, & priori, nous
devons choisir notre petit modéle d'univers de poche. 11 faut se choisir
une variété, une topologie déterminée, et avoir quelque part des condi-
tions initiales de portée globale, ce qui n'était pas toujours dit clairement
au point de départ. Et le phénomene fondamental de la gravitation, ¢'est
linterdépendance des mouvements des masses matériclles, Les champs
de gravitation ou les métriques intérieures  tous les corps et toutes les
distributions d’énergic se raccordent les uns sur les autres, de manicre
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techniquement différenciable. C'est cela qui assure la liaison qui fait des
champs de gravitation. Ces conditions initiales capables de secréter des
univers globaux posent actuellement des probléemes mathématiques trés
importants et tres difficiles. I y a quelques théorgmes d'existence globale
des conditions initiales locales sur une épaisseur courte de temps, beau-
coup de théorémes qui remontent & moi-méme et a Evan Sjaker; mais Ia
plupart des conditions initiales vont donner des univers dans lesquels il
va y avoir des singularitées et des chocs, des troubles, tout ce que vous
voudrez. Enlin je signale que les physiciens et nous-mémes, nous avons
des goiits pour les topologies simples. Nous pensons toujours que l'uni-
vers est fait, comme nous disons, avec un plat, ou bien avec une sphere
multipliée par une droite temporelie. Il y a beaucoup d'autres modeles
pris par des physiciens, et nous avons beaucoup de choix, mais, comme
jal dit, pour le moment ce n'est pas Dieu, c'est nous qui avons chacun
notre modele d'univers de poche.

LEJEUNE: Monsieur le Président, jai honte de vous demander la parole, car je

voulais [aire non pas une réflexion philosophique, mais une réflexion
théologique. J'ai été un petit peu surpris, que vous finissiez votre caleul, a
propos de Dieu, joue-t-il aux dés, en disant que puisque le calcul est si
difficile, il devrait jouer aux dés. Alors je me suis posé la question: com-
ment pouvez-vous jouer aux dés quand vous n'avez pas encore créé l'uni-
vers?

DeL RE: My question really is perhaps very complicated. I was aware ot {wo

meanings of the word philosophy. One is the traditional European mea-
ning; thinking about truth, being, the theory of knowledge and so on,
The other is the meaning of more pragmatistic societies where by philo-
sophy is meant a set of rules guiding your practical choices. Now, T don't
see exactly which definition you adopt in your use of the word philo-
sophy. You speak for instance of Penrose’s philosophy. Could you specify
what you mean there by philosophy?

HEeLLER: Perhaps some day I shall have an opportunity to deliver a talk on my

views on philosophy and its relationship to science. There is nothing to
hide in this respect. However, in the present talk I used the word “philo-
sophy” in the colloquial sense, often used by scientists when they spealk
to each other about their work. You could easily eliminate this word
by replacing it by “interpretation”, “image of the world”,
“Weltanschauung”... I have discussed scientific questions, perhaps open
questions but purely scientific ones.
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MaLy: Je voudrais répondre a la question de Lejeune de fagon peut-éire facé-
tieuse en disant, si j'étais Dieu, jaurals laissé la chance jouer son réle, et
plusieurs univers se créer au hasard, et alors j'aurais joué aux dés pour
pouvoir sélectionner un de ces univers.

LicHngErOwICcZ: J'aurais envie de renforcer en disant que la seule chose que
Dieu ne puisse faire c'est jouer aux dés.

HEuLLER: Al the end I have a question for everybody: How large is the set of
all initial conditions leading to a Universe containing a cup of colfee?



THE EPOCH OF GALAXY FORMATION

MARTIN J. REES

University of Cambridge

Introduction

The topic of my talk is the epoch of galaxy formation. Two months ago
the Pontifical Academy convened a working group on this theme under my
chairmanship. It was attended by about tweniy specialists, of whom one, Dr.
Coyne, is here today. I shall try to mention some of its conclusions, and to
set them in a broader context that relates to the overall theme of the present
plenary session. After all, the emergence of galaxies and clusters is the first
stage, indeed a prerequisite stage, for the formation of our Earth and the
complex phenomena which have evolved on it.

Our discussions focussed on the empirical, rather than the ‘philosophical’,
aspects of cosmology. Pre-eminent among the puzzles we addressed is the
origin of cosmic structure. Our universe seems to have evolved, in between
10 and 20 billion years, from a dense amorphous fireball to its present state,
where its dominant features are galaxies, distributed in clusters, We aimed
to address the basic question “how did the observed structures emerge and
evolve?” We are forced to suppose that the early universe was not completely
smooth and uniform. If it had been, it would stiil, even now, consist of
nothing but smoothly distributed cold diffuse gas. There must, even at very
early epochs, have been some irregularities in the density or in the expansion
rate. Initially these were of smail amplitudes. IHowever, any region that was
slightly overdense would have lagged more and more behind the overall
cosmic expansion, eventually condensing into a gravitationally bound
system: a galaxy or cluster, depending on its scale.

The fluctuations must have originated at an ultra-earty epoch in cosmic
history, when the relevant physics is highly uncertain and speculative. The
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working group did not address the actual origin of the fluctuations, although
there have recently been important new insights into how they might be the
outcome of quantum effects during a so-called “inflationary” phase.
However, we can fortunately infer a good deal about the nature of the
fluctuations from direct observations of galaxy clustering, distant objects,
and the background radiation. All these latter aspects were discussed in
some detail.

The cosmologist can learn about the past, as does a geologist or
paleontologist, by inferring from the history of our Sun, and other stars in
our own Milky Way. But we have an advantage over those other scientists in
that we can probe the past directly by looking at distant objects, which may
be so far away that their light set out when the universe was significantly
younger. The most importani objects in this context are the quasars, bright
hyperactive central regions of galaxies. These can now be observed out to
distances so great that their light set out towards us when the universe was
200 times denser than it is now, and probably rather less than a tenth of its
present age. The very existence of these quasars, identified by their very high
redshifts, implies that some galactic-scale structures had already formed
when the universe was 1 billion years old.

Quasars are perhaps rather exceptional objects, and it would be even
better if astronomers could detect more typical galaxies at similarly great
distances. Modern photon detectors can in fact register objects down to such
low light levels that several hundred thousand galaxies are detected in every
square degree of sky. However, the distance of these galaxies is uncertain,
because they are too faint to have proper spectra taken. They are clearly very
remote, and may still be in the process of formation, but they are probably
not quite as far away as the most distant guasars, which may involve an
atypical subset of galaxies that formed specially early, from initial
fluctuations of unusually high amplitude.

The general context: the “big bang” cosmology

In the perspective of the cosmologist, even entire galaxies are just "test
particles” which indicate how the material content of the universe is
distributed, and how it moves. Galaxies are clustered, sometimes in small
groups like our own Local Group of which the Milky Way and Andromeda
are the dominant members, sometimes in big clusters with hundreds of
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members. Moreover, there has recently been great progress in mapping out
the apparent large-scale filamentary or ‘sheetlike’ structures in the universe,
on scales much larger than individual clusters. But nevertheless on the very
[argest scales the universe genuinely seems simpler and smoother, If one
imagined a box whose sides were a few hundred million light years,
dimensions still small compared 1o the observable universe, its contents
would be about the same wherever we placed it, There is, in other words, a
well-defined sense in which the universe is roughly homogeneous. It seems
that all parts of the universe evolved in the same way with the same history,

Our observable universe is simpler, in its overall structure and symmetry,
than we have any right to expect. It is of course sensible methodology to start
off by making simplifying assumptions about homogeneity, uniformity of
natural Jaws, etc., and cosmologists did this. But what is surprising is the
degree to which these models remain relevant. The kinematics are simple.
The universe expands in the same way in all directions in accordance with
Hubble's law. Individual galaxies in the universe evolve as they age. But does
the entire universe evolve? Did everything really start 10 or 20 billion years
ago?

The quasars allow us to probe more than 90% of cosmic history. But the
first evidence concerning the very early phases of the so-called “big bang”
came in 1965 when the microwave background radiation was discovered.
The discoverers did not themselves know how to interpret this radiation. Bu
others quickly realised the momentous implications. Intergalactic space
wasn't completely cold, but at about 3 degrees above absolute zero. This may
not sound much, but it implies about a billion quanta of radiation for every
atom in the universe. This radiation is now known to have a very precisely
thermal black body spectrum, It is a direct relic of an epoch when the entire
untiverse was hot, dense and opaque.

According to the so-called ‘hot big bang’ theory, the universe would have
been hotter than 10 billion degrees for its first second of existence. After
about half a million years, it would have cooled to about 400 degrees. At that
stage, the primordial protons and electrons recombine into hydrogen atoms,
and the universe becomes transparent. The microwave background radiation
has propagated uninterruptedly since that time, and is therefore a direct
probe of an early phase before any galaxies or clusters existed. During the
ensuing 10 or 20 billion years, the radiation would be cooled and diluted by
the expansion, but would still be around. It [ills the universe and has
nowhere else to go.
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Corroborative evidence for the "big bang” theory comes from consi-
derations of the origin of the chemical elements. One of the triumphs of
astrophysics over the last 40 years has been the realisation that chemical
elements such as carbon, nitrogen, and oxygen could be synthetised in the
centres of stars, which subsequently explode, their matter being recycled into
later generations of stars, and into our Solar System. Our Milky Way galaxy
is a kind of ecosystem: in which gas is recycled and progressively enriched
into elements further up the periodic table. All the heavy elements on Barth,
and we ourselves, are the ashes of dead stars. This process of stellar
nucleosynthesis could never, however, account for the large amount of
helium in the universe and why it was so uniformly distributed. It was
therefore encouraging when the [lirst calculations of nuclear reactions in the
primordial fireball, carried out in the 1960s, showed that the simplest
assumptions led to the conclusion that the material emerging from the
fireball would contain about 24% of helium, agreeing almost precisely with
what is now observed in the oldest objects.

The so-called ‘hot big bang’ theory formed the basis for all the
discussions of our working group. How justilied are we in accepting this
framework? The great Soviet cosmologist Zel'dovich once claimed in a
lecture that it was “as certain as that the Earth goes round the sun”. Perhaps
he was unaware of his compatriot Landaw’s dictum that “cosmologists are
often in error but never in doubt!” We must never forget that cosmology is
still a science where facts are scarce, and where we depend on observations
made at the limits of the sensitivity of our instruments. But over the last 25
years, the empirical case for a big bang has greatly strengthened in several
specific respects. The spectrum of the background radiation seems to be that
of a black body to a precision better than one part in 1000; the abundance of
cosmic helium and deuterium and lithium accord very well with the
predictions of the model. Moreover, there are several discoveries that might
have been made, which would have invalidated the hypothesis, and which
have not been made. Astronomers might have found objects with zero helium
abundance; there might have been objects whose inferred age was
inconsistently high; physicists might have found that neutrinos had a mass
of, say, 1 keV, in which case primordial neurinos, il present in the numbers
predicted by the hot big bang would contribute too much mass in the
present universe. I personally believe we are justified in placing at least 90%
confidence in an extrapolation back to ¢ = 1 second in general accordance
with the “big bang” theory. However, when we consider an even earlier
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phase, as I shall mention later, everything is much more speculative and we
can be correspondingly less confident.

Fluctuations and the growth of cosmic structure

Two contrasting views have been adopted for the origin of structure. The
first is that siructure evolved in a “top-down” fashion, with clusters forming
first, and subsequently fragmenting into galaxies. The second alternative is
that structure develops in a hierarchical ‘bottom-up’ fashion, with galaxies
forming, first, and then agglomerating into clusters, and later still into
superclusters. There was a consensus among the working group that a
“bottom-up” scenario is strongly favoured. A few years ago, this was still an
open question, and the current agreement is based on a combination of
several lines of evidence which have emerged in recent years.

There was less consensus, however, on the question of the cosmic dark
matter. It is embarrassing to astronomers that 90% or more of the mass of
the universe is unaccounted for, and could be in a variety of possible forms,
ranging from elementary particles up to black holes. The existence of dark
matter should not surprise us — indeed there are all too many forms that
dark matter may take. The range of option is now being narrowed down by
observation and experiment. Moreover, we may get clues to the dark matter
from a better understanding of how galaxies form. After all, since the dark
matter is gravitationally dominant, the luminous part of galaxies is
essentially just a tracer for how the dark matter is distributed. We may also
benefit from advances in fundamental physics, which tell us more about
what kind of particles might have survived from the early universe. Some
participants in the working group presented the resulls of elaborate
computer simulations of how galaxy clustering proceeds. It turns out that
the present appearance of the universe depends rather sensitively on what
the dark matter is made of, and better simulations may therefore in
themselves help to settle this basic question.

It has been a general article of faith that, whatever the matter consists of,
the present structures form by a process of gravitational instability. If the
early universe is slightly irregular in its density or expansion rate, then the
density contrast grows as the universe expands, until eventually the overdense
regions stop expanding and condense into bound systems. But one can
calculate how rapidly these density contrasts grow. It turns out that, to
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account for the present structures, the early universe must have possessed
irregularities which perturb the gravitational lield by aboutl 1 part in 10
Because of these fluctuations, we would expect that the microwave back-
ground temperature would not be exactly the same all over the sky. The
radiation effectively comes to us directly from an epoch when the universe
was about halfl a million years old. Photons coming from an incipient cluster
would lose an extra bit of energy in climbing out of the associated
gravitational potential well, and would therefore be cooler than average, but
only by about one part in 10° For 20 years, experimenters have been
searching, with gradually improving sensitivity, for these very small
predicted irregularities in the background temperature. Early in 1992 they
were for the first time detected, by the COBE satellite. If these fluctuations
had not been present, it would have been an embarrassment for supporters
of the consensus view that clusters and superclusters evolved by pulling
themselves together gravitationally from small amplitude initial
irregularities. COBI provided the first evidence that incipient or embryonic
structures actually existed at the expected level in the early (pregalactic)
universe.

Within the next year, we can confidently expect further information on
those fluctuations, on a range of angular scales. As we discussed at the
working group, the exact amplitude of the initial fluctuations is an important
datum which can be compared directly with the sizes of present-day
structure in the universe (and the depth of the associated gravitational
potential wells), thereby allowing us to confront the alternative modeis more
guantitatively with relevant data.

As already mentioned, I believe our inferences about cosmic history back
to the time when the universe had been expanding for | second should be
taken seriously — perhaps, indeed, as seriously as ideas about the early
history of our Earth, which are also based on rather indirect inferences,
fossils, etc. But those who believe that there was a “big bang” must accept
that few of its detailed consequences and implications for later stages are yet
understood. For instance, the fluctuations are undoubtedly a cosmogonically
crucial feature of our universe but their precise origin is still a mystery. To
extend the geophysical analogy, we know that the Barth is round and
something about its global properties, but the features on its surface, the
continents and oceans are harder to understand: the details are still
controversial, and some topographical features will never be understood as
more than accidents, But our ba{flement about geophysical problems does
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not lead us to doubt that the world is essentially round. Likewise, in the
cosmological context the perturbations to the overall smooth curvature of
the universe induced by the gravity of even the largest superclusters are no
more than 1 part in 10°. To understand these details we must refine, rather
than abandon, the various models already being explored.

The complications of cosmic structure and how it emerged, the themes
of our working group, are those of complexity and nonlinearity. The basic
physics that is relevant at late cosmic epochs is well understood: Newtonian
gravity, gas dynamics, etc. But when, after some millions of years, the first
bound systems condense out (perhaps to form the first stars), a range of
complex nonlinear feedback processes set in, which make simulations of
cosmic evolution at least as hard as weather prediction here on Earth.

The problems of the ultra-early universe

A quite different type of difficulty arises when we consider the very early
stages of cosmic expansion, the first millisecond. Everything was then
probably almost “linear” and structureless, but was squeezed to densities
exceeding that of an atomic nucleus; as one extrapolates still further back one
has less and less confidence in the adequacy or applicability of known physics.
But explanations of why cosmic fluctuations exist, why the universe contains
the observed mixture of matter and radiation, and why it is expanding in the
symmetrical and simple way which makes progress possible, must await a
better understanding of the earliest phases of the big bang.

We have no quantitative explanation for the fluctuations. Indeed, the
basic force of gravity is still not properly unified with the forces of
microphysics.

It is gravity that holds together individual stars and entire galaxies;
without it no cosmic structures could exist. Regions in the expanding
universe that were even slightly overdense to start with would have suffered
extra deceleration, and lagged behind more and more, until their expansion
eventually stopped. It was via this gravitational instability that galaxies and
clusters condensed (after a billion years or so) from the expanding universe.

And gravitating objects have the peculiar property that when they lose
energy they get hotler — as Professor Thirring has explained, their specific
heat is negative. For instance, if the sun’s radiative losses weren's
compensated by nuclear fusion, it would contract and deflate, but would end
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up with a hotter centre than before: to establish a new and more compact
equilibrium where pressure can ballance a (now sfronger) gravitational force,
the central temperature must rise.

From the initial big bang to our present Solar System, this ‘antithermo-
dynamic’ behaviour has been amplifying density contrasts (in the manner
drammatically shown in the N-body simulations) and creating temperature
gradients within galaxies and within stars (“self-gravitating” fusion reactors).
These processes are prerequisites for the emergence of any complexity.

A second key feature of gravity is its weakness. In a single hydrogen
molecule, the force of gravity is about 36 powers of 10 weaker than the
electrical binding forces. In any large self-gravitating object the positive and
negative electric charge almost cancel, but everything has the same sign of
gravitational “charge”. Gravity “gains” relative to microscopic forces roughly
as the two thirds power of the mass involved. {Gravitational binding energy
per atom goes as M/R. For objects of the same density, R goes as M 1/3,
yielding a net dependence going as M 2/3). A body must therefore contain
about 10° atoms before gravily starts to crush it. This corresponds to about
the mass of the planet Jupiter, and anything much larger than this would be
compressed and would in effect become a star. It is because gravity is so
feeble that stars are so big. If gravity were somewhat stronger, for instance
26 rather than 36 powers of 10 weaker than microphysical forces, a small-
scale speeded up universe could exist, in which stars (gravitationally-bound
{usion reactors) had 10" of the Sun's mass, and lived for less than a year.
This might not allow enough time for complex systems to evolve: there
would be fewer powers of 10 between astrophysical timescales and the basic
microscopic timescales for chemical reactions. Moreover, no organisms
could get very large without themselves being crushed by gravity. Our
universe is vast and diffuse, containsg structures on so many scales, and
evolves so slowly, because gravity is so weak.

So a force like gravity is essential if structures are to emerge {rom
amorphous beginnings. But (paradoxically) the weaker it is, the grander and
more complex are its consequences.

Three hundred years ago, Newton showed how his law of gravitation
explained why the planets traced oui ellipses. But it was a mystery to him
why they were “set up” in almost coplanar orbits. In his “Optics” he writes:
“blind faith could never make all the planets move one and the same way in
orbits concentrick... Such & wonderful uniformity in the planetary system
must be allowed the effect of choice”. In the present century, this coplanarity
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is recognised to be a natural consequence of the Solar System'’s origin from a
spinning gaseous disc. Cosmologists are now offering physical explanations
(albeit tentative ones) for features of the cosmos that previously scemed as
inexplicable (or even providential) as the structure of the Solar System
seemed to Newton.

Three features of the present Universe which seem prerequisites for the
existence of observers are the excess of matter over antimaiter, the existence
of fluctuations, and the closeness of the expansion rate to its ‘initial’ value.
Twenty years ago, these were all regarded as part of the ‘initial conditions’,
perhaps to be understood only in ‘anthropic’ terms. But most cosmologists
would now attribute the first of these, the cosmic baryon-to-photon ratio, to
potentially calculable processes related to small asymmetries in the strong
interactions. And the idea of ‘inflation’, although its details depend on still-
uncertain physics, now oflers an interpretation for the scale and ‘flatness’ of
our Universe that seems compellingly attractive. The demarcation between
cosmogonic phenomena which we can address scientifically and those we
cannot has shifted, since Newton’s time, from the Solar System to the first
microsecond of the "big bang” which iriggered the expansion of the
observable part of the universe.

Many speculative ideas about the ultra-early universe figure prominently
in popular books, and they are indeed fascinating. However, I am slightly
uneasy about presentations which use the same tone of voice to describe
ideas on the first 10* (or even 10%) seconds as are uscd in describing the
Hubble law, the microwave background, etc. On the one hand, readers may
treat speculations more credulously than is merited. But on the other, they
may be justifiably sceptical of these ‘far out’ ideas, and be tempted to dismiss
the rest of cosmology as based on equally shaky foundations. I believe a very
sharp distinction must be drawn between the first microsecond of cosmic
expansion, when the relevant basic physics is completely uncertain, and the
later stages, after the first second has elapsed, when cosmologists are
building up at least the outlines of a self-consistent picture involving
primordial helium, background radiation, young galaxies and quasars, on
the basis of well-established laws of physics. It was the impressive recent
observational progress in these latter areas which we focussed on during our
working group. We all came away encouraged to believe that it may be only
a few years before the outlines of the correct cosmogonic scheme start to
come into clear focus.
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DISCUSSION
{COYNE, chairman)

ARECCHL: Can you please put the last transparency again? I have a question
related to it. Presumably, until the end of the early era, the system was
phase colerent, which means that beyond it if I had to use the common
techniques used to characterize an extended structured system, I would
measure the power spectrum versus the wave number. But now, I know
that if I have a single fengthscale, I get a sharp exponential cut off.
Otherwise in case of fractal clustering 1 get a 1/f power spectrum. Now,
the main question, I heard without reading because I'm not a
cosmologist, about a power law spectrum measured, for instance, by
Pietro Nero (Rome Univesity) and other people. My question is the
following: a laboratory experiment is a real spatial spectrum, whereas
here the reconstruction is over space and time because you are looking
backward in the universe. So, I wonder, what is the meaning of such a
space-time spectrum, and such a space-time structure?

ReEes: The assumption that is normally made is that, at epochs when the
fluctuations are still linear, they can be treated as gaussian fluctuations
with random phases, and with a power spectrum which we hope to be
able to calculate on the basis of some physical ideas about the early
universe, The origin of the fluctuations may lie in quantum effects at
ultra-early phases of cosmic expansion. In terms of a given initial
spectrum, we can in principle calculate the clustering properties of the
universe now, and thereby confront our theories observationally. We can
also, incidentally, check whether the fluctuations are indeed gaussian
both by the statistics of present-day clusters and by studying the
fluctuations in the microwave background. I might just add that there
are some theories, particularly those based on topological defects in the
early universe, which would predict non-gaussian {luctuations.

Areccun: Excuse me, my question was not about models of theories but
about observational data. What is known about that?

Rees: The fluctuations in the present distribution of galaxies are analysed by
determining correlation functions, percolation methods, etc. Over some
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range of scales the properties resemble those of a [ractal. However, it is
important to realise that above a certain scale the fluctuation amplitude
diminishes and the universe becomes genuinely smooth. We are not in a
universe consisting of clusters of clusters of clusters ad infinitum. In fact
we need help from mathematicians in devising better tests for the
significance of linear structures and filaments. The eye has evolved to be
almost too good at picking out patterns. It was presumably better for our
ancestors that they should see many tigers that weren’t there than that
they should miss the one that was! In comparing data on clustering with
our theories we also have to remember that the luminous galaxies may
not be clustered the same way as the gravitationally-dominant dark
matter. To infer where the dark matter is concentrated we need to study
the motions of the galaxies, which will be gravitationally pulled towards
places where the dark maiter is densest, but that is a much more
challenging job observationally.

PuLLMAN: I have two short comments. You just said that we know more about
the center of the sun than we do about the center of the earth. Could we
rationalize this observation by saying that to some extent complexity is a
low temperature effect, provided the temperature is not too low? Thus
when we look back to the beginning of theworld, to the Big Bang, the four
forces, the four fundamental forces were not separated yet. So, we can
imagine, that the universe was governed then by one law. Now we have a
multiplicity of laws, which is thus a low temperature effect. But of course,
the temperature should not drop to absolute zero.

REES: Yes, I completely agree with you. At high temperatures everything is
going to be broken down into its simplest constituents, and therefore no
complex structures can survive, Mereover, according to some ideas in
unified field theories, the 4 basic forces of nature acquired their
distinctive identity as a result of phase transitions as the universe cooled
from a very hot initial state. If these theories are correct, then your
statement is true in even a more fundamental sense, because at the
highest temperatures even the basic forces themselves do not operate in
the same different and distinctive ways as they do at low temperatures. It
is because the ecarly universe could have been “simple” in at least one
sense of the word that I do not think we are necessarily being over-
presumpluous in irying to understand it. Indeed it may well offer less of
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a challenge than the understanding of the smallest living organism. It is
the biologists, not the cosmologists, who have set themselves the most
ambitious goal.

PuLLMAN: Now my second comment. You have put a number of questions in
the form “why”, Now, in sciences we generally ask “how”. If you want to
continue with “why”, what about the queen of questions, the hundred
thousand dollar question, which I think was asked first by Leibniz: why
is there anything rather than nothing?

REES: We may be able to push back our chain of inference to the initial
instants of the big bang, and perhaps even to understand why the
universe is expanding the way it is, and why it contains the mixture of
ingredients that we observe. However, there is still, as you say, a sharp
demarcation between fow questions and why questions. Indeed, it is
perhaps apposite to recall where Newton would have drawn the dividing
line. He believed that his laws could explain the orbits of the planets, bu,
as I mentioned, he could not understand why they had almost coplanar
orbits. We now understand enough about stars and protostars to explain
that. But although the demarcation line has moved back to the ultra-
early stages of the big bang, it exists now as surely as it did for Newton,

MossBaUER: There seems (o be overwhelming experimental evidence that
there is a hierarchy in the formation of matter, in clustering first of
galaxies and then later clusters of galaxies. Is that experiment sure, then
why do you still keep neutrinos in your list of potential candidates for
dark matter?

REES: Part of my answer is simply conservatism. Neutrinos have the virtue of
being known to exist, unlike the heavy neutral supersymmetric particles
which some cosmologists speculate about. But it is true, as you imply,
that the simplest cosmogonic model dominated by neutrinos runs into
trouble, in that it predicts all small-scale perturbations are erased, and
that structures would then develop in a “top-down” fashion, contrary to
observations which support a hierarchical ‘bottom-up’ picture.

But there are alternative models, slightly more complicated but not
entirely unrealistic, which could mzintain a role [or neutrinos, but
invoke other kinds of dark matter as well, or different kinds of initial
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perturbations. I pesonally think it weuld be a big boost for cosmology if
you discovered that the heaviest type of stable neutrine had a mass
somewhere in the range between 10 and 30 eleciron Volis.

Opa: Prof. Rees has coordinated many pieces of observational knowledge
and theoretical consideration. We note the healthy progress of physics by
successive alternations of theories and experiments; experiments are led
by theoretical predictions and theories are led by new unexpected
discoveries. Here, however, I would like to stress thal improvements and
breakthroughs in sensitivity or accuracy of experimental techniques
without being guided by theoretical requirements are often followed by
unexpected discoveries. I call this the "artisan’s approach” and I may
reword the theoretician-experimentalisi-alternation as “prophet-artisan-
alternation”. The COBE experiment may be this case.

REES: Compared to most theorists T would class mysell as a cautious
empiricist. I do that because, as you say, what has made cosmology a
science has been the input from experimenters and observers over the
last 25 years. Turning to the COBE experiments in particular, these were
of course the culmination of a 20-year quest, by many different groups,
to detect the expected cosmic fluctuations. In a sense, the fluctuations
were expected. It would have been a big embarrassment if the early
universe had been smooth even at the level of 107 The discovery of the
fluctuations reassures us that we are on the right lines in basing our
models on the assumption that large-scale structures grow via
gravitational clustering, rather than requiring a more mysterious and
more efficient process. The sensitivity and accuracy of these experiments
is amazing, and in the next few years we can expect a great wealth of
data on the microwave background, as well as on high redshifl objects,
etc. T think cosmology is overall a subject where theorists have a more
madest and subsidiary role than they do in, for instance, particle physics.

Opa: 1, as an experimentalist or an artisan, strongly believe that for us the
most important thing is to sharpen our knife in physics more and more.

RicuTER: I have two questions. First, given that gravity interaction itsell does
not have any typical length, do you nevertheless have arguments for a
typical size of a galaxy, and maybe also for typical angular momentumn?
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The second question concerns the reliability of what is known about the
distribution of the galaxies. Is it not true that our look into outer space is
hindered by the presence of our own galaxy and therefore we have
information only about a part of that universe?

REES: To deal with your second question first, it is true that we cannot

readily see outside our Galaxy, in the optical waveband, in directions
close to the plane of the Milky Way. I do not think that is a serious
handicap. We can observe mos? of the extragalactic sky optically.
Moreover, complementary infrared and radio observations, to which the
Galaxy is trasparent, reassurc us that there is no great difference
hetween that part of the universe in directions lying close to the galactic
plane and the rest.

Turning to your first guestion: you are quite right that I didn't say
anything in my talk about why galaxies exist — what is special about the
dimensions of these entities, which are the most conspicuous features of
the large-scale universe. Even il there is no obvious preferred scale
introduced by gravity, the gas that eventually forms the luminous content
of galaxies is influenced by other effects, particularly dissipation and
radiation cooling. There are in fact some arguments, which T helped to
develop about 15 years ago, which suggest that these dissipative
processes can be important up to a certain maximum mass and
maximum scale. Their scales agree roughly with those of galaxies.
Argumentis of this kind may therelore explain why there is an upper limit
to the size of galaxies and why larger-scale gravitationally-bound
structures manifest themselves as clusters of individual galaxies, rather
than as single amorphous supergalaxies. Regarding the angular
momentumn, it is true that this cannot have been stored in the dense early
phases of the universe. The favoured view is that galaxies acquire their
spin at the stage when they are just starting to collapse. A typical
protogalaxy would not be exactly spherical and, because it had =
quadruple moment, it would exert a gravitational torque on its similar
neighbours. Each protogalaxy can thereby, it is believed, acquire encugh
angular momentum to explain the observed rate of spin and the observed
extent of the discs or galaxies like our own.

SELA: In view of the fact that you evaluated the chance of the Big Bang

theory heing ninety per cent correct my question is what was there
belore the Big Bang?



COMPLEXITY AND ASTROPIIYSICS - REES 231

ReEs: At least you did not ask “why didn't the big bang happen sooner?”,
which is an even more impossible one to answer! All T can say in answer
to the question you did ask is that, as we extrapolate back closer to the
initial instant, conditions in the big bang become more and more
extreme, and we have to jettison more and more of our commonsense
concepts. Right back at the beginning we have to worry about quantum
effects on the scale of the entire universe, and the idea that there are
three dimensions of space and one of time may have 1o be abandoned,
along perhaps with the concept of an “arrow of time”. For this reason,
even il, as some people speculate, our observable universe is just one
member of an ensemble, we cannot put the elements of this ensemble in
any kind of chronological sequence.

Datea Porta: I don't know if my question is related to complexity, What is
your opinion on the so-called experimental evidence on anomalous red
shifts?

REES: Let me first explain the background to this question. For over 20 years
some astronomers have claimed that the high redshifts of quasars need
not necessarily indicate that those objects are at great distances, and that
some as-yet-unknown physics, and not the Hubble expansion, accounts
for the large redshifts. I personally do not feel the case for anomalous
redshifts is strong. Firstly, there is growing evidence that quasars are
indeed at great distances (from, for instance, the observations of
gravitational lensing, and absorption lines, due to intervening galaxies
which are themselves at great distances). Second, the case made by Arp
and his colleagues over the last 20 years seems to me 1o have rather little
cumulative weight. Naturally, as observational programmes continue,
more and more anomalous phenomena are discovered, but in this
instance these do not hang together in any coherent alternative picture. I
would like to add a psychological point. Arp and his associates would
naturally be delighted if the anomalies were real. On the other hand
there are some astronomers who would be very upset if unsuspected
complications meant that they were further than they previously believed
from correctly delineating the big picture. I am myself in a middle
position. I think it would be wonderful if astronomers could really
discover something fundamentally new such as an unsuspected redshift
mechanism. My predisposition is therefore to look positively at Arp's
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claims, and I am therefore disappointed that his case still seems, after
more than 20 years, to be depressingly feeble.

PuLLMAN: I wish to remark that an answer to Dr. Sela's question was
proposed by Saint Augustin, who taught that time was created together
with the material universe. Thus time did not exist before the Universe
and the question becomes meaningless. But God did and what was he
doing there? Saint Augustin had a sense of humour and he recalled an
anonymous answer to this query: He was imagining tortures to be
inflicted on those who ask this type of question.

ARECCHI: May I comment on the question raised by Richter why a uniform
gravitational force provides a peculiar scale for galaxies. If instead of
being a gravitational problem it were a Maxwellian, an optical problem,
which is more familiar to me, I would invoke some kind of non-linear
refraction index which depends upon the same radiative intensity, and
which modulates the gravitational waves in such a way that there are
some naiural clusters. There is a movie by William Firth of Strathclyde
University in Glasgow, he starts from a homogeneous situation in a Kerr-
like medium, that is, which has a nen-linear refraction index, and then in
a very natural way he arrives at a pattern formation, to cluster for-
mation, if you like, on a natural scale. So I wonder whether there is
anything which is like a refraction index for gravitational ways and a
non-linear refraction index as well.

REES: I am not sure about the particular process you mentioned, but there
are, in addition to the one I mentioned in my answer to Professor
Richier, a number of other dissipative processes which can imprint
preferred scales during the expansion of the universe. These may be
connected with, for instance, photon viscosity, or the streaming distance
of light neutrinos. There may also be late phase transitions which give
astronomically interesting scales. But I'm sorry I don't know enough to
comment sensibly on the particular work you referred to.

Covne: It is obvious that we could continue for a long time but we have to
close. There are a few announcements to make very quickly. First, that
we worked you so hard this afternoon that so you can sleep in late
tomorrow. Actually tormorrow's session will begin at 9.30 and the reason
for that is not because you have been good today, it is because several of
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the Council members must be with the Secretary of the State to plan the
Papal audience. They are also critically needed for the kind of discussion
we are going to have tomorrow. So, the meeting will begin at 9.30,
therefore the buses will depart at 9.10.

The other announcement I would like to make concerning that meeting
is to repeat that it is limited to the Academicians themselves. The reason
for that is not to exclude others. It's simply that il is Academy business;
it's family business that we want to talk about, so thanks to our other
guests for understanding that the meeting tomorrow morning is limited
to the Academicians themselves. The President, Prof. Marini Bettdlo, has
responded to our message and I would like to read that to you. It's just a
few lines: “To all participants of the Plenary Session, I've received with
great emotion your kind telegram, and ¥m very grateful to all of you. T
apologize for not being with you these days, but T hope to continue the
collaboration after my recovery which is rather rapid. Thank you again.
Best wishes and regards. G.B. Marinl Bettolo”.



WHY IS THE EARTH'S ENVIRONMENT SO STABLE?

J. L. LIONS

Collzge de France, Paris

Itroduction

In this lecture we are going to consider the climate system of the planet
earth from the view point of control theory. Very roughly speaking, the goal of
“control theory” is to find algorithms so as to be able to act on a given system
in such a manner that the system behaves according to our wishes. This
theory, which is the heir of the Calculus of Variations, has been introduced,
and used, for human built systems, for research, technology, engineering. It
has also been considered, in particular by Norbert WieneR, in the framework
of living systems. Without entering at all into any discussion about the Gara
hypothesis, we want, in this lecture, to show how ideas from control theory
could be used for the Planet Earth System.

This “planet earth system” is certainly “complex”, whatever the definition
of “complexity” may be.

The simple statement of “controlling climate” can, rightly, raise
eyebrows! But it is not a new question and, more importantly, it is already in
use, even if connections with control theory are implicit rather than implicit.

The first mention that human activity could possibly modify average
temperatures on the Earth seems to go back to J. Fourigr'. Let us quote:
“The organization and progress of human societies, the action of natural
forces can significantly change even in vast arcas the state of the soil, the
water distribution and the main flows of the air. Such effects can change, in

D). Fourier, Rappori sur la tempdraiure du Globe Tervestre et sur les espaces plandiaires.
Mémaires Acad. Rovale des Seietces de I'nstitut de Franee, (VIT} 590-604 (1824).
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the course of centuries, the average temperature...”. In other words, human
actions can play the role of a “control function”: changing this function could
change the state of the system, and this is precisely the definition of a control
function.

The next step is to use contrel functions in order to have the system
“behaving according to our wishes”,

This idea was introduced (for the first time?) by John Von Neumann in
19552 “Tt is of course beyond human power to modify the amount of solar
energy. But what really matters is not the amount that hits the Earth, but the
fraction retained by the Earth, since thal reflected back into space is no
more useful than if it had never arrived. Now, the amount absorbed by the
solid earth, the sea, or the atmosphere seems te be subject to delicate
influences. True, none of these has so far been substantially controlled by
human will, but there are strong indications of control possibilities”, We
“could” act - but o achieve what? This is the question of criteria. We have to
make precise in a quantitative manner* what our “wishes” are. In the context
of the planet earth, as indicated by Von NEwmanN himself, this is highly
debatable “What could be dene, of course, is no clue to what should be done;
to make a new tropical, “interglacial” age in order to please everybody, is not
necessarily a rational program.”

Nevertheless some kind of active control on a world basis had begun.
Rules for chemical emissions, for instance, are exactly a contrel decision,
where the goal to achieve, the “wish” to fulfil is to stop or, at least, to slow
down, the supposed (verified, proven?) global heating,

It is with these considerations in mind that we present here, and with
greal caulion in the possible conclusions, some remarks on the use of control
ideas and technigues in the framework of the Planet Earth System.

We shall follow the following plan.

1. Remarks on feedbacks.

2. Controllability.

3. Controel of chaos.

4. Criteria and complexity.

2], Von Niwmann, Can we survive Technology? Nature {1955).
* J.L. Lions, Lecture al the French Academy of Sciences, 10th CADAS Anniversary ‘Le
Temps du Controle’,
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1. Remarks on feedback

Firstly let us briefly examine the classical situation in system sciences. A
“feedback” is an action on the system under study which is implemented in
“real time” and whose “amount” depends on the available information. In
other words the feedback depends on the observed state of the system, and it is
computed in "real time",

This action is supposed to have the system behaving “as it should”.

Let us make these things a little bit less imprecise.

The system is supposed to be represented by its “staze”.
Example 1.1,
The “state” of a space probe is its position and its velocity.

The state changes according to evolution equations. It is a dynamical
system.

Example 1.1. (follows).

For a space probe, the Newton laws give the state equations.

Example 1.2,

Suppose we want to “control” the melting of ice in a box containing solid
and liquid water. The state can be the temperature, governed by heat
(diffusion) equation with a free boundary (the interface icefwater).

The state equations contain “control variables”, which can be used (or
not) according to our decision.

Example 1.2. (foliows),
We can modily the course of melting by changing the heating applied on
the boundary of the box.

The "action” has to be implemented in “real time”, depending on the
information available (stochastic elements generally come in to the picture
at this point}.

The “action” means (roughly) that the action should be implemented at a
time where it is still “optimal”. This notion is not intrinsic. It depends on the
“scale” of the time evolution of the system.
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Example 1.3.
Feedback in “instantaneous” time, based on the Kalman filter, was
essential in the Apollo mission to the moon.

Example 1.4.

The control of an industrial plant such as in steel or aluminium
processing should also be implemented in “real time”, and the control of
hydro electrical plants as well. The notien of “real time” is not the same in
these various systems.

The notion of “feedback”, in the above sense, goes back to Huyghens,
Leibniz (it may appear before, in the framework of Automata, to mimic
“nature”). It contains two aspects:

1) as described above, the rule to act,

2) the moment we use a feedback, we connect two (or more) parts of the
“system” which would otherwise be “unrelated subsystems”. In other words we
make a system out of a subsystem.

Example 1.1. (follows).

In a space probe, the probe itsell and the engines can be thought of as two
somewhat “unrelated” subsystems until the moment when the engines are used.

It is this second aspect which is used in the notion of feedback used in
“natural” systems, such as the Planet Earth System.

One of the best known feedback processes in the latter system is
cerlainly the one introduced by J.G. Charney® “The Desert ‘feeds back’ its
dryness”. Three of the commonly discussed feedback mechanisms are® the
water vapour feedback, the snow-ice albedo feedback, the clouds feedback.
Depending on the situations, a feedback can accelerate or slow down a
phenomenon (such as global warming). It is then called a positive (resp.
negative) [eedback.

There are also feedbacks between vegelation and, say, humidity. We
emphasize two points,

1) all these feedbacks are an important part of the complexity: finding
them and expressing them a quantitative way is a far from trivial part of the
analysis of the earth system;

4 1.6, CHARNEY, Dynamics of Deserts and Drought in the Sahel. Quart. J. Roy. Meteor. Soc.
181, 193-202 (1975},

s IT. Houcnton, G.J. Jenkins & 1.7, Beuwaums, The IPCC Scientific Assessnient. WMO/UN,
Environment Programs, C.U.P. 1990,
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2) the feedbacks, as alluded to above, are different from the classical
feedbacks of, say, engincering disciplines. They are not computed and
implemented in order to achieve a given goal. They are “natural”. But

a) They could achieve the stabilization of the system automatically;

b) World decisions (recommendations) en greenhouse gas emission
norms are of the feedback type — with the goal of “not changing the present
situation too much”;

¢} Decisions on the car traffic in megacities subject to pollution are
definitely of the feedback type, this time in the classical sense of engineering
sclences.

The question we want to address now is: what could be achieved by
using control action on the Planet Earth System?

2. Controllability

The obvious completely general question is as follow: is it possible, given
the constraints of physical and economical nature, to have the system behave
according to our wishes?

Example 2.1.

Is it possible, in the framework of the Apollo mission, to send humans to
the moon and back? (We now know the answer is “yes”!)

This type of question is within the framework of confrollability. Let us
represent the “state space” in Fig. I schematically. (In the case of the Planet

Asmte Space

& iime

Figure 1
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Earth it is an infinite dimensional space, of course approximated in any
“oractical” computation by a finite dimensional space).

The time t = 0 represents the “origin” of our computations (we are
oversimplifying the presentation) and the time t = T in the time horizon. It is
chosen according to the problem. To {ix ideas, T can be one year il we wish
to improve the state of pollution over a city, a few years if we wish to “clean
up” a river basin, 10 years or more for greenhouse effects, etc.

Let S, represent the present state in Figure 1.

If there was no human action (in a way which is not so simple to define),
the system would describe a trajectory (represented in Figure 1} and would
reach §, at time T.

Remark 2.1,

We will have to take into account the very high sensitivity to initial
conditions! Suffice it 1o say, for the time being, that we are dealing here
with averaged quantities.

Suppose now we are not pleased with the idea of reaching 8; at time T.
We start acting on the system, in order to reach S, (Figure 2) which is
considered as “better”.

Instead of following its “natural” path, the system will then describe
“eurves” indicated in Figure 2. Can one choose control functions so as to
reach S, (the system is then said to be contrallable) or to gei as close as one
wishes 1o S, (the system is then said to be approximately controllable)?
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One should add constrainis:

[} Physical constraints on the state.

Suppose the state is the globally averaged temperature. It is certainly not
advisable to come exactly to S, at time horizon T after reaching, in mid
course, very high average temperatures.

2) Physical and economical constraints on the control variables.

For instance, one cannot stop energy production!

Therefore “controllability” has nof an absolute and intrinsic meaning. A
system on which we can act “everywhere all the time” will certainly be more
easily “controllable” than a system on which we can act “just a little from
time to time”. Controllability has to take into account all constraints.

This being said we now want to give “pieces of evidence” in support of a
conjecture® ? which can be (in vague terms) stated as follows:

Conjecture 2.1.
The more unstable a system is, the “easier” and the “cheaper” it is to

control,

“ J.L. Lions, Are there connections between turbulence and controllability? Proc, IX Int. Conf.
INRIA ‘Systems Optimization’. Springer Lecture Noles in Control and Information Sciences 144
(1990).

? LL. Lions, WMY 2,000 and Compuier Sciences. Remarks Lecture at the 25th Anniversary
of INRIA.
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Example 2.2.
Some planes would be unstable without steady feedback control on

them. This allows betlter performances.

Example 2.3.
Let us consider a system whose state equation is given by the heat
equation with a “stability parameter” A:

(2.1) -Qy-- « Ay + AY = Vg
a1

in £ x (0, T} {cf. Figure 4},

r

Figure 4

where v(x, t) is the control function applied in a small region ¢ ¢ Q. We
assume that (by proper scaling)

{2.2) y=0 ontheboundary Fof Q, and t > 0,
(2.3) y(x,0) = 0.

Let y!{x) be a given temperature we wish to get as close as possible to at
time horizon T. Let B be the unit ball of, say, the space of square integrable
functions on Q. We wish to find v in such a way that
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(2.4) yx, Tye '+ B
where B is given (and small),

Moreover, we want to achieve {2.4) in the cheapest way, i.e. we want to
find

(2.5) inf. H oxqon ¥2 dxdt,

for all v's such that (2.4) holds true.

The result of (2.5) is a function of &, say p(A).

For & > 0, it can be shown that o(}) decreases as A decreases. It is cheaper
to control system (2.1) where X is smaller, i.c. when (2.4} becomes (loosely
speaking) “less stable”.

Example 2.4,
A very stable and “viscous” system can be noncontrollable. Let us

consider the state equation given by
dy 3=
(2.6} mme < Ay + 3 = VY,
ot

with (2.2) and (2.3) unchanged. We have “only” replaced Ay by 3 in (2.1).

But it completely changes the situation. In the present case, y(x,T)
describes a “simall” subset of square integrable functions in Q. This fact is
due to the very "viscous” term added to classical “energy estimates”
contributed by y*. One indeed adds to the energy the term

j ovidx.

Example 2.5,

Along somewhat similar lines, some models arising in multiphase flows
seem to be noncontrollable under any “reasonable” control action (cf. ¥). In
this context it seems plausible to think that interfaces belween ice caps and
liquid ocean could be one of the most difficult subsystems on Planet Earth to
“control™.

* L DAz, Positive and Negative results in exact controllability for a general class of non linear
parabolic equations. C.R.AS. Paris 1992,
*J.L. Lions, El Planeta Tierra, Instinto de Espada. Espasa Calpe, Madrid 1990,



244 PONTIFICAL ACADEMY OF SCIENCES: PLENARY SESSION 1992

Remark 2.2.

A system not “reasonably” controllable could undergo irreversible
changes. One more reason, this time of a mathematical origin, for monitoring
the ice caps as closely as possible. Very interesting results will no doubt
follow from a close analysis of data given by the ERS1 Satellite (ESA satellite
Iaunched by Aviane 4 in July 1991)",

Example 2.6.

Let us now consider the model of perfect viscous fluid flows given by
Navier-Stokes equations. We conjecture that this system is, under reasonable
controls, approximately controllable. Numerical approximations, now under
way, point towards a positive answer.

Let us mention here a more technical conjecture, which could be
numerically verified.

We consider simultaneously the Stokes and the Navier-Stokes systems,
given respectively by

.E.y_ -Ay = v = Vp, v ={vl, v, v3)
Jt
divy=0, inQx(0T) (QcR)
(2.7
y=0 on T'x{0T),
.Y(X»O) =0
and
-.?)—/- - (2V)z - Az = vy, — Vaq,
Jt
dive=0
(2.8)
z=0 on I'x{0,T),
z(x,0) =0

10 I K, RIpLEY, S, LaxoN, C.G. RarLey, D. Manrtriee, Topography of Antarctic Ice Sheet
mapped with the ERSI Radar Altimeier. Earth Observation Quarterly, ESA pub. May-June, 14-15
(1992),
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It is proven' that, even with one of the v components identically 0, (2.7)
is approximately controllable. If B denotes the unit ball of square integrable
vectors on £, one can therefore define {as in (2.5))

(2.9) inf. J‘JGX(O 1 vidx dt = M,, y(x,T) e y! + BB,

where y! is given.
It is conjectured that we still have approximated controllability for (2.8),
so that we can define

(2.10) inf. stx(o,’r)vzdx de = M,, 7z(x, Ty e y! + BB,
We conjecture that
2.11) M, < M,.

il true this would be a further indication that “turbulence” helps, at least
from a theoretical view point, as far as “control” is concerned. Indeed, it is
the non linear term (2V)z which contributes, by “mixing the scales”, to
turbulence,

This remark leads us to the question of high sensitivity to initial
conditions.

3. Control of Chaos

High sensitivity of the weather to initial data is well known. Let us recall
a classical example.

Example 3.1, - President's Day Snowstorn:.

A very strong snowstorm struck the U.S. mid-Atlantic states in February
1979. This legendary storm, often referred to as the “President's Day
Snowstorm” was notable not only for its severity but also because of the very
poor forecast”. Why? Investigators discovered that the predicted evolution of
the President's Day snowstorm in the western Atlantic was extremely

" L.L. Lions, Exact Controllability for Distributed Systems, Some trends and some problems,
Applied and Indusirial Mathematics, ed. R, Spigler, Kluver, 1991.

* R. DALEY, Atmospheric Data Analysis, Cambridge Atmospheric and Space Science Serics,
1991,
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sensitive to small errors in the initial analysis in the Northwestern Pacific
four days earlier.

Example 3.2. - Lorenz equations.

These eguations, classical by now, are the “prototype” of chaotic
situations. It is a simple looking system of 3 ordinary differential equations
obtained by projection on the space generated by 3 basis functions (the so
called Galerkin's method) of the classical medel of thermo-hydrodynamics
(which couples by convection and thermal expansion the Navier Stokes and
the heat equations).

These equations are taken as examples of the very high sensitivity of the
solution to small initial errors, in the framework of weather prediction.

Remark 3.1.

It should be clear that for very complex systems such as the planet Earth
system, pointwise controllability is impossible, both from a theoretical and
from a practical viewpoint. What we are interested in are averages in space
and in time (for a season, say). And then questions of controllability can
make sense.

Remark 3.2.
Indeed very interesting results have been reported recently on the conirol
of chaos™ and on the synchronization of two chaotic systems.

Remark 3.3.

One can state similar conjectures to those of Remark 2 above for the
coupled system of thermo-hydrodynamics. Numerical methods are in
progress. How far can one go along these lines? Is it possible to “control”
Bernard Rolls?

Remark 3.4.

Along the lines of Remark 3.3., it is worthwhile to mention here that
many results can be achieved concerning the control of thermo-
hydrodynamical systems by using highly vibrating boundaries.

" E. O, C. GrEBOGI, JA. YORKE, Controlling Chaos, Phys. Rev. Letters, 64 (11) 1196-1199
{1990). W.L. DirTo, S.N. Rausio, M.L. Seano, Experimental Contrel of Chaos, Phys. Rev, Letters,
65 (26) 3211-3214 (1990).
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The preceding Remark points towards the role of periodic control, which
leads to a highly oscillating boundary control exerted by the Sun for a time
horizon of several years,

All these remarks, which are clearly of an introductory nature, seem to
bring some elements of justification to the remark made by J. von Neumann
“The climate is simpler to control than to predict”.

We can summarize where we stand - emphasizing once more that
everything which has been presented so far is of a very preliminary and
conjectural state of affairs.

i) The “natural” feedbacks, if thought of as natural control {unctions,
stabilize the planet Earth system. The turbulent and chaotic sub-systems of
the global system make the role of these controls “easier” and more efficient,
rather than less efficient,

The irreversible (physical) changes could rather be related to changes (if
any) in the most “viscous” parts of the system, such as the ice caps.

it) But of course the argument of (i) can — and should — be reversed. If
the system can be “easily” controlled, it could mean it is going to be, at a
time scale not at all easy to estimate", very sensitive to human actions.

We could act significantly on the system, and actually, an “inadvertent
global experiment™ has begun.

How to proceed?

4. Criteria and complexity.

For applying control techniques and methods, one needs three basic
elements:

i) State equations, depending on the time horizon we are interested in,
and on the geographical region we want to study with particular care, and
also on the “subsystem” which is our main interest, ete.

ii) Control variables. We have indicated some of them. Without any
attempt at being exhaustive, one could add:

— Volcanoes, as “natural” and “stochastic” controls,

— Economic incentives,

— Demography (a particularly delicate “control”).

" B. Datko, J. Lagnust, M.P. Pows, An examiple of the effect of time delays in boundary
feedback stabilization of wave equations. Siam J. Control Optim. 24 152-156 {1986).

¥ V. RaMANATHAN, The Green house theory of climatic change: a lest by an inadvertent Global
Experiment. Science 240 293-299 {1988).
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“Active” controls have been mentioned already by J. von Neumann. More
recently the sinking of large masses of steel in cold oceans has been
presented.

iii) Criteria. — i.e. functionals we want to “optimize” so that the system
behaves “according to our wishes”.

The choice of criteria is a very fundamental topic, which is beyond the
scope of the present lecture. We are confining ourselves to the following
remarks of an introductory nature,

Remark 4.1,

For any problem, there are a large number of reasonable or natural
criteria one would like to optimize. Simultaneous optimization all of them is
impossible: no solution exists in general. This is a classical situation in
Fconomics. One replaces “optimization” by the search for equilibria of some
sort, such as Pareto equilibria.

Remarlk 4.2.

The number of criteria adds to the “complexity”.

Faced with such complexity when one considers the Planet Earth System
or any of its subsystems, one could be tempted to do nothing and to proceed
with “business as usual”, a very dangerous procedure if what is summarized
in the conclusion of section 3 is true.

We would rather advocate action decided on a “no regret basis”': we are
looking for controls to improve situations and (hopefully) not to make things
worse than “business as usual”.

In any case, if feedback control can stabilize a system whose many
components are of an unstable nature, that stabilization could explain what
can be considered as stability of climate and, at the same time, it indicates
that great attention should be paid to see that this “stability” {s maintained.

But the complexity of the system, the intricacies of feedbacks, the variety
of possible control variables, the number of criteria where conflicts of
interest may appear, even for apparently “local” problems, can make any
kind of coordinated decision impossible in the absence of a reference to
philosophical and moral values.

* J 1. Lions, Contrdles & moindres regrets, CR.AS, Paris 1992,
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BIOLOGICAL COMPLEXITY

PETER H. RAVEN
Botanical Garden, St. Louis, Mo., USA

Biological complexity, as several speakers today have noted, is
enormous, difficult to understand, and very difficult to reduce to the kinds of
formulas that were so beautifully discussed in earlier papers on physics,
cosmology, and astronomy. We view biological diversity in a variety of
different ways. To give you one example, we view it though the eyes of
taxonomy or classification. It is interesting that, before there was a formal
classification recorded in books, we had throughout the world a series of
systems of classification, which were local in distribution and which would
now be called folk taxonomies'. If we look at the ways that the Eskimos in
the north, the indigenous peoples in the central Amazon, or the rural
peasants in southern France — in short, any people who do not depend
primarily on written language for describing the world of nature — we find a
series of regularities in the way that they deal with the world. Those
taxonomies, for example, always have to deal with a finite number of specific
identified items, usually in the order of several hundred. They are not deep,
in the sense of hierarchies; they do not have families or orders or phyla in
theny; and every speaker of the language — everyone who is familiar with
that system - will recognize all of the items, because every item has to be
recognized in order for there to be communication, so that there is no need
for a hierarchy and there can be only a finite number of items.

This is regardless, as I have implied, of the biological richness of the arca
concerned. It also bears mentioning, briefly and in passing, that the human

'P.H. Raven, B. Bernin & D.E. Breeprovi, The origins of taxononty. Science 174, 12101213
(197).
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mind itself, and our capacity for dealing with the outside world, must have a
lot to do with our original ability to, and necessity for dealing with biological
items — because, from the very beginning, human survival has depended on
that ability, and our minds must be continued somewhat by the kinds of
classification that were inherent in doing that. As human progress moved
forward into written manuscripts, people began to try to codifly more and
more about the plants and animals around them, and of course we have the
famous early efforts of men such as Theophrastus, Dioscorides, and
Aristotle, who tried to deal with the biological universe. The system really
began to move forward, however, with the introduction of movable type and,
therefore, of widely distributed books in Europe, which eventually led to the
age of the encyclopedists when, probably towards the close of the 17th
century, people really began to take a serious interest in classifying
biological reality in its entirety. In those systems, a deeper and deeper
hierarchical classification came to be and the reason for a hierarchical
classification, that is, grouping of individual kinds of organisms into genera
or families or orders or phyla, was that the characteristics, the conditions
under which the follk or verbal taxonomies could operate were no longer
met. There were so many organisms being classified that no one could hold
them all in mind. It became useful to group those organisms into categories
of ascending complexity or inclusiveness, and the characteristics of those
increasingly inclusive taxa, or kinds of organisms, came to be very imporiant
as a way of communicating information about them. Even at the time ol Carl
Linnaeus, in the middle of the 18th century, the biological hierarchy, or the
hierarchical classification, as we now know it, was not yet completed, and
several levels have been added over the past 200 years.

The obvious way to complete this briel exposition of this particular way
of looking at the diversity of life on earth is to point out that, with the
invention of computers, one is {reed, in a logical sense, from the necessity of
a hierarchical classification, although actually people have maintained it.
With computers and relational databases, it is perfectly possible, in prin-
ciple, to retain all of the original information upon which the classification
and the items being discussed are logically based and, in an operational
sense, to reirieve all of that information, when needed, and still to use
categories of increasing inclusiveness, as they may be needed.

Now, another way of looking at the complexity of life on earth is to view
it in an evohitionary perspective. Qur planel is something like four and a half
billion years old, with the oldest rocks that remain being something like 3.9
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billion years old. Fossils in South Alrica and Australia go back to about 3.5
billion years ago, and that is when we know that there were prokaryotic
organisms and a simple level of organization in existence, including the
cyanobacteria, which were engaging in photosynthesis more than three
billion years ago. That process of photosynthesis gradually led to the
accumulation of sufficient oxygen to make the characteristics of the Earth's
atmosphere more like what they are now, with about 20 percent oxygen.
Very importantly for an environmental consideration of the earth, that
increase in oxygen concentration in turn led inevitably to the production of
an ozone layer in the stratosphere sufficiently thick to protect the organisms
on Earth from the ultraviolet B radiation that continually bombards the
Earth from space, and which is intrinsically extraordinarily damaging to
biological molecules. Specific examples of that damage are skin cancer and
melanomas, and other types of injuries caused to biological molecules are
well known. At least two billion years after the first evolution of life on
Earth, one detects the first eukaryotic cells; and eukaryotic cells, larger in
volume, are also the product of serial symbiosis, the cooperative or
mutualistic organization of prokaryotic cells within one another.

Very carly in the evolution of eukaryotic cells, one had, through the
organization of a particular group of bacteria into those cells, the evolution
of the almost universal organelles called mitochondria; and by a subsequent
incorporation, probably of cyanobacteria into some of those organisms, one
also had the origin of chioroplast, the photosynthetic organelles that are
characteristic of the relatively few eukaryotes that are capable of photo-
synthesis. For the first 750 million years of the evolution of eukaryotes,
although the cells sometimes adhered, they were all uniceliular, and it was
not until something like 730 million years ago that one first saw the
evolution of multicellular eukaryotes, more characteristic of the kinds of
organisms that we have now. The emergence of the first organisms onto Jand
occurred something like 430 million years ago. This is an important point:
during 90 percent of the history of Earth there were no organisms on Jand
whatsoever. Starting only about 430 million years ago, the ancestors of the
modern fungi, then eventually the ancestors of the arthropods, and of the
terrestrial vertebrates, tetrapods, came onto land and began to form
communities of increasing complexity. By 300 million years ago, which is, in
geological terms, just yesterday, forest had appeared on the land, and you
had development of the kinds of complex communities that exist now, and
whose integrity and diversity are so threatened by the human population at
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the present time. Starting about 300 million years ago, one began to see
these complex co-evolved communities whose appearance signalled a
profound change in the relevant physical characteristics of the Earth, which,
depending on how mystical your thoughts are, may be regarded as the
creation of a kind of a Gaia Earth, functioning as a physical unit.

The last of several major extinction events on Earth was at the end of the
Cretaceous Period, approximately 65 million years ago. The ancestors of the
mammal were already in existence, but our ancestors at that time were very
small, probably mostly arboreal creatures, bearing only a generalized
resemblance to the primates and the other mammals that exist at the present
time. Following the great extinction at the end of the Cretaceous Period,
which most scientists now believe to be coupled with the landing of a giant
asteroid on Earth, perhaps, as it now seems, off Yucatdn in Mexico, we had
an increasing evolution of numbers of species on Earth, and an increasing
evolution of the complexity of biclogical communities. They have been going
on and on and on, forming more and more species of greater and greater
complexity, for the past 65 million years.

With the opening of the great passage between southern Scuth America
and Antarctica about 27 million years ago, the conditions were set for the
development of the circum-Antarctic current that connected the southern
oceans into a single system and which seems, in turn, to have led to the
formation of continental glaciation in Antarctica, starting about 16 million
years ago. This coincides with a period of worldwide increased aridity, which
began at about that time and which greatly diversified and changed the
communities of organisms all over the Farth. As the temperature gradient
from the Equator to the Poles gradually became more extreme, tropical
lowland forests became as extreme a habitat as they are. They must in no
sense be thought of as an aboriginal kind of habitat from which other kinds
of life on earth emerged. The generally mild climate habitats that occupied
much of the Earth before the middle of the Miocene, about 15 million years
ago, gave rise gradually to the savannahs. These changes and the increasing
aridity accentuated the extent of the deserts, and gave rise to the
Mediterranean-type vegetation, the Arclic tundra/taiga vegetation, and other
kinds of more specialized communities that we see at the present day, all of
which include compenents of these more moderate communities, occurring
in equable climates, from which they evolved.

Our first ancestors in the genus Australopithecus appeared on Earth four
to five million years ago, the exact time being uncertain. The genus Homo
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appeared about two million years ago, and fossil records of individuals
similar 1o Homo sapiens, people of modern aspect, appeared about 500,000
years ago, and the rest of the course of evolution is well-known to you. For
about 10,000 years, starting in three diverse centers, people have been
cultivating plants and animals for their agricultural purposes. So what began
about 10,000 years ago as a few million people scattered over the face of the
Earth, has grown into the five and a half billion people explosively gathering
speed at the present time, and we will return to that problem in a minute.
There were about 130 million people at the time of Christ, one billion people
in about 1830, two billion in about 1930, two and a half billion in 1950, and
an additional three billion have been added to the world population since
1950, so I will say, for the [irst time, but not for the last time, that anyone
who thinks that the world today is like any world that existed in the past, in
terms of the pressure that human beings exert on the capability of the world
to support itself, is simply in error®.

Let us turn now to a more general discussion of some of the aspects of
biodiversity. How many species of organisms are there on Earth? Belore we
begin making general and very theoretical statements about life on Earth, it
would seem to be logical to begin to try to understand something about the
dimension of that life. The facts are that we understand very little. We do know
that there are about 20,000 species of butterflies, diurnal Lepidoptera, on Earth
and, we understand their patterns of distribution very well. We do know that
there are about 45,000 species of vertebrates on Earth, of which we know most,
with the rather major exception of the fresh water fish faunas of Latin America>*.
We know that there are about 250,000 kinds of plants on Earth, counting only
vascular plants and bryophytes as plants, But we do not know very much at all
about other groups of organisms. In fact, our state of knowledge is abysmal.

There are about 1.4 million kinds of organisms that have been given
names on Earth since the time when Linneaus began with plants and
animals in the 1750s®. There are, as I said, about 250,000 species of higher

* Arrovo, MUTK., PH. Ravin & J. Saruksan, Biodiversity. In: An Agenda of Science for
Environment and Development into the 21st Century {(J.C.1. Dooge et al., eds.) Cambridge:
Cambridge University Press 1992, pp. 205-219.

* Lows-McConneLl, R.H., Ecological Studies in Tropical Fish Conmuniiies. Cambridge:
Cambridge University Press 1987,

fWoonweLL, G.M. (ed.}. The Earth in Transilion. Patterns and Processes of Biotic
hupoverishment. Cambridge: Cambridge University Press 1990,

S B.O. WiLson, The current state of biological diversity. In: Biodiversity (E.Q. Wirson, ed.).
Washinglon D.C.: Nalional Academy Press 1988, pp. 3-18.
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plants; about 45,000 species of vertebrates; and about 750,000 named species
of insects. But if you go on to think about how many there really are and
how the ecosystems of the world are put together, you immediately are
plunged into severe difficulties. We used 1o think there might be about three
or four million kinds of organisms on Earth until a scientist named Terry
Erwin, who works in the Natural History Museum at the Smithsonian
Institution in Washington, began doing experiments about ten years ago that
included fogging insecticide up into the canopies of tropical trees and then
getting comprehensive samples of all the kinds of insects found in particular
kinds of trees®. He particularly studied arboreal caryatid beetles, very
specialized organisms, and attempted to estimate how many were distinctive
on each kind of tree; what kind of overlap there would be from one kind of
tree to another; what kind of overlap there would be 100 kilometers away,
and so forth. He came up with an estimate that there might be 30 million
kinds of insects living in the canopy of Latin American trees alone.

Erwin's calculations, like some carly estimates of the diversity of marine
organisms’, seem to have been faulty for various technical, mainly statistical
reasons. However, the current conservative estimate that is most reasonable,
as nearly as my colleagues and I could work it out, is that there are eight to
ten million kinds of organisms on earth® ¥ this is, as T say, a good
conservative estimate, which needs to be qualified in several ways. First of
all, there is no way to include bacteria in those totals, although bacteria are
sometimes included in such estimates. Bacleria are classified by their
metabolic characteristics, and there are only 3000 species of bacteria that
have been properly classified and named. On the other hand, using modern
molecular methods like DNA probes to determine relatively different
sequences in different bacteria, one gram of soil under a Norwegian beech
forest has been estimated recently to contain 5000 different kinds of
bacteria. Since there are only 3000 bacteria named in the whole world, and
since it is unlikely that a Norwegian beech forest in the richest possible
habitat for bacteria, it seems almost certain that there are many, many,
many more kinds of bacteria,

¢ Brwin, T.L. Beetles and other insects of tropical forest canopies at Manaus, Brazil, sampled
by insecticidal fogging. In: Tropical Rain Forest: Ecology and Management {S.L. Sutton et al,,
eds.). Bdinburgh: Blackwell Scientific Publications 1983, pp. 59-75.

* GESAMP, The State of the Marine Environment, UNEP Regional Seas Reports and Studies
No. 115. Nairobi: United Nations Environment Programme 1990.

¢ May R.M., How srany species are there on Earth? Science 241, 1441-1449 (1988).

* GastoN, K.J., The magnitude of global insect species richness. Conservation Biology 3, 283-
296 (1991).
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An even more serious problem than geiting a vague idea of the number
of bacteria on Barth is that we do know how to define, even approximately,
the kinds of units that we would want to call species. We can define species
of bacteria in a functional sense, in a sense of what they do in nature, but we
cannot really define them in terms of species that compare to species of
eukaryotic organisms. For viruses, of course, the case in even clearer, viruses
being essentially pieces of the genomes of prokaryotic or eukaryotic
organisms that have broken loose in some way and are functioning in other
cells, by their very origin and mode of operation. You not only have the
difficulties involved in deciding how many you want to recognize in any but
the most functional way, but it becomes guite impossible to make any
estimates. Therefore, when I say eight to ten million, T am talking about only
eukaryotic organisms. For many groups of cukaryotes, some of considerable
economic importance, and T mention particularly mites, nematodes, and
fungi, fewer than 50,000 species have actually been described and named,
but general estimates are that there may be about a million species in each
of these groups (Wilson op. ¢it. ).

The whole point of this diversion has been to indicate that we really are
abysmally ignorant of life on Earth at the very time when are desiroying it
with unprecedented speed’'. We really do not have the basic tools that we
need for managing the physical biosphere in any but the crudest and
roughest way. If we know so httle about individual kinds of organisms, how
can we understand the linkages between organisms in natural communities,
which are basically and ultimately responsible for the Earth's ability to
capture a certain amount of sunlight, which bombards the Earth continually,
and expend that sunlight in a regulated way? We do know that leaf-cutter
ants in Central America gather leaves and grow fungi on them, which they
use as their primary food. We know that a male euglossine bee takes a scent
from the petals of a particular orchid, and then uses it to mark its mating
site in the jungle; and that in turn that bee carries a pollinium with pollen of
that orchid as it goes from flower to flower. We have come to understand,
during the last decade, that certain kinds of fruit bats are absolutely
indispensable in the spread and re-establishment of forests in West Alrica,

© Hawksworriz, D.L. The fungal dimension of biodiversity: magnitude, significance, and
conservation. Mycalogical Research 93, 641-655 {1991).

nEnrLcy, PR, & BE.O. WiLsoN, Biodiversity studies: science and policy. Science 253, 758-762
(1991).
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and if you kill off the bats, there is no way to re-establish the forests. But
those are just vignettes that show how profoundly ignorant we are',

We operate on a kind of blind faith that the ecosystems and communities
of the world are really infinitely interchangable or substitutable”. But while
we are assuming that, we have lost an estimated 20 percent of the topsoil on
the world's agricultural lands in the last 40 years and are losing it right now
at a rate of 24 billion tons per year " *, In other words, the world each year
is losing, from its agricultural lands, the amount of top soil equal 1o all the
topsecil on all the wheatlands of Australia, and we are really not doing
anything about it. We do not know how to manage or manipulate
communities nor do we acknowledge our enormous dependence on
organisms, which are the only sustainable elements that we have in the
world system for our survival®. For those of us who live and practise
agriculture in the temperate parts of the world, we have to acknowledge that
the genetic diversity that underlies our ability to use those crops lies mostly
in foreign countries and mainly in developing countries. For example, about
twelve years ago on a hillside in Mexico, botanists discovered a new species
of corn”, which is a perennial and occupies the area about the size of a
football field, which easily could have become extinct without ever being
discovered , and yet which has in it genes that make the bearer resistant to
seven of the nine major viral diseases that lower the yield of corn as it is
grown throughout the world. Of course, you know that maize, or corn,
together with rice and wheat, provide an estimated 60 percent of all the
calories consumed by human beings, directly or indirectly®, so this is not a
trivial discovery, and the (act that an organism like this could have been lost
easily, without ever having been seen, is not a trivial observation. We do not,
as a global community, invest in the development of tropical crops. We do
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not try to get crops in places that will feed people in the tropics or
subtropics. Worldwide investment in crop agriculture is almost exclusively
done in temperate, industrialized countries, and that is, of course, where we
are paying for these enormous surpluses that have us fighting continually
with one another as we try to work out rational global trading situations,
But, in the tropics, as I will explain in a few minutes, where people are
desperately in need of the development of new crops for domestic
consumption, for export, and for economic support, very, very little is being
invested on a scale adequate to come up with new commodities that we
really could use and to create markets for them®,

Of course, the use of plants as medicines is something that I need refer to
only briefly®. Indigenous people in the Amazonian region of South America
still hunt with arrows, darts really, dipped in an exiract from a plant; this
extract in known to us as curarc. In the hands of modern medicine, of
course, curare and medicines related to curare are used in all operations
involving open heart surgery, or any other surgery requiring thoracic
relaxation, but we would not even have known that it existed if we had not
learned about it from the indigenous peopic who used, and still use, it for
hunting. Every single one of the 20 top-selling pharmaceutical drugs
worldwide is either taken from a natural product or modelled on one. The
only drug that is effective against all forms of malaria in the world at the
present time, especially the resistant strains ol plasmodium that have
appeared recently, is an extract from a Chinese herb called Artemisia annua,
and the efficacious molecule in that plant is utterly unpredictable from any
of the other molecules that have ever been used to treat malaria. One final
example is Catharanthus roseis, a native of Madagascar, which is the source
of vinblazstine and vincristine, drugs whose use has grown into a $200
million a year industry for Eli Lilly, put on the market in 1971, and which
have raised the chance of survival [rom childhood leukemia (rom 1 in 20 to
about 9 in 10, when used in combination with other drugs.

Plants are essentially an endless store of commodities that we might use
to support ourselves, and when you then go on to genetic engineering, which
is the ability to transfer useful genetic material from one organism to
another, thereby improving the characteristics of the recipient, the potential
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uses of plants multiplies further®. I remind you that the first example of
successful genetic engineering was performed only in 1974, When you
consider the inherent potential of genetic engineering, then you realize that
each individual organism being lost is not like losing an article from the
shelves of a grocery store; it is like losing a whole bag of useful comumodities.
Being just at the beginning of our genome sequencing projects, we do not
even know how many distinctive genes organisms have, how they differ one
from the other, nor how they function; and losing those organisms at the
present time is certainly losing a great deal more, but of an unknown
quantity, than simply losing them for their own sake®,

Now, unfortunately, there are a number of factors by virtue of which we
are losing this very, very poorly known biological diversity, and I repeat that
we have recognized and named only about 15 percent of the kinds of
organisms on Earth. We are virtually totally ignorant of the connections
between them, the ways in which they form efficient communities the degree
of substitutability between them, or indeed of anything that really can be
characterized as sustainable use of the Earth. The fundamental [actor that is
driving to biological extinction, which is also the fundamental factor driving
global warming, and the fundamental factor destroying the ozone layer, and
the fundamental factor altering regional climates , and the fundamental
factor creating a human demographic situation in which the HIV virus could
grow into a worldwide pandemic situation, is human population growth.
From two and a half billion people in 1950, the population has increased by
an additional three billion in the last 42 years.

Almost every developing country believes that it is desirable to slow
down the growth of its population, and most have implemented policies that
reflect that belief, but because the populations of developing countries
characteristically include 35 1o 45 percent of people less than 15 years of age,
and although an increasing proportion of those people choose to have
smaller families, there are so many people having families at all that the
population continues to grow rapidly, In fact, it continues to grow so rapidly
that we are adding approximately 100 million people a year at present and
should add about 100 million people a year for the next 28 to 30 years, even
il we have sustained atiention to the limitation of populations. I need not
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remind this audience that the idea of allowing people to make responsible
choices about the number of children that they have, and of making
information available to them within the limits of what they consider
morally acceplable, is a perfectly acceptable doctrine to the Roman Catholic
Church - that is, choosing the size of one's family - and that is precisely
what people are doing over much of the world. That being the case, though,
there are two important observations that I need to add. One is that, if the
global population is eventually to level oul, and the earliest it could do so
would be about 100 years from now, these next few decades are not some
kind of reprieve, during which we can gain the ability to take action. These
next few decades are, in fact, the most destructive decades that we will ever
have to face. The population is growing rapidly now, we have fewer ways of
dealing with it, we do not understand it, our social systems are disordered,
and this is the very time when the biological fabric of cur common home,
the planet Earth, is being torn to shreds. The only time that we can act
effectively is now.

The second point 1 would make, il there is anyone in the audience who
does not believe that population is a problem, is that human beings right
now, at a level of 5,5 billion, are estimated o be consuming, diverling, or
wasting forty percent — 40 percent — of the total photosynthetic
productivity on land®. Since the most optimistic assumptions of human
population stability project a leveling-off at about nine billion at least, one
must ask can we ever improve the lot of the human race in situations like
that, when we are already appropriating, for our one species, one cut of the
ten million on this planet, forty percent of everything that the Earth
produces?

And what kind of life do we get for most people on Earth while
appropriating this 40 percent? Our human society is as unjust a system as
could possibly be. The distribution of wealth, the distribution of talent® and
the distribution of energy throughout the world to manage the world, is
about as irrational as it could conceivably be, if we were trying to manage
our planet so that there might be some kind of respectable future. Of the 4.3
million people who live in developing countries, 1.5 billion of them live in
what the World Bank defines as absolute poverty. Absolute poverty is a
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condition in which an individual cannot expect reliably to find food, shelter,
or clothing on a daily basis. Half of those people, or one out of ten people in
the World, are suffering from malnutrition, in other words, receiving less
than 80 percent of the UN-recommended minimum calorie intake. Their
bodies are literally wasting away, and when they are children, their brains
cannot develop properly, because they are not taking in enough calories.

One and a half billion people in the world do not have access to depen-
dable supplies of fresh water. That means, put very simply, that the women
and children of those families spend their entire lives walking back and forth
to get supplies of fresh water. They have absolutely no hope of being
incorporated into their societies or exercising any kind of a reasonable input
to their societies, bul instead are condemned to a life of misery just going
and getting water. That's the kind of a world we have now. The 1.2 billion of
us who live in industrial countries use about 80 percent of the industrial
energy in the world, have about 85 percent of the money in the world, as
measured by gross national products; consume anywhere between 75 and 95
percent of anything that you can measure; and the next time you think about
population, think about the other side of the equation, which is gluttonous
overconsumption in the industrial world, far beyond anything that we could
conceivably need. The relationship between these two factors is what is
critical, and I can illustrate it very simply. In the face of the relationship that
I have just outlined for you, if the 4.3 billion people in the developing world
disappeared [rom the face of the globe tomorrow — disappeared — we
would not be even remotely near managing the workd in a sustainable way.
The 1.2 billion of us who are left are already far from using the world in a
sustainable way, never mind what the expectations might be for people in
the developing world. That is basically why the Brandtland report is, to me,
such a sad distraction from the real business of the world, with its vaguely
implied pretence that everybody in the world is going to come up to the
standard of the industrial world by some kind of mysterious process.

Ladies and gentlemen, those of you who live in the industrial world, we
are going to have to seriously limit our consumption, intelligently, in ways in
which science, technology, and engineering must play a key role, because
our planet cannot give any more than it is giving. To pretend that we can just
go on with our lives and thal somehow everything else will be okay is, I
think, just to ignore the real problems. What we need to do is think seriously
about implementing agricultural systems, like agroforestry, that will work in
various part of the developing world, as well as the effective production of
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crops in sufficient amounts to feed people where thay really are. What we
need is to find ways that wilt respect those precious soils of the tropics —
often only a few centimeters thick — and allow cultivation to go on there,
either allow them to be used, or simply leave them alone. This is not a
problem for the Brazilians or the Indonesians; this is a problem for every
single one of us. The typical sequence of logging followed by burning for
shifting cultivation does not work once the population density gets to a
certain level, which it has reached in most developing countries. Shifting
cultivation works fine as a temporary enrichment of the soil, as long as there
are few enough people that the forests can recover between uses. But with
the one and a half billion people who depend on firewoed as their source of
fuel, and with population levels reaching the levels that they have, shifting
cultivation simply no longer works, Every single one of us has a common
investment in trying to develop and encourage sustainable systems whereby
people can lead lives of dignity in places like the tropics, and until we face up
to that fact, the human race will simply not be able to accomplish what it
would otherwise, and we will not be able to manage this planet sustainably,
regardless of how comfortable any one of us might be individually.

Within the last 40 years, we have seen the loss of about half of all the
tropical forests®, a potentially inexhaustible storehouse of riches for the
human race. What is happening, in essence, is a denial of the charge that the
Lord gave to Neah thousands of years ago o save the organisms on Earth for
the human future. Rather than saving them, or even learning about them, we
are simply squandering them as a result of our lack of attention to the
problem and our simple {ack of charity towards one another. Despite all the
beautiful images of our Earth that we have had from space, we ave failing
that, in the final analysis, we inhabit one single planet, that is all we have,
and we have to cooperate in the management of that planet. Why we
continue to fall into fanciful dreams of economic development, given that
realization, I have no idea.

Most tropical organisms are very widely scattered in their communities,
and when the tropical forest is cut into small patches, as you can imagine,
you are apt to calch very few of those individuals and consequently such
activities put those species immediately at the risk of extinction. One or two
individuals will not perpetuate a species. In fact, a tenfold decrease in a
given area — whether a single forest or the entire extent of existing tropical
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rainforest, for example — will, in general, lead to a 50 percent reduction in
the number of species in the remaining area® With the inevitable growth in
human population that will occur in the next 30 years, it is alse inevitable
that a very large percentage of the species on Earth, possibly 20 percent,
meaning 50,000 of the quarter of a million species of plants, for example, is
likely to become extinct during that period of time? .

Given the fact that 50,000 to 60,000 species of plants are already known
o be economically valuable, it is basicaily a crime against ourselves that the
human race has not found a way to enter into a scheme that would lead to
their preservation. It is even more of a crime that we have not used the
United Nations, following the Earth Summit meetings in Rio, as a
mechanism for drawing us together, putting some executive, legislative, and
juridical powers into play, whereby we could negotiate with one another to
guard our common ecological [uture. It seems that we are all just too selfish.
Futurists do not agree on much, but they do agree on one thing — they agree
that the future will not be like the past.

One final example to illustrate just one single place, on the island of
Madagascar, an island about the size of California some 400 kilometers off
the east coast of Africa, between 20° and 30° south latitude, there about two
to three percent of the world's species ol organisms, and most of those live
only there, including, for exampie, all of the lemurs, which comprise more
than 40 of the 230-odd species of primates, our closest relatives. Every single
one of those species of femurs is a threatened or endangered species at
present and they live, of course, amidst some of the most fantastic vegetation
anywhere on Earth, and some of it still in reasonably good condition. Maps
generated by remote satellite sensing show an extremely rapid decrease in the
forests of Madagascar between the early 1950's and the mid 1980's,
coinciding with the explosive growth of the human populations, and those
forests continue to be destroyed on at least the same scale as we speak®, The
reason? Population growth, the cultivation of upland rice, the gradual
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conversion of Madagascar, which once included farge tracts of wet lorests as
well as the highly adaptive and interesting dry forests, into badly eroded
grasslands. That is in fact what about two-thirds of Madagascar consists of
at present. The unique and marvelous plants and animals of this island
disappear with each new rice-field or pasture, replaced by weedy
introductions from Africa, cattle pastures, or even by simple desolation as
the land erodes and disappears.

As the world becomes biologically impoverished I think that, as an
Academy of Sciences, we have the very same responsibility as Noah had in
his time. Biological diversity is the only element on the planet Earth that is
capable of sustaining life. Individual biological organisms are the only things
that we have on Earth that will produce products that we can use.
Communities of organisms, whether original or reconstructed, are the only
devices by which we can capture the energy of the sun in an orderly way and
protect the soils, the climates, and the atmosphere. Although we are living in
an age of enormous extinction, the responsibility is ours at least 10 make the
effort, working together, to try to avoid that extinction and save those
organisms that we see as being of the most value. It seerns to me that an
organization like the Pontifical Academy of Sciences, which has by its very
nature enormous moral authority, credibility, and international stature, can
play a crucial role in addressing the crisis of biological extinction. Whether
we act out of a sense of social justice, or out of a realization of our profound
obligation for the stewardship of life on earth, act we must, and without
delay.
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DISCUSSION
(B. PuLLmAN, chairman)

PuLLMaN: You have shown us the beauty of nature, the usefulness of nature
and also called for a very serious reflection on what's going to happen to
this beautiful and useful nature il we take no heed about its future.
Moreover, you have raised one of the basic problems which we have to
face, the problem of population growth. This paper is now open for
discussion.

RUNCORN: You don't think the one consequence of uncontrolled growth of
population which is never mentioned in these discussions and yet maybe
the most serious one is widespread civil disturbance and war?

RAVEN: One thinks so intuitively, but in fact it is difficult to demonsirate.
Certainly, when you look at things like water running out in Africa as it
will do possibly over the next 10-20-30 years, and you reflect on the fact
that rivers go through many countries, you know that it's going in that
direction, but it's difficult to demonstrate scientifically.

SELA: One point that you mentioned but which I think I would like to expand
is solar energy. Because this is one of the ways to find a partial solution,
especially concerning pollution. I mentioned this because coming from a
warm country and having at the Wejzmann Institute one of the biggest
heliostat fields in which we are trying just to assert the fact that only one
third of energy is needed for electricity, one third for transportation, but
one third is directly needed as industrial heat. Any methods of creating a
“heat-pipe” catching the Sun's energy directly and trasporting it is a very
worthwhile topic. Generally, we could think about this approach as we
all hope that a large part of the developing world will start living at a
much higher level, and will start using cars. If China had as many cars as
the United States, there would be really no oxygen. Then we will have to
think about alternative methods of running transportation. Thank you.

Jaxe: T am glad you mentioned cars. I have already referred to this problem
this morning, namely, the 35 million new automobiles being put on the
market this year. And the number apparently is increasing. T came across
this problem for the first time, when I read a book by Barry Commoner



COMPLEXITY AND LIFIE SCIENCES - RAVEN 267

which you probably know, an almost 25 year old book. He pointed out
that therein lies an absolutely crucial factor together with road building.
Can we in the Western World retain the privilege of having so many cars
and deny it to the large majority of the world's population? Do you have
any knowledge of any further studies of this problem, namely, the energy
consumption of automoniles, of their destruction of oxygen and so forth?

Raven: There are plenty of people, including all the major car manufacturers
who are developing battery driven elecirical cars and other things. But I
think automobiles, roads and parking lots are a perfect illustration of
what T meant when I said we must not assume that the future will be like
the past. People are probably going to have to get a lot closer together, a
lot more functionally. They are going to be able on the other hand to
work more dispersed because of computer networks and things like that.
And T think to assume that cars are going to spread throughout the world
on the level that we have them in industrialized countries, is one the
most apocalyptic visions that T could dream of. ¥ hope that we can be
intelligent enough and come together enough to find alternatives long
before that happens. After all we have been using automobiles only since
about 1902-1904, there is no reason that the world has to be condemned
to an ever increasing expansion of that kind of system. And we really do
have to find a new way of thinking. That illustrates my basic point.

DoBEREINER: Let me begin by answering the question of the cars because I
think Brazil is the country which so far has found the best solution to
this problem, and I never tire repeating the subject because surprisingly
enough most people don't think of this. If you burn fossil fuels of course
you enrich the atmosphere with CO, and cause the greenhouse effect.
Most people say, you in Brazil make alcohol but it deesn't help at all,
because you burn the sugar cane leaves and you burn the alcohol in cars
and it comes out the same. But most people have not thought of the fact
at all. Usually the quantity of CO, which is put back into the atmosphere
when fuel is burned was really taken out of the atmosphere by the sugar
cane, when it grows it takes out more CO, from the atmosphere than
ever is returned even if the leaves are burned. Recently 1 was very
preplexed when I heard that in the United States gasoline is the cheapest
in the whole world. Would it not be wise to put a tax on fossil fuels and
with this you could afford to use bioenergy? Well, but this wouldn't give
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the government votes. I wanted to call attention to the responsibility we
have as an international scientific Academy, which promotes science for
human welfare, to support in whatever way we can, by publications, by
fectures, by training, (I would say that it is exactly in the field where I am
working} the finding of alternative agricultural systems to produce more
food, mere energy with less harm to the environment. We have to start
right away and if we don't then really it will be too late,

MaLu: Monsieur le Président il ne faudrait pas trop vous préoccuper des

automobiles parce que nous sommes tellement pauvres que nous ne
pouvons pas en acheter. Concernant I'énergie solaire, le gros probleme
c'est le stockage de I'énergie. Si le coQit par exemple du photovoltaique
décrolt assez vite, malheureusement le coiit du stockage est pratique-
ment stationnaire; ¢'est done sur ce point-ld qu'il faudrait concentrer les
efforts de recherche. Je vous remercie.

Cuauvin: Je m'excuse d'intervenir dans un débat ol je ne suis pas du tout

spécialiste, mais il y a une chose dont j'ai trés rarement entendu parler,
Vous savez lrés probablement tous, que depuis 4 années si ce n'est pas 5,
des taxis & hydrogéne fonctionnent dans Berlin, je ne veux pas dire des
taxis avec de l'hydrogéne dans des bouteilles, je veux dire des taxis a
I'hydrure de fer. Vous savez que les combinaisons de 'hydrogéne avec un
métal on été érudiées depuis trés longlemps, et que il s'agit d'un hydrure
de fer dopé au (ungsiéne, Je ne sais pas comment on le dope, c'est ¢a tout
le probleme. Les modifications 4 laire 2 la voiture sont trés légeres et
portent pratiquement sur le carburateur, et alors, I'hydrogéne qui se
combine 4 l'oxygéne n'a jamais donné a ma connaissance que de l'eau.
Evidemment les voitures sont de 4 4 500 kilos plus lourdes, seulement les
personnalités qui ont étudié cela travailient actuellement sur I'hydrure
d'aluminium. Enfin je vous dirai que les brevets qui couvrent I'hydrure
de fer sont des brevets Mercedez-Benz, el les idées de rentabilité des
Mercedes-Benz sont particuliérement claires & ma connaissance.

RaveN: We are always properly preoccupied with the importance of more

and more encrgy, but free energy would not solve the problems of the
world at all. The world would be destroyed if we had abundant free
energy. It is one of the many interlocking aspects of what I tried very
hard to present as an overall problem. We tend to get preoccupied with
some other way of running an automobile or some improvement that we
can make in energy conservation. But I want to emphasise again that if
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you look at all the factors that I talked about, in fact, abundant energy
costing nothing would result in the destruction of the Earth as fast as
you could possibly imagine it, we need only to look for new ways of
dealing with energy as part of a very, very complex overall readjustment
if we want to solve this problem.

PavaN: When I raised the problem of population this morning I think I was
misunderstood as if I wanted (o criticize what the Academy was doing
about the problem of population; this is not the case. But I think the
problem of population growth is so important for a viable future of the
human race that I could not come here without telling you my
impression about it, It would not be fair for the 8 million children
without schools in Brazil, added to a greater number of the ones that
don't finish the {irst grade and the 13,7 million children from 0 to 5 years
of age that are very undernourished. Your lecture was scientific,
humanistic and really extraordinary in its content I think you put
emphasis on the right problems. I thank you very much in the name of
other citizens of the Third World.

SINGER: T was equally impressed and depressed by your statements, I was
particularly shocked by your conclusion that even if we disregard the
contribution to the environmental siress of the 4.5 billion people who
already live in misery the magnitude of the problem would be reduced by
only 15%. The implication is that mainly we, the rich, have to drastically
change our behaviour. This identifies a specific problem, well-known to
behavioural therapists and psychotherapists. It is extremely difficult for
humans to convert rationally acquired insights into appropriate actions
if the latter require a change of behaviour and the former are not backed
by direct emotional experience. This is what makes the job of
psychoanalysts so frusirating. Thus, if we really want to change
something we have to think seriously about mechanisms by which we
can change the behaviour of this dangerously inconseguent animal. We
have to invest in ways to remedy its inability to translate rationally
acquired conclusions into change of behaviour. I guess, we all, even our
politicians know what you have just told us, — maybe not in this
impressive dimension — and still we seem to be unable to make this a
maxim of our behaviour. I don't have a solution to this problem but I am
convinced that one key is to try to understand why we are unable to
change behaviour merely upon rational insight. Probably it will be
necessary to change the way in which we educate our children.
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Ravex: I think I'd like to make a couple of points about that. First of all
people do have a very greal capacity to change their behaviour if they are
properly inspired. If you consider Francis ol Assisi of whom Karl Marx
said “If I had twelve people like Francis of Assisi I could take over the
whole world in 10 years”. Or if you consider Ghandi in this century you
find inspired leaders whom people respect have an enormous ability to
change behaviour. People do not have to go on doing what they are doing.
But we do need to demand of our leaders, here in this group, and in all
groups, the kind of intelligent leadership that will help us to understand
what the choices are, and then to take up those choices. Beyond that, 1
mainly argue that we need to practise as diligently as we can for ourselves
and our children, a real kind of internationalism, not just lip service or
not with just neighboring countries that are similar, but a genuine kind
of internationalism, and further that we all really do need to look for
ways to [ead simpler lives, to conserve, to get those around us to
conserve, and simply not to be as much of a burden on the world.
Example and leadership have wonderful properties and human beings
can change. They do change, there are many historical examples.

Rao: I think you have pointed out the kind of areas this Academy should be
interested in. Areas of global interest, areas of international importance,
where all countries, in principle, should be equally interested, not only
developing countries. But, coming {rom a developing country I must
particularly point out, associated with what was said, we must also know
how to take a holistic view of energy. Unfortunately people will say: “oh,
well, it's just a matter of using shale or some other form of petrolium or
solar energy”. I don't think there is a way Lo solve it by a throw of the
dice. I mysell am interested in the use of amorphosylicene but that is not
going to solve the preblem. Eventually it will be biomass also. Very few
people support, or talk about the use of biomass in energy conservation
or other related aspects. I do not know whether you would like to say
anything at all about biomass and how, at least in countries like ours,
India, biomass is very important.

Raven: The only thing I'd like to say is we all need to take as general an
overall view as possibie. That is one of the many things that we have got
to explore.
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REES: You emphasized that the first world would need to cut back on
consumption. Would you not agree that it is important to distinguish
between consumption of resources and economic growth? Certain kinds
of economic growth and technical progress can actually be environ-
mentally benign. So the message to the first world is surely not to stop
economic growth, not to stop technical progress, but to redirect them
towards such directions as telecommunications, miniaturisation and
other kinds of sophistication, which can actually reduce pressure on
resolrces.

RaveN: Exactly. Only consumption is what we need to cut back on. We need
to use what we have to continually advance not only for our own sake,
for everybody's sake. I couldn't agree more.

AREccHr Being an outsider, as a physicist, T was extremely impressed by
your data. Let me raise the following question. Can one evaluate what is
the amount of reduction that the 1.2 billion people from developed
countries can make in their consumption of energy and still keep having
a decent life?

RaveN: There are very important works on that which I can't quote to you in
detail now, but many people have worked with systems: John Holdren in
Berkeley who is a physicist, Amory Lovins in Boulder, Colorado, who is
well-known energy consultant. I can't tell you now but there are certainly
many elegant works on that very subject. We waste an incredible amount
of erergy needless to say, particularly in a place like the USA.

GERMAIN: Oui, je voudrais commenter ce que vient de dire notre collégue
Martin Rees. Je suis trés frappé par toutl ce que nous a dit notre
conférencier et depuis longtemps. Mais est-ce que le probleme n'est pas,
dans nos contrées développées, un probleme économique? Quand nous
disons, dans chacun de nos pays, que nous sommes engagés dans une
guerre économique, cela veut dire qu'il s'agit, en France, d'étre meilleurs
que les Anglais, ou les Allemands. Une guerre, c'est une guerre dans
laquelle il y a des victimes. Les viclimes sont aussi chez nous, nous avons
10% de chémeurs en France. Sur le tiers-monde, on écrit de bons articles
dans les journaux. Mais on ne voit pas actucllement, que ce soit dans les
élections américaines ou dans les élections [rancaises, la possibilité
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d'arriver & convaincre nos conciloyens qu'ils doivent changer de moeurs
économiques, non pas diminuer leur capacité de production, mais
changer leur production. Je comprends que les scientifiques comme
nous doivent se manifester et je suis prét naturellement 2 soutenir tout
ce qui pourrait éire fait. Nous allons lancer un message. Mais s'il ne
touche pas les responsables, nous aurons fait de notre mieux, et la
situation restera la méme. Je ne sais si les personnes qui comme vous ont
réfléchi a ces problémes ont une idée sur les moyens de faire changer les
mentalités, nos mentalités,

RaveN: Obviously a tremendously important key question and the only thing

I can say at all is that Martin Rees has laid the foundation for the
answer, You need not assume that you will suffer or be uncomfortable
simply because you are making progress. It is not an image of going into
poverty in order to do betier. And we [ind, I think, peopie all around the
world are finding that it is acceptable to try to live a more conservative
life not only to recycle, but to use less, to try to live simpler lives, to do
better. I think that image is spreading very rapidly right now. Another
thing obviously that we can do as scientists, is simply keep pointing out
to people that, ne matter what we do, we end up having only the one
same planet. We do have to live on that one, and we don't really have the
luxury of avoiding certain physical limits. In that sense, we need to do all
we can 1o dispel the convenient myth that science and lechnology will
come along and save everybody in spite of everything.

PuLLMAN: Arrivé A ce point de la discussion, je voudrais ajouter un témoi-

gnage qui se rapproche de ce que vient de dire Germain. Je répéte que
c'est un témoignage, ce n'est pas nécessairement ce que je pense moi-
méme. Il y a trés peu de temps j'ai eu une discussion sur le sujet de
Pénergie, de la population et du tiers-monde, surtout du tiers-monde,
comment faire pour l'aider, avec un diplomate frangais de trés haut rang
et qui a une grande influence. Nous étions d'accord sur le fait que le
bilan des résul-tats de notre aide aux pays du tiers-monde était dans
l'ensemble négatif. Je lui demandais alors que faire dans ces conditions,
que peut-on faire? II m'a répondu, grosso modo: “Actuellement il n'y a
aucun espoir qu'on puisse faire quoi que ce soit, Aussi longtemps que le
gouvernement et ies dirigeants des pays en voie de développement ne
changeront pas d'attitude, ne se modifieront pas, ne se perfectionneront
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pas, toul l'effort que nous faisons sera complétement raté. Evidemment,
nous arrivons & sauver un millier d'enfants de la mort, mais enfin c'est
une goutte d'eau par rapport & ce qui devrait &tre fait”. Alors je lui ai
demandé: “mais alors dans ce cas-1a qu'esi-ce qu'on peut faire tout de
méme”? Sa réponse élait qu'il faudrait faire une “recolonisation
éclairée”. I n'y a qu'un diplomate qui peut utiliser des phrases pareilles.
Une recolonisation éclairée, qu'est-ce que ¢a veut dire? Voila, m'expliqua-
t-il: “it faudrait que des pays avancés comme la France, 'Angleterre etc.
se voient confier le soin de s'occuper tout spécialement, avec des
responsabilités, de certain pays en voie de développement: essayer de
leur apprendre la maniére de vivre, la manizre d'avoir une réaction, une
contribution, un effort de leur ¢oté qu'il faut absolument obtenir si nous
voulons arriver effectivement a faire quelque chose de positif’.

D'une maniére plus élégante un effort de responsabilisation des gou-
vernants des pays du tiers monde a été fait par le Président Mitterand,
lors de la conférence des pays européens 2 Ia Baule. Le Président a dit
trés nettement: “l'aide que le gouvernement francais est prét & accorder
aux pays africains sera fonction de la démocratisation de ces pays”. Le
résultat a été un trés faible, malheureusement trop faible, effort de
démocratisation dans quatre ou cing pays. Ce n'est pas la solution. Mais
je crois qu'il nous faut tenir compte de l'opinion des sphéres dirigeantes
de notre pays. Nous pouvons dire tout ce qu'il nous plait ici et faire
toutes les propositions que nous voulons, ¢a ne servird pas 4 grand-
chose, si ces propositions n'arrivent pas 4 avoir l'appui de nos dirigeants.
1l est donc intéressant et important, je crois, d'avoir présent a I'esprit la
maniere dont raisonnent nos hommes d'état, nos diplomates, qui
finalement vont décider des choses. Et & ce point de vue effectivement, le
feed-back de la part des gouvernants des pays en voie de développement
est une chose primordiale. Il faudrait que ces pays fassent l'effort
nécessaire, d'une maniére ou d'une autre. Sinon tout revient 4 remplir
des toaneaux des Danaides,

MaLu: Monsieur e président, nous avons eu tellement de dictateurs éclairés
que je me méfie de votre recolonisation éclairée. Mais ceci étant dit, je
crois savoir ou j'ai cru comprendre que peut-étre le professeur Arecchi
ou quelqu'un d'autre a posé la question de savoir quel était le minimum
d'énergie pour assurer une vie décente, si j'ai bien compris. Cetie
question a été étudiée par plusieurs auteurs et j'ai moi-méme sorti un
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livre sur la question en ce qui concerne I'Afrique aux sud du Sahara.
Done ce sont des questions qui sont connues.

CoLomeo: In the Study Week on “Resources and Population” many things

expounded by Prof. Raven were taken into consideration. Not bio-
diversity. We missed that peint and several others. But I wish 1o make
reference to the issue raised by Prof. Germain in his intervention:
someone has to speak. Well, the Holy Father has already spoken in the
address he gave to the participants at the end of that Study Week. If you
read point 6 of his speech, you see underlined that we all face “new
conditions” due to the decline of mortatity. Conditions that we are called
to meet with recourse to all available inteliectual and spiritual energies,
rediscovering the moral significance of putting limits on ourselves. And
respecting solidarity, because it's easy to speak of population problems
of developing countries, but who pays for population controi? The poor,
not the rich. Is this justice? First try to realize distributive justice and
then speak of interventions through demographic policies. This might
seem an extreme position. What I wanted to say is that we already have
an indication of where to go with our studies, with our reflections. May I
make references also to what Professor Rees said about improving
technology. There are several problems, economic, legal, political and so
on, so that technology stays where discoveries are made and does not go
where it is mosi needed. Thank you.

Gerach: T would like to ask a guestion. Don't you think that it would be

desiderable, while the big enterprises are leading people to change habits
and way of life, to organize something that could be of help in the
meantime? For example trying to improve the germ line banks, to save,
as soon as possible, all the species that are endangered. Because it may
well be, as you said and I completely agree, that it will soon be too Iate to
save some of them. I think that it would probably help 1o organize a
cormmission, or a panel, that identifies the species that are particularly
endangered to make special recommendations for their preservation.
This is not a solution, I am aware of that, but at least it would be an
immediate help that would permit us to wait longer for the already
existing organization for plant preservation.

RAvVEN: Sure, that was exactly my meaning. In order to preserve biodiversity

you need to get a stable world, which is why population, poverty, social
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injustice, the distribution of wealth, the production of energy, and
everything else comes in to it. But obviously we need to do everything we
can now. If all of those matters develop, then we have to do things such
as internationally agreed upon preservation of selected natural areas,
paid for internationalty. Secondly seed banks, botanical gardens and so
forth. Thirdly, intelligent approaches to the problems, such as the one
you were talking about. The most fundamental approach though, I think,
to the solution of the preservation of biodiversity, and the creation of a
stable world condition is the one that I referred to this morning. With
only 6% of the scientists and engineers in developing countries we really
will benefit enormously if we can pul appropriate institutions in these
countries, support them, and provide places for people to work and
address the problems in a way that can really be a help to the people of
each country. For me this is a fundamental step in the preservation of
selected parts of biodiversity on some rational basis which is
internationally funded. The worst erime that we can commit is to let
everything go through our fingers without doing anything.

WHITE: It seems to me as I listened to Professor Raven and the comments on
his talk that we should think of a mechanism that was utilized by the
Academy some years ago because of its great concern and that of the
Holy Father about the nuclear holocaust. Then, the Academy was
empowered in His Heliness' name and in its own name to visit some of
the outstanding and important leaders in the major industrial countries,
particularly in the then Soviet Union and the United States, and I
wondered if... it would be appropriate, because of the great concern
expressed here, that in some way the Academy itsell be empowered (o
raise the issue in the same way as happened some years ago with the
expression of the world's concern about the nuclear holocaust?

Pavan: I would buy totally Professor White's suggestion: I think it is a very
good one, and the problem is as important as the nuclear bomb
helocaust fear was at the time when we discussed it.

DopereINgR: T will say one word in support of this idea, and in fact T think
we do have the responsibility to do this, and if possible we should try
somehow to start to talk about this next Saturday, when we are with the
Holy Father.
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GERMAIN: Clest une trés bonne idée. Mais dans [e cas de la guerre nucléaire il
faut dire que I'affaire avait été préparée par au moins un an de
rencontres organisées par cette Académie. Il y en a eu & Vienne, il yen a
eu a Londres, avant la réunion des Académicies a2 Rome. Cette derniére
fut un événement qui a été suffisant pour que les Délégations fassent ce
qu'a dit le Professeur White, c'est-a-dire aillent trouver leurs autorités
pour leur transmettre les voeux. Je suis prét & soutenir un voeu que nous
prendrions ici, mais j'ai peur que nous ayons peu d'écho. Je ne me vois
pas revenir en France en disant au Président Mitterand: “je vais vous
apporter un voeu de PAcadémic Pontificale des Sciences”. Je n'aurais pas
beaucoup de succes. Donc, je crois que si on veut prendre des décisions
dans la ligne de ce qui nous est proposé, il faut effectivermnent lancer des
études, des groupes de travail, rassembler des documents, et agir lorsque
nous aurons quelque chose de positif et d'unique en son genre car
fortement justifié par une instance compétente et indépendante. En effet
d'habitude qui parie de ces choses? Ce sont des groupes qui sont motivés
par des idéologies souvent trés généreuses, mais qui n'ont pas la qualité
de séricux que l'on peut attendre de notre Académie. Alors a ce moment
14 je crois que la démarche aurait tout son poids. Mais si elle n'est pas
préparée je crois que nous n'aurons pas le succes attendu.

Pavan: T would also like to agree entirely with you. I think it may take one,
two, three of four years but it is worthwhile. Perfect. I agree. Thank you.

PULLMAN: Je crois effectivement que la remarque de Mr. Germain est
astucieuse et parfaitement réaliste. Si nous voulons vraiment mener une
action efficace, 2 grand retentissement mondial, il est évident qu'il faut
que le Saint-Pére en prenne la direction principale, en assume le pa-
tronage. Un probléeme comme celui-la ne peut pas toutefois se régler dans
la réunion de samedi, apres la réception, malgré la meilleure volonté
possible: ¢a exige beaucoup de préparation, l'élaboration d'un texte trés
bien fait, trés bien documenté. Je sais que les idées qui ont é1€ exprimées
ici travailleront beaucoup, beaucoup dans l'esprit de beaucoup de
personnes qui sont présentes ici. Nous sommes devant un probleme
crucial, il faut prendre des mesures mais il faut les prendre d'une fagon
réfléchie et organisée el surtout lancer une action.



ORGANIZATION, INFORMATION, AUTOPOIESIS:
FROM MOLECULES TO LIFE

GIUSEPPE DEL RE

This paper is devoted 1o the presentation of certain key concepts of the
theory of complexity such as they are applied in chemistry, biochemistry and
biology, and to a brief discussion of the place of autopoiesis of complex
systems, with special reference to that phase of the origin of life in which the
transition from aminoacids and purine bases to the first virus-like systems
took place.

1. Key concepts of complexity: organization and information

The description of complex objects and of their behaviour requives a
number of concepts: order, coherence, unity, structure, organization,
memory, information, meaning, contexi, emergence, autopoiesis. It seems
obvious that a satisfactory analysis ol complexily should be based on a
careful definition and discussion of each of them. Organization, information,
and autopoiesis (spontaneous appearance and increase of order and
organization within a system} come primarily into play in the specific
problem this paper will refer to.

From the standpeint of biology, organization is perhaps the concept
around which all the others revolve. Its theoretical formulation is provided
by the theory of systems, which studies objects formed of several parts, but
behaving as stable or stationary wholes. Their behaviour (or activity)
essentially consists in processing input signals to yield output signals, in
virtue ol an internal structure capable of a dynamical activity.

There is a tendency to consider organization close to order, i.e. just a
preferential configuration of particles or other elementary components of a
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system, e.g. neurons in the brain. In fact, the word “structure” is often used
as a synonym for it. A more elaborate concept is proposed when order is
associated with coherence, but that is still far from corresponding to
organization in biological systems. As far as I can tell, in control systems and
more so in living systems the two notions of structure {even if coherent) and
of organization are distinet and play different roles in the description, or, if
you prefer, the explanation of facts.

Since both words are extensively used in everyday language, it may be
useful (o show in what they differ with an example taken from our ordinary
life. Consider an airline, which we call XX-AIR. It may start with one plane
and two pilots, accepting passengers as they come at a given airport. So far,
it has neither structure nor organization, because one plane with its crew is
not all airline systems. But gradually XX-AIR becomes one of the leading
airlines in the world, and grows to a hundred planes, crews including
stewards, ground personnel, employees. That makes something which we
might call a structure, although it is not something rigid. Finally, XX-AIR
establishes regular Hights between given points. Here organization comes
into play. The aim of the company is to provide as good and reliable a service
as possible. This is not automatically ensured by timetables and personnel.
The stafl have to face all sorts of unexpected difficulties. One day, at 08:10,
the telephone operator at the airline offices of airport YY receives a call
informing that the pilot of flight 71, due to leave from airport YY at 09:30,
has a sudden attack of migraine; she immediately calls the traffic director.
The latter makes a call to an incoming plane to know if its pilot can replace
the sick one. The answer is negative, but further inquiries yield the good
news that the pilot of flight 55, landing in five minutes at the airport of ZZ,
twenty minutes’ flight away, could do the job. Then, the traffic director calls
headquarters to know if a service plane can be sent to ZZ to get the pilot to
YY. Headquarters call a third airport where a plane is available for hire and
arrange the trip. In the meantime, the passengers are informed that flight 71
will be delayed for ten minutes. Headquarters send their OK. The pilot
arrives at 09:10. A1 09:40 flight 71 is off to its destination.

Real situations, of course, are often more difficult than the one I have
described, if nothing else because costs are a serious limitation. But our
idealized example is probably sufficient to illustrate the essential point that
organization is a dynamical cooperation of parts aimed at performing a
given task. If the men involved had not known what to do in an exceptional
situation, if there had not been the right competences and powers of
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decision at the right places, the existence of a structure consisting of
different elements differently distributed according to a precise scheme
would have been useless. But what was the essential reason why organi-
zation was required? Simply that, like a living organism, an airline is a unit
composed of many elements, and is expected to perform as a unit a specific
task in a variable environment. What task? You may call it ensuring self-
survival, or more generally protecting its own identity in the face of a
changing environment, by adjusting all the time to external (and internal}
fluctuations and disturbances. That is to say, the airline tries o assure its
service as scheduled on its entire network, because that is precisely what
makes it an airline,

The application to living beings and sophisticated machines is evident. A
more detailed reflexion will show that the general notion of coherence is
indeed applicable to our example, but that special sort of coherence that is
organization is so far from the sort of coherence which you find, for
example, in laser light, that no specific application to organisms of that
concept alone seems possible.

As is suggested by our example, organization appears to be a necessary
condition for the result-oriented behaviour of a system acting as a whole in a
variable context. It is precisely that kind of interdependence of the parts of a
whole that makes it possible for the given system to adjust its behaviour and
its internal activity to changes in the environment, perceived as external
stimuli or input signals, as well as to internal changes, so as to ensure
preservation of its identity or execution of a pre-established programme.
Typical examples are selfdefence and immunity responses of a living being,
automatic route corrections of space probes.

Organization may be seen as a high-quality sort of “information”, This is
why the latter is the other fundamental notion in the analysis of biological
complexity we wish to review in this section. The history of information
theory is well known. Suffice it here to remind the reader that, though
originally stricily associated with communication under the impact of the
new fields of inquiry opened by the discovery of the chemical basis of
genetics, information was first given back its etymological meaning of
reception or acquisition of a “form” in the Aristotelian sense, and then
became the modern, scientific name of that notion. Consider the clay vase
given by Aristotle as an example. The potter gives a piece of clay a particular
shape or form: that action is “information”, and is equivalent to writing a
message, to transmitting to matter an idea in the potter’s mind. But the
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information given to the original lump of clay remains in it, possibly for
thousands of years; thus it may be seen as that resident property of the vase
which malkes it a vase and not something else'.

The modern tendency to rediscover old notions from scratch may,
however, play tricks. A case in point is when the “quality” of information,
viz. its semantic value, is confused with the “relative information content” C;,
introduced? at the dawn of information theory (around 1945) as a measure of
the fidelity to the source message of a text received through a communi-
cation line. The quantity C; was given by the well known expression
C; = — Y, Py log p,. where the summation runs over the probabilities
(defined as relative frequencies) pj, py ... py of the various symbol sequences
compatible with the form in which the message under consideration has
been received. Since the probabilities in question may be misinterpreted, let
me iHlustrate by an example what they mean.

Consider the incomplete message “pr.y {.r me”. It may correspond to 27
different complete messages, il the dots are assumed to be low-case letters of
the English alphabet. If it cannot contain but English words, then the
possible complete messages compatible with the sequence received are just
eight: “pray for me”. “prey for me”, “pray fur me”, “prey fur me”, “pray far
me”, “prey far me”, “pray [ir me”, “prey [ir me”. Now, the probabilities
appearing in the Shannon expression are data derived [rom available
evidence, e.g. from the examination of repeated transmission of the same
message. We say that the letter “a” has a probability 75% if it appeared at the
location of the first dot in three sendings out of four. Let us now suppose
that in a certain case the probability (thus calculated) that the first unknown
letter is an “a” is precisely 75%, and the probabilities that the second letter is
an “o”, an ‘i, an “a”, a “u” are 25%, 35%, 22%, 18%, respectively; then the
probabilities of the eight messages are 18.75%, 6.25%, 13.50%, 4.50%,
16.50%, 5.50%, 26.25%, 8.75%. Applying the above formula, we obtain for its
relative information content C; = —1.9177. This quantity would be zero if all
the letters were known; if only the first letter is unknown, with the
probabilities given above, it would be -0.5623.

What do these results mean? Without its minus sign, the quantity just

I'This consideration explains why the Nobe! laureate ManFrED EiGin entitled a paper on the
origin of life; "How does information arise?” - Wie entsteht Information? Prinzipien der Sellbst-
Organisation in der Biologie. Berichte der Bunsengescilschall, 80, 1059 {1981},

* C.E. Suannon and W. WEavER, The Mathematical Theory of Communication, Chicago, The
Univ. of 1llinois Press 1949,
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computed actually represents the uncertainty the message received leaves
regarding the message transmitied. With the minus sign, it does represent
the information retained by the output message with respect to “full”
information, provided one gives conventionally the value zero to the
information of a completely faithful message and refers to a message of a
given length. This is why we have called it a relative information content. If
so desired, it is also possible to assign an absolute information content 1o a
received message. In order 1o do that, one must include the length of the
message in the computation. Consider, in the case of our example, all the
triplets one can make out of a dictionary of 45,000 words. Their number is
N = 15186.4 billions. The absolute information content of such a message, if
entirely unambiguous, may then be taken as the natural logarithm of that
number, i.e. Cy = 30.3514. Therefore, the absolute information content of the
message received in the above example is Cy + C;, namely 28.4337 in the case
of two letters missing, and 29.7891 in the case of just one letter missing,

I have dwelt on the famous expression of information content in
information theory in order to make it clear that the semantics of the
message, that is to say what the information means 1o a man, have little to
do with the number obtained, unless a re-interpretation of the whole theory
is carried out®. Even less is it related to the guality of the information;
Shannon's quantity is by no means intended o distinguish between a line of
Dante’s Comedy and a nonsense line made with the same number of words
or letters. In other words the standard information content of a message is a
notion constructed to provide an objective measure of the degree of certainty
about the correspondence between the signals transmitted and received, and
is invaluable precisely in that role,

The same is true of information seen as that resident property which
characterizes an object. We can associate to it the standard expression by
referring to the message needed to describe it. In this case the message
certainly has a meaning and may well have no uncertainty going with i, so
that its information content is just Cq. But it should be evident that a Greek
vase and a lump of clay may require descriptions of the same length, and
thus have the same information centent, despite the difference in quality®

*R. Carnap and Y. Bar-HiLLir, An Gutline of a Theory of Semantic Information (Technical
report 247, Research Laboratory of Bleclronics), Boston, MIT 1952.

* This point was siressed in this Academy a few years ago by J. Luisung, Existe-t-il une
morale naturelle? in: The responsibility of science (C. Criacas and F. Rovirst MowNaco eds.),
Vatican City: Pontifical Academy of Sciences 1990, pp. 97-103, note 2.
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and the fact that the former embodies an idea of the artist who made it, the
latter is just a product of the random action of all sorts of forces.

It might seem that this consideration disposes of information content as
a tool for the study of complexity. This impression is mistaken. In fact, that
notion malkes it possible to solve in a modern way an interesting puzzle
encountered in the application of the Aristotelian {“helistic”) analysis of
reality and change to wholes such as a molecule, a cell, a human body. Our
science describes those wholes as resulting from the coherent cooperation of
parts (i.e. organization), each part contributing to the properties of the
whole by its specific properties, which are the same as if the part were alone,
In other words, an integral part of a whole is seen as actually existing in the
whole. In traditional Aristotelianism this prompts the following question:
how can a whole have a unitary nature which is distinet from and richer
than the sum of the properties of the parts, i it consists of nothing but its
parts, and each of them participates in it with its own characteristic nature?.
The precccupation underlying this question is by no means specific to
Aristotelian philosophy; because, in the absence of a satisfactory answer, the
overwhelming evidence we have that parts exist as such in the whole would
support either mechanistic reductionism, which is philosophically
untenable, or vitalism, which is scientifically untenable.

The new notions of emergence of information and of level of complexity
solve Aristotle’s problem in a way consistent with the scientific knowledge of
our time.

The concept of emergence is contained in a remark that still surprises
many scientists who tacitly assume that prediction and explanation are the
same thing: already at the molecular level, knowledge of the parts (atom
cores and electrons, in a molecule) only allows prediction of the properties of
the whole if the existence of those properties is already known; and this is not
possible for all properties, because formation of the whole leads to the
emergence of properties nol present in the parts.

Now, when you ask science {o say what an object is, you are asking for
the shortest possible list of the properties which identify it unambiguously.

f Avistotle wrote: “an animal is a sensible object and cannot be defined without reference to
movement, i.e. without reference (o its parts and (o their being in a certain state” And later:
“.in the question "what is man?' The inferrogation is a simple one, not analysed into subject
and atiributes; we do not ask expressly ‘why do these parts form this whole?” We musl first make

our question articulate...” (ArisrorLe, Mefaphysics, Book Z. Edited and translated by Jonn
WARRINGTON. London: Everyman’s Library 1961, pp. 206, 194. Cf, also Physics, 1, 2, VIIT, 6 ele.).
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The what-is-it of thatl object can therefore be treated as the information
contained in it. The information resulting from the combination of the
information about the individual parts will therefore be insufficient, for the
nature ol the emergent properties of the whole will not be contained in it.
That is to say, the whole has a greater information content than the sum of
its parts; it is a collection of the parts, but not just that; and the properties of
the parts describe the reality of the object under consideration only to a
limited extent.

Uniil recently, the physicists had views which did not admit the notion of
emergence. They had in mind systems such as an ideal gas, whose pressure
{as other macroscopic properties) is just the sum of the forces applied by
colliding maolecules to the surface of the container. Attention has only
recently been focused on the fact that nonlinearities in the equations of
motions would make such simple additivity invalid. As T have already
pointed out, knowledge of those equations does not imply the ability to tell
what the possible new properties will be, but the recognition of the signi-
ficance of nonlinearities imposes the admission that (as the distinguished
metallurgist A. H. Cottreli® pointed out when physics was discovering
complexity) “the whole is more than the sum of the parts”. The prediction of
the nature of the emergent properties is one of the aims of the general theory
of systems, but is still a little studied and practically unsolved problem. As I
have mentioned, that problem already arises in the case of molecules,
considered as edifices of atoms. It is possible to show that quantum physics
accounts for the existence of binding in diatomic molecules and correctly
describes the structure of individual polyatomic molecules, but no procedure
has been found for deriving from its equations those general characteristics
of molecular structure that have led to the notion of chemical bond.

If'we consider next such living beings as the vertebrates, we are
confronted with systems by many orders of magnitude more remote from
atoms than molecules. Therefore, the task of bridging the gap between
knowledge of the non-tinear behaviour of systems of particles and the rules
which the parts of a living organism obey in forming a unit seems to be next
to impossible.

Another fundamental question arises from the notion of emergence: if
new properiies emerge when interacting systems are brought together, is it
legitimate to define a complex, unitary system as a collection of those

¢ The Natural Philosopity of Engines. Contemporary physics, vol. 20, p. 1, 1979,
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constituent systems? The traditional answer is negative. But then it should
also be true that you cannot derive a complete formal description of the
behaviour of your complex system only using information about the parts,
whereas today’s science claims that you can, e.g. by solving the appropriate
Schrodinger equation. The notion which reconciles the two views is that of
“level of complexity”, which can also be seen as a “level of reality”. Let me
illustrate it first of all by an example. We often say that a given cell is a
collection of atoms, is a collection of molecules and macromeolecules, and is
a whole cell. The three statements are all equally valid, but at the first leve]
the information about the cell is largely potential, since the reality of a
molecule, as I have pointed out above, can be described explicitly only if new
concepts are introduced; at the second level the situation is but slightly
better, since knowledge of the properties of the constituent molecules and
macromolecules permits in principle the prediction of the properties of the
cell only if one already knows what to look for, that is to say, if those
emergent properties are known {rom some other source.

This example suggests that, in general, the descriptions of a system in
terms ol parts of different types and structures given by the various disciplines
- microphysics, chemistry, molecular biology, etc. - form a hierarchy of
descriptions of the reality of that system associated to different measures of
actual information and dilferent degrees of complexity. These descriptions
correspond to what we have called different levels of complexity and of
reality.

To see the full purport of the new approach to the problem of the
relations between the whole and the parts implied by the concept of
complexity level, take the most complex system we know, man. You can say
that he is a collection of molecules, but then you are not describing his
whole reality, for a man is more than that by far; you have been looking at a
fow level of complexity (or of reality), but there are higher ones. A less
incomplete description of what a human being is emerges when you
consider fewer parts, each much more complex than a molecule, as when
you say that a man is the organized ensemble of his organs. Then you are

7 This concepl has heen around for a long time, but only recently has il beceme a subject ol
rigorous analysis. One of ils major advocales is B, NicoLrscu. For a brief summary and
references see his paper Comnplexité et Niveaux de Réalité, in: Simplicited et Complexité (M. CrrutI
and £. Morn, eds.), Suppl. to “50, Rue de Varennes”, March 1988, p. 38, and his contribution to
this volume. Although not using the term “level”, Davio Lavzer beaulifully explains the same
idea in Cosmogenesis: the Growth of Order in the Universe, New York: Oxford U. Press, 1990,
pp. 32 iL
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dealing with a much higher level of complexity. On climbing the ladder, you
come to the level that has been the object of studies by philosophers and
thinkers of all ages: that where you consider as ‘parts’ the mind and the
emotional psyche, vodg and 60og. But that too falls short of completeness,
because from the interaction of emotions and detached contemplation a
whole new set of properties and activities of human beings emerges: think of
poetry, think of what is revealed about man’s reality by the very existence of
works like Dante’s Comedy and Eliot’s Four Quartets, You thus come to the
uppermost level of complexity, where you can only speak of a man's
characteristics or properties and not of his parts, where you leok at a human
being as a fully integrated whole, as a unit. This is the level at which you
must place yourself if you wish 1o deal with what a man really is. This point
was emphasized by Aristotle and by Aquinas long before the birth of our
science, and evil has ensued whenever it has been forgotten, as recent history
teaches. But much has been gained by the modern scientific approach also
in this connection after the collapse of reductionism, for we now know that
complete knowledge of man (or, for that matter, of any object in spacetime)
requires consideration of all the pertinent levels of complexity.

2. Autopoiesis: spontaneous appearance of biological information
4

According to Simon Hadlington®, “the term ‘autopoiesis’ was coined in
the mid 1970s to characterize a living” system as a structure defined by a
boundary within which occurs a series of interdependent reactions that
regenerate the boundary and its components which then assemble in the
structure itsell, By this definition autopoiesis is broader than simple self-
replication, and none of the earlier systems could be classified as
autopoietic. Pascale Bachmann and colleagues? have apparently successlully
devised a series of elegant systems that would appear to [ulfil the criteria of
simple chemical autopoiesis.”

That is to say, autopoiesis just means spontaneous {ormation of a
complex object having some kind of autonomous behaviour (otherwise the

* S, HapLiNGTON Chentistry in Britain, Jan. 1990, p. 10.

? References Lo this work and information about its sequel is given P. A, Baciamann, P, L.
Lusst, 1. Lang, Awlocatalytic self-replicating micelles as models for prebiotic structures, Nature 357,
57-58 (1992).
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prefix “auto-” would not apply}; its meaning is close to that of “self-
organization”, and in our case can be identified with #. It is a scientific
notion, because science nowadays accepls the view that ordered structures
and organized systems can emerge from chaos and “grow”, at least under
certain conditions, without the aid of external factors, Its mechanism, in our
case, can be thought of as spontaneous assembling consisting (at least in the
first stages) in the repetition of three steps:

1- the casual encounter of two parts (say, molecules} A, B having certain
properties;

2 - the establishment of an interaction between the two parts resulting in
a unit AB capable of forming a more elaborate assembiage upon casual
encounter with (or by exerting an attraction on) a part C of a type in general
different from A and B;

3 - encounter with the part C.

These steps also apply to the formation of a crystal from a solution;
however, if the product shares at least some characteristics of life, at each
stage the structure formed will actively participate’ in orienting and
promoting development towards a system which will not be at equilibrium,
but in a steady state dependent on continuous exchange of energy and
matter with the environment,

With an appropriate chemical composition and under appropriate
conditions, repetition of the above steps could give rise to extremely
complicated units, provided the same conditions persisted for a sufficiently
long time and there were no tendency to disruption of the units formed. In
fact, the inevitable existence of some tendency to disorder will put a limit to
the increase of order by the above steps.

At a certain stage, further development of a unit formed by successive
random encounters with suitable parts must take place by some more
claborate mechanism not relying on chance at all, such as the growth of a
living organism. This later stage may be seen as an interaction with the
environment that will favour growth unti! adjustment to the environment
has reached an optimum. Reflection on this extremely important stage of
self-organization requires a discussion of evolution .and environmental
equilibrium, in particular the competition between individuals of different
species. There are, of course, causes acting against the construction of order,

" The ‘activity’ is alluded 1o in the term “poiesis”, the fact that it belongs to the very system
which is being formed is indicated by the prefix “auto”.
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particularly spontaneous tendency to disruption of coherence and competing
processes in the environment. They can explain why natural organized
systems reach a certain degree of complexity and stop there, or indeed begin
an inverse process of decay, such as aging. In this respect, the ideas of the
pontifical Academician and Nobel laureate (for work on chemical reactions)
Manfred Eigen on the mechanism by which, after the steps listed above,
nonliving matter gave birth to the first most elementary living structures are
especially interesting for the general theory of complexity. Before attempting
to summarize what I deem most important in Eigen’s ideas (rom the
conceptual point of view, let me set up in outline the scenario to which those
ideas apply.

In the reducing atmosphere of the earlier Earth, electric discharges
catalyzed formation of amino acids and purines, the fundamental building
blocks of living matter. Water containing a solution of those primordial
chemicals accumulated in small recesses in the rocks and was protected by
them from the violent temperature changes taking place in the open air.
Temperature changes, particularly those between day and night would not
reach those natural reaction vessels with their full strength, and would cause
them to heat up or cool down by just a few degrees centigrade, enough to
speed up certain reactions and to slow down other reactions, but not enough
to bring about dramatic changes in chemical composition. Thus, the
conditions were realized for the spontanecous formation of chains of small
molecules which in the long run would yield self-catalysing or self-
replicating systems, possibly contained in droplets capable in their turn of
spontaneous multiplication. The self-replicating systems would be Jarge
molecules or groups of molecules of a very special type, carrying a highly
specific and comparatively large amount of information, such as the length
of the chain, the nature of the atoms forming i1, the number and arrange-
ment of atoms and bonds, Their ability to catalyse the assembling of copies
of themselves meant that they would hand on to other groups of atoms the
information they embodied, and tha: information would ‘survive’ far beyond
the limits of their natural lifetimes: If they could do that despite disturbances
capable of disrupting the ideal incubation conditions in whicl they had been
formed and despite the inevitable replication ervors, then they would
constitute the first timid premonition of life, the prebiotic molecules.
Eventual formation of more and more complicated molecular and supra-
molecular systems having the same characteristics would then lay the way to
the appearance of life proper.
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The scenario tust outlined is of course largely hypothetical, but to most
experts in the field it seems consistent with all that is known about the
history of the Earth, and deserves systematic assessment. Its substantiation
according to the usual procedures of science is in progress, and, if it keeps its
promises, it will constitute a great advance in our grasp of the created spatio-
temporal order of things.

One of the most important points to be clarified is the mechanism by
which a self-replicating ‘prebiotic’ system would be formed and the
persistence and enrichment of the corresponding information ensured'’. This
is where Eigen's ideas come into play.

To simplify matters, think of those molecules, such as purines,
phosphates, sugars, which could be building blocks of the simplest self-
replicating molecular systems as letters, and of the resulting systems as
words. Any chemist would expect ithat many different sorts of ‘words’ could
be formed with the same ‘alphabet’. Why is biological information only
contained in words made with a limited number of the available letters,
arranged according (o very strict rules, namely sell-replicating molecules of
the DNA type? To answer this question, Eigen considered that in fact a
variety of self-replicating systems (the ‘words’ A, B, C, ...) was formed in the
primordial soup, but a sort of Darwinian selection operated. Consider for
example the population of words A. It would increase as a result of
spontaneous formation', laithful replication of A and errors in the
replication of other words, and would decrease as a result of spontancous
dissociation and errors of replication of A. Therefore, under steady external
conditions, the various populations would change until equilibrium
concenirations were reached. With appropriate parameters, the system of
differential equations describing the approach to equilibrium admits a
solution where only one ‘word’ has a significant concentration.

Thus, although a number of important questions remain anyway open, it
would seem that a mechanism has been found to explain why — despite its
appearance outl of a chaotic situation - the molecular basis of life is the
same for all living matter, at least on Earth. However, there is a crucial
objection, which Eigen and Schuster have pointed out and attempted to

" The comparatively novel notion of molecular self-replication has been briefly reviewed by
L. E. OrGeL, Molecular replication, Nature 358, 203-209 (1992).

? Here ‘spontancous’ refers not only to successive random collisions between smaller
systents, but to the action of external factors, such as yrays.
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overcome by the “theory of the hypercycle”?. The objection is that the
number of errors of replication would increase with the size of the
replicating system, so that Darwinian selection could yield significant
concentrations of one or a few comparatively short ‘words’, but would not
explain the formation of self-replicating systems much richer in information.
Eigen and Schuster’s hypercycle can be illustrated by considering five words,
A, B, C, D, E, Suppose that the system of these words is self-replicating not
(or maybe not only) because each word is sell-replicating, but because A
catalyzes the replication of B, B that of C, C that of D, D that of E, and E that
of A. Then a steady state can be reached where a particular ‘sentence’
ABCDE is dominant and capable of self-replication.

Thus, by a very simple model, Eigen and Schuster have shown that the
gradual complexification of living matter starting [rom a chaotic mixture of
its non-living component is perfectly compatible with the laws of nature,
indeed may correspond to a potentiality present in non-living matter such as
it is at a certain stage of the history of a planet. Of course, there is a large
gap between the presentation of the outline of a possible mechanism and the
proof that things actually went that way; but work is being done in that
direction", and at any rate the hypercycle hypothesis is sufficient to show
that some of the most popular objections of principle to the thesis that life
appeared sponlaneously from nonliving matter are untenable.

3. The role of chance

The role of chance in aulopoiesis deserves special attention. The claim
that a spontaneous process could never yield such a highly organized system
as a living being or that at least it requires some external “ordering
influence” (such as the regular heat flow leading 1o the appearance of
Bénard's structures) cannot apply to chemical and biological processes.

On a smaller scale, such random processes are the everyday experience
of chemisis. Every chemical synthesis relies on chance encounters of
molecules. For example, in Grignard reactions certain molecules X (alkyl
halides) form molecules of a relatively stable complex Y (the Grignard

“ M. Ewen and B. Scuuster, The Hypercyele: A Prineiple of Natural Self Organization. New
York, Springer 1979; M, Eigen, op. cit,

" For a commentary on the state of the problem, cf. R. M. May. Hypercycles spring to life,
Nature, 353, 607-608 {1991).
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reagent) as a result of random collisions with grains of magnesium, and the
X molecules sooner or later collide with molecules of type Z, also present in
the reaction vessel), forming new complex molecules, which then dissociate
to yield the sought-for X7 molecule and a magnesium salt. All this 1akes
place in a solvent under appropriate conditions. The objection might be
raised that this example is limited to the production of molecules far smaller
than the building blocks of living matter. But it points to the right direction
inasmuch as it shows that molecules whose formation is extremely
improbable by direct collision can be formed by indirect mechanisms.

As fo questions of size and structure, convincing evidence is accumulating
in that connection too. For one thing, rather complicated self-assembled
molecules have been produced in recent times®.

Thus, the generation of ordered structures from chaos is by no means a
novel discovery. The novelty has been introduced by Ilya Prigogine, the
Nobel laureate for chemistry who has introduced the notion of dissipative
structure into science. He has pointed out something more, namely that the
ordered structures formed as a result of random collisions may be out of
equilibrium, and yet kept in a steady state by a continuous inward and
outward flow of matter and energy'. Living beings are extremely
sophisticated examples of such systems, more specifically of a particular
class of them: those which maintain their identity and indeed produce new
order by growth and reproduction in virtue of an internal organization
which “metabolizes” energy and matter coming from outside in an extremely
efficient way according to specific built-in rules. But there is no logical gap
between chemical reactions followed by stages of molecular selection and
organization and subsequent complexification leading to higher living
beings.

The arguments for the emergence of life by a sequence of chemical
reactions and associations from a completely disordered “primaeval soup”
are thus seen to be scientifically plausible. As T have mentioned, supporting
evidence obtained by ad hoc experimental studies is gradually accumulating.
Nevertheless, in view of the high selectivity of the processes leading to the
emergence and growth of order and organization, it is perfectly legitimate to

" E. C. CoNsTaABLE, Molecule, asseinble thyself, Nalure 362, 412-413 {1993),

" Apart from his merits in the special field of the thermodynamics of irreversible processes,
the contribution of . PriGoGINE to present scientific thoughl is extremely important, Perhaps
the best compendium of his contributions o science and of their velation to culture is o be
found in his book with 1. 8tencErs, La nouvelle Alliance: Metamorphose de ln Science. Paris:
Gallimard 1979.
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be perplexed by the notion of chance as used in hypotheses about the origin
and evolution of life. Confusion beiween metaphysical and scientific issues
has even brought about unjustified emotional overtones. Therefore, I shall
briefly review the question, asking the reader to refer to my own previous
studies for additional references and details'.

From the scientific peint of view, it seems clear that what is claimed by
the advocates of the spontaneous emergence of life actually amounts to saying
that, given the right mixture of chemicals and the right environmental
conditions, sooner or later, in virtue of the random motion of molecules, self-
replicating molecules would be formed, just as surely as a new molecule is
formed by random collisions in the reaction vessel of a chemist. Now,
astrophysical studies strongly suggest that the development of a planet such as
Earth was bound to produce on cooling the reducing atmosphere required Lo
form the building blocks of biomolecules and local conditions whereby
precisely such self-replicating molecules as we know would be formed.
Furthermore, according to a view now considered practically certain, the
changes in the geological and atmospheric conditions of Earth began precisely
as a result of the action of living organisms, most dramatic of all being the
transition from a reducing atmosphere to an oxidizing one, such as we have
today, between three and two billion years ago. This means that, when life was
not present, Earth would most probably stay as long as necessary in a
condition favourable for life formation until the latter took place.

Thus, only the time and place of the formation of life would be left to
chance. Even the question: “why precisely on Earth?” loses significance.
There are hints suggesting that the formation of a planet with the
characteristics required for the spontaneous appearance of life was in the
nature of things at least somewhere in the Universe, and our Earth happens
to be precisely that planet. In short, the significance of chance in the history
ol the Universe would only be great if, for the first random steps of self-
organization to take place, there was only a limited time, in a place which
might or might not be formed during the life of the Universe: and these
limitations do not seem to be supported by any significant evidence.

" G. DrL Re, Lorganisation, lauto-organisation et limage de I'horioge. Bpistemologia, vol.
1V, special issue pp. 53-72. 1981; Frequeney and Probability in the Natural Science.
Epistemologia, 7, spec. issue p.75 (1984); Cause, Chance, and the Slate-Space Approach. In:
Probability in the Seiences (B. Agazzi ed.). Dordrecht: Kluwer Acad. Publ. 1988, pp. 89-101; The
case for finalism in science. In: Poznan Studies in the Philosophy of Science and the Husmanities:
Intelligibility in Science (ed. C. Dilworth). Amsterdam: Rodopi 1992, pp.161-171,
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It is perhaps less easy to apply the same argument to speciation, There, it
may be said that evelution is a random exploration of all the creative
potentialities of life as time goes by and the conditions of the biosphere
change. Yet, it seems reasonabie to claim that, given the rules of the game,
even such a complicated living being as man was bound to appear, sooner or
later, on the stage of the Universe. Such a claim is in line with the general
views underlying the widely debated “anthropic principle™®.

In sum, it is one thing to claim that spontaneous emergence of complex
organized systems from a disordered situation is perfectly compatible with
the laws of science and is indeed exemplified by the appearance of life, it is
another thing to declare that certain events had a significant probability of
never taking place. A careful examination of the significance and actual role
of chance in the scientific description of those events is an indispensable
preliminary to such statements. In particular, extreme care should be taken
in using such expressions as “life appeared by chance” for they place
emphasis on what might be a minor feature of the extremely complex
phenomenon under study.

A digression is necessary here, even though it touches on a point lying
outside science. The above remarks are intended as a contribution to the
philosophy of science, not as hints for coping with the false problem which
has given rise to the debate between creationists and anticreationists. In fact,
a serious metaphysical error is contained in the idea that if life actually
appeared by chance (in the strong sense of the word) the existence of an
intentional design of the Universe is ruled out. As Augustine of Hippo
pointed out filleen centuries ago” God is above time, and has created as it
were tofa simul, everything at the same time, what was, what is, and what
will be. In other words, God is not an engineer who has set up a mechanism,
and possibly modifies and adds pieces to it as time goes by; rather, he has
conceived and realized the whole creation by a single act™. The history of the
physical Universe such as is being laboriously reconstructed by science is
like the description of a line, which we see in its entirety at one glance, by a
one-dimensional being who advances along the line, and therefore meets its
points one after the other.

1D, Barrow and F. J. TipLer, The anthropic cosmological principle, Oxford: Clarendon 1986.

¥ Conf. 11, 4,6-6,8)

» This does not exclude ‘miracles’, 1. ¢. exceptional interventions of God in space-time: to be
above lime is not the same as being outside lime. Nor does il exclude free will: Lo have taken our
choices inte account in the eternal instant of ereation is not the same as having determined them.
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Thus, for a metaphysician referring to the God of Christianity, the very
existence of life is a sufficient proof that God has chosen it to be; the process
by which it has appeared within time is only relevant to man - and to God
when he deliberately places himsell at our level.

Therefore, neither creationism nor anticreationism can gain anything by
proving or disproving that life appeared by chance. I anything, one can say
that, for those who believe in God the Creator, the artistic side added by the
failure of Laplacian determinism to account for the history of the Universe
makes the new Weltanschauung suggested by science much more open to
the glory of God revealing itsell in the physical universe?'

* An extremely illuminating passage on this point can be found in: Cnarvis Journer, Le
Mal. Essai Théologique, Paris: Desclée De Brouwer 1961, ch. 5, sec. 2.
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DISCUSSION
{B. PuLLMAN, chairman)

Areccui; I think that your definition of complexity is the number of

unforeseen situations a system can face. You have said that it is more or
fess equivalent to Aristotle's form. It seems 1o me that this is the point of
view of somebody who looks at a complex object as an “agent”. I tried to
stick to the point of view of a scientific observer who makes taxonomy,
who cannot include forms within his programme. In fact this is a
limitation of science, the impossibility to grasp Aristotelian forms.

That was my first point. My second point is about autopoiesis. You say
that at variance with heat [low, in chemical processes organization can
arise spontancously without the action of an external ordering influence.
This may be a terminological ambiguity, because, being active in this
field, T have scanned all the existing literature in order to give credit to
previous authors, and T am not aware of any single piece of experiment
of spontanecus formation without boundary influence, not only in heat
flow or in fluid flow, but not even in chemistry. So presumably what you
atiribute to Eigen is what we call in an informal way “wishlul thinking”,
in the sense that it is expected to be realized in the future, but so far has
no experimental counterpart. Moreover, you correct your autopoietic
position at the end, when you dedramatize the role of chance, and then
you resort to some external factor such as the role of the atmosphere,
etc. So, presumably, either there is a terminological ambiguity, and you
believe, like me, that there is no spontlaneous formation or self-
organization, or there is an inconsistency between your eulogy of
autopoiesis and your dedramatization of chance.

DeL RE: Your suggestion that the complexily of a system acting as a unit,

such as a living being, can be measured by the number of different
situations it can face is extremely interesting. The question, in my
opinion, is whether the notion of situation can be made to correspond 1o
a discrete set, such as the states of a bound quantum system.

Concerning Aristotelian form, what I have briefly mentioned is the result
of studies and discussion with philesophers T have carried out for about
ten years, Its identification with the in