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ACADEMIE   EUROPEENNE   INTERDISCIPLINAIRE   DES   
SCIENCES 

Fondation de la Maison des Sciences de l’Homme, Paris. 

 
Séance du  

Lundi  7  janvier 2013 
Maison de l'AX 17h30 

 
 
 
La séance est ouverte à 17h  sous la Présidence de Victor MASTRANGELO et en la présence de nos 

collègues Gilbert BELAUBRE, Françoise DUTHEIL, Claude ELBAZ ,  Jean -Pierre FRANCOISE , 
Michel GONDRAN, Irène HERPE-LITWIN, Gérard LEVY, Jean SCHMETS, Alain STAHL 

 
 
Etaient excusés François BEGON, Bruno BLONDEL, Michel CABANAC, Alain CARDON ,Gilles 

COHEN-TANNOUDJI, Daniel COURGEAU, Robert FRANCK, Walter GONZALEZ, Jacques LEVY, 
Saadi LAHLOU, Valérie LEFEVRE-SEGUIN , Pierre MARCHAIS, Emmanuel NUNEZ, Pierre 
PESQUIES. 

 
Etait présent en tant que visiteur Jean-Pierre DESCLEES  
 

La séance est dédiée à la conférence de Maryvonne GERIN, Directrice de Recherche au CNRS: 
 

«Les molécules interstellaires : de merveilleux outils pour comprendre l'univers» 
 

I) Le Président Victor Mastrangelo nous donne quelques éléments du CV de notre conférencière: 
 
Maryvonne GERIN est Directrice de Recherche CNRS, au Laboratoire d’Etudes du Rayonnement et de 

la matière en Astrophysique (LERMA)  .  
 
Son activité de recherche s'est centrée sur l'étude par spectroscopie du milieu interstellaire. Après 

s'être intéressée à la dynamique des galaxies proches, elle s'est axée sur notre galaxie en se concentrant sur les 
phases neutres,  des plus diffuses (programme PRISMAS sur le satellite Herschel), aux plus denses (régions 
PDR ( Régions de Photo-Dissociation)  et aux cœurs denses et froids.. 

 
Elle a plus de 150 publications à son actif dans des revues de notoriété internationale. 
 
Après avoir participé au programme  de l'Institut National des Sciences de l'Univers (INSU) dans le 

cadre de la Physique Chimie du Milieu Interstellaire (PCMI) et du Programme National de Physique 
Stellaire (PNPS) de 2004 à 2006, elle est devenue Directrice adjointe du programme Origine des Planètes et 
de la Vie (OPV) entre 2006 et 2009. Entre 2009 et 2012, elle est devenue membre du Conseil Scientifique de 
Environnements Planétaires et Origines de la Vie (EPOV) . Depuis  2010 elle dirige le projet PCMI qui 
rassemble astrophysiciens, physiciens et chimistes autour du milieu interstellaire. Depuis 2008  elle est 
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responsable du Laboratoire de Radio Astronomie (LRA) du LERMA situé à l'ENS. Elle gère également le 
programme PRISMAS du satellite HERSCHEL. 

 
 

II) Conférence de Maryvonne GERIN:  
 
 

Les molécules interstellaires: De merveilleux outils pour comprendre l'évolution du 
milieu interstellaire et la formation des étoiles 

 
Notre conférencière  commence par nous décrire : 
 

•les grands thèmes de l'astronomie au 21ème siècle, qui sont issus de l'exercice de prospective géré par 
l'ESA “Cosmic Vision 2015 – 2025” et par le réseau européen ASTRONET. Elle compte aborder la 
définition de quelques grandes questions, puis leur déclinaison en sous-thèmes. Ces thèmes servent de 
support à la stratégie de gestion et développement . Pour ce faire elle nous décrira les infrastructures de 
recherche (Satellites, Télescopes, centre de calcul, ...)et les axes de recherche prioritaires. 
  
Selon elle: 
 
 
•Les grandes questions de l'astronomie seraient les suivantes: 
- Comment les galaxies se forment-elles et évoluent-elles? 
- Quelle est l'origine et l'évolution des étoiles et des planètes? et dans ce cadre comment se forment les 
étoiles? Comment se forment et évoluent les systèmes planétaires? quelle est la diversité des systèmes 
planétaires dans la galaxie? 
- Sommes nous capables de comprendre la structure des étoiles et leur formation?  
- Quel est le cycle de vie du milieu interstellaire et des étoiles? Existe-t-il une preuve de l'existence de la vie 
sur des exo-planètes?  
 
Ces questions étant posées, elle essaie de savoir comment parvenir à y répondre en s'interrogeant sur les 
sous-thèmes suivants  :  
 
 
 
●Que peut  nous enseigner le système solaire  quant aux processus astrophysiques? 
● Qu'apporte la variabilité solaire à toutes les échelles? 
● Quel est l'impact de l'activité du soleil sur la vie sur terre ? 
● Quelle est l'histoire dynamique du système solaire?  
● Que peut nous apporter l'exploration du système solaire  quant à sa formation et son évolution?  
● Où devrions nous rechercher la vie dans le système solaire?  
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Une première réponse peut se résumer dans la figure 1 ci dessous: 
Le cycle du gaz et de la poussière dans les galaxies 

 
•MIS (Molécules 
Inter Stellaires) 
dans la galaxie 
• Conditions 
physiques 
• Chimie 
• Energetique 
• Dynamique 
• gradients 
isotopiques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
•Evolution stellaire 
• Perte de masse 
•Composition 

 

 

 
•MIS dans les 
Galaxies 
• l Conditions 
physiques 
• Formation d'étoile 
 
 
 
 
• Formation d'étoile 
• Conditions 
physiques 
• Chimie 
• Energétique 
• Dynamique 
• Rôle des molécules 
 
 
 
 
• Système solaire 
•Eau dans les 
Planètes géantes 
•Chimie 
• atmosphère 
martienne 

 

 
 
Le satellite Planck nous a donné une composition du gaz du milieu interstellaire: 
 
Le Milieu interstellaire est un composant essentiel  comprenant plusieurs phases en équilibre de pression à 
des températures évoluant entre un gaz chaud (température 106K), un  gaz chaud et ionisé  ou neutre 
(température 104K) et un Gaz froid et neutre ( température 100K). 
 
La composition chimique du gaz interstellaire peut se résumer comme suit: 
 
●Hydrogène (ionisé H+, neutre HI, moléculaire H2) 
●Hélium  représentant 10% de l'hydrogène 
● des « éléments lourds » C, N, O, S, Si ... : un dix-millième ou moins de l'Hydrogène  qui forme les 
molécules.  
 
On utilise CO plus facile à détecter grâce à la détection du 13C  pour identifier les régions où H2 est 
majoritaire. Les poussières (1% en masse environ) ont une taille d'environ 0.1 μm ; elles sont formées de 
silicates ou de carbonates (2 espèces distinctes), les Macromolécules trouvées sont de type Hydrocarbures 
aromatiques polycycliques, fullerènes... 
 
Par ailleurs, le milieu interstellaire est  turbulent avec des structures complexes correspondant à des nuages 
moléculaires. La répartition de taille des masses Mo des nuages en fonction de leur masse met en évidence 
une structure auto-similaire avec des nuages géants (~ 105 Mo), des nuages plus modestes (103 Mo) , et des 



6 
 
cœurs denses (10Mo). Les cœurs denses sont les lieux de formation des étoiles. Ils sont issus de filaments 
présents dans le milieu interstellaire. (Voir figure 1): 

 
La formation des étoiles à partir des cœurs denses fait intervenir des effondrements gravitationnels eux-
mêmes suivis de la formation de disques d'accrétion. Des étoiles de masse élevées ainsi que des étoiles de 
faible  masse liées à des combinaisons d'accrétions et d'éjections ont ainsi pu être mises en évidence. 
 
Des modèles d'effondrement gravitationnels ont été étudiés par les équipes Ciardi-Hennebelle.  
  
La formation de disques protoplanétaires et leur composition moléculaire ont également été étudiées par 
méthodes spectroscopiques mettant en évidence la présence de  molécules d'acétylène, de cyanure 
d'hydrogène, d'eau et dioxyde de carbone. 
 
 Les principaux instruments de mesure de  l'IRAM ( Institut de Radio Astronomie Millimétrique) sont 
décrits: Radiotélescope ALMA, satellite HERSCHEL (ESA,-NASA) ainsi que ce que l'on voit dans le 
domaine millimétrique ( visible, infra-rouge, CO, poussières)  
  
Les molécules et grains servent de sondes des milieux astrophysiques et contribuent à la connaissance 
de la structure (densité, température), de la cinématique (champ de vitesse), du champ magnétique 
(polarisation, effet Zeeman), de la densité électronique ,de la composition , abondances ..Les mesures se 
font grâce à l'étude de la variété spectrale .Un très vaste ensemble de molécules allant de 2 atomes jusqu'à 
plus de 12 atomes ( H,O, C, N, Cl etc..) a été tracé en novembre 2012 à partir de la Nébuleuse de la tête de 
Cheval. 
 
L'Astrochimie se situe au cœur des questions sur l'évolution de la matière, la formation des planètes et des 
étoiles et dans un  contexte plus large celui des galaxies, disques circumstellaires, enveloppes 
circumstellaires et aussi environnements extrêmes, etc.  Elle comporte deux aspects principaux :  
 
•évolution de la matière (matière solide carbonée (organique), réfractaire, composition du gaz) : 
formation, altération, complexification (rôle des rayonnements, des particules, des phénomènes 
dynamiques, échelles de temps, etc. 
 
•Couplage chimie et dynamique des objets, des grandes échelles aux échelles de dissipation de la 
turbulence. 
 Elle est principalement fondée sur la Deutération, ou enrichissement important en deutérium. Elle permet 
un diagnostic possible du temps de formation des cœurs denses. Des études ont été réalisées sur diverses 
molécules telles que NH3,NH2D,ND2H,ND3,15NH3,15NH2D... 
 
Ces méthodes ont permis grâce à ALMA  d'étudier la formation de manteaux de glace avec des molécules 
où H2O est majoritaire et comportant du CO, CO2, CH3OH, NH3,CH4, H2CO, et de précurseurs des sucres 
nécessaires à la formation des chaînes ...L'influence des UV dans la synthèse de ces molécules est 
également analysée.  

 
 
Après ce très  riche exposé, notre séance prend fin, 
 
 
 Bien à vous  
 
 
 Irène HERPE-LITWIN 
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Comptes-rendus de la section 
Nice-Côte d’Azur 

 

Trouver son chemin est une affaire personnelle, une affaire 
de lectures, de rencontres, de famille quelquefois, d’amitiés le 
plus souvent. 

Laurent Lemire. 

Compte rendu de la séance du 20 décembre 2012 
(165ème séance) 

Présents :  

Pierre Bourgeot, Patrice Crossa-Raynaud, Guy Darcourt, René Dars, Jean-Pierre Delmont, Claude Nigoul, 
Jacques Lebraty, Maurice Lethurgez, Maurice Papo. 

Excusés :  

Jean Aubouin, Richard Beaud, René Blanchet, François Cuzin, Pierre Gouirand, Yves Ignazi. Jean-Marie 
Rainaud. 

 1- Approbation du compte rendu de la 164ème séance.  

Le compte rendu est approuvé à l’unanimité des présents. 

2- Accueil de notre nouveau membre, Claude Nigoul. 

Un CV a été fourni à chacun de nos confrères qui ont pu juger des qualités de notre nouveau membre qui est 
intronisé à l’unanimité. 

Certains d’entre nous connaissent bien Claude Nigoul mais l’usage veut que chacun se présente à notre 
nouveau confrère. 

3- La disparition de Texas Instrument à Villeneuve-Loubet. 

Dans un organisme à vocation internationale comme celui-là, il y a toujours une section qui s’occupe des 
bonnes relations des succursales avec les différents pays. Ceci n’a rien à voir avec les sections qui s’occupent 
par exemple des rendements, des usines, des ventes, etc. 
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Lorsqu’un organisme international comme Texas Instrument envisage de créer ou de maintenir une 
implantation, la règle première est de ne donner suite au projet que si l’on est désiré, souhaité et apprécié. Ce 
fut le cas à Nice pour IBM et aussi pour Texas Instrument à l’époque. 

Or, les événements récents avec Mittal, Peugeot et quelques autres ont donné l’impression que les critères ci-
dessus mentionnés n’étaient plus vraiment d’actualité. 

Pour que Texas Instrument envisage favorablement une reconversion nécessairement longue et coûteuse de 
son personnel, il aurait fallu qu’il soit convaincu qu’il était le bienvenu. 

4- Condamnation d’un psychiatre à une peine avec sursis. 

Guy Darcourt : on peut commenter cette condamnation selon deux points de vue : l’appréciation du 
comportement de la psychiatre et les conséquences que cette condamnation va avoir. 

On sait que les réactions de ces malades sont souvent imprévisibles mais qu’il y a parfois quelques indices qui 
doivent alerter et il est possible que cette psychiatre ait été un peu trop optimiste. Même dans ce cas de figure 
la sanction est bien lourde. 

Les conséquences que la publicité de ce jugement va avoir me paraissent redoutables : 

1- les gens n’hésitent plus à porter plainte et cela va les inciter à le faire encore plus. Certes chaque 
plainte n’entraîne pas une condamnation et beaucoup de plaignants sont déboutés mais cela ne va pas 
sans des ennuis, des pertes de temps et d’argent pour le médecin. 

2- les psychiatres, pour s’en protéger, auront tendance à refuser de prendre en charge les cas qui leur 
paraissent difficiles, ce qui est préjudiciable pour les malades.  

3- Les responsables hospitaliers (qui eux ne peuvent pas refuser un malade) vont redouter de faire sortir 
les patients difficiles et prolongeront les hospitalisations ce qui, là aussi, leur est préjudiciable. 

5- Programme des conférences. 

La dernière conférence au MAMAC sera prononcée le mercredi 23 janvier 2013 par 

Richard Beaud : « Le temple égyptien, sa structure et sa théologie : le mythe égyptien » 

Nous irons ensuite à la Bibliothèque Nucéra chaque 4ème mercredi du mois, de 17 à 19 heures : 

- le 27 février : Maurice Lethurgez : « De la langue d’Adam à la langue poétique » 
- le 27 mars : Pierre Coullet : « Un cercle pour décrire le monde : vingt siècles de géométrie au service 

de la représentation des phénomènes naturels » 
- le 24 avril : Pierre Marty : « Actualités sur le paludisme dans le monde » 
- le 29 mai : Martine Myquel : « Données actuelles sur l’autisme » 
- le 26 juin : Robert Féger : « De l’image au langage, les univers de l’enfant à travers son expression 

graphique et picturale » 
 

*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*°*° 

BONNE ANNÉE À TOUS NOS CONFRÈRES 
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Prochaine réunion  

le jeudi 17 janvier 2013 à 17 heures 
au siège : Palais Marie Christine - 20 rue de France 

06000 NICE  

 

 
 

Prochaine conférence au MAMAC 
le mercredi 23 janvier 2013 de 16 à 18 heures 

Richard Beaud 
« Le temple égyptien, sa structure et sa théologie : le mythe égyptien » 
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Annonces 
 

I) Henri ATLAN et Claudine COHEN nous font part du programme de leur prochain Séminaire 2012-2013 : 
 

Maison des Sciences de l’Homme – Collège d’Etudes Mondiales 
Ecole des Hautes Etudes en Sciences Sociales 

BIOLOGIE ET SOCIETE 
Séminaire 2012-2013 

 
Sciences cognitives, neurosciences et sciences sociales 

sous la direction de 
Henri ATLAN et Claudine COHEN 

 
Lundi 14 janvier 2013 
M. Joel Swendsen (Université de Bordeaux et EPHE, 3e section) 
« Mesures subjectives en neurosciences: 
anciens débats, nouvelles méthodes » 
 
Le lundi 11 février 2013 
M. Mathieu ARMINJON (Université de Genève et Professeur invité à l’EHESS) 
« Psychologie et biologie: 
l’intentionnalité à l’épreuve des systèmes téléonomiques. » 
 
Le vendredi 15 février 2013 de 9 h à19 h à la Maison Suger (16-18 rue Suger Paris 6e) 
Journée d’étude organisée par Mathieu ARMINJON et Claudine COHEN 
Avec le soutien de la MSH et de la Fondation AGALMA 
« Herméneutique et sciences cognitives» 
 
Le lundi 11 mars 2013 
Pascal ENGEL, EHESS 
« Peut-il y avoir une physiologie de la vérité ? » 
 
Lundi 8 avril 2013 
André ORLEAN (EHESS, PSE) 
Emergence et sciences sociales 
 
Lundi 13 mai 2013 
Jean-Pierre DUPUY (Université de Stanford, Etats-Unis) 
"L'auto-transcendance de l'avenir. 
De la crise économique à la dissuasion nucléaire". 
Toutes les séances du Séminaire auront lieu de 15h à 17h, 
Salle M. et D. Lombard, 96 bd Raspail, 75006 Paris 
 
Les exposés dureront une heure et quart environ, afin de laisser une large place à la 
discussion. 
Contact : Biosoc@ehess.fr –Tel 01 42 78 22 07 
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Documents 
 

Pour illustrer les précédentes  conférences  sur la recherche d'éments prébiotiques dans les 
météorites  nous vous donnons : 
 
p. 12: Des briques moléculaires de la vie primitive découvertes dans une comète artificielle issu du 
site http://www2.cnrs.fr/presse/communique/2517.htm: 
 
p. 14 :La vie est-elle venue de l'Espace issu du site http://www.rtflash.fr/vie-est-elle-venue-l-
espace/article  
 
p. 17 Des lacs sur Europe, une lune de Jupiter issu du site http://www.rtflash.fr/lacs-sur-europe-
lune-jupiter/article  issu de la revue Nature du 24 /11/2011. 
 
 
  
 
 
Pour préparer la conférence de Martine BEN AMAR , « Morphogenèse et embryogenèse » nous 
vous proposons  
 
p.18  "Elastic Growth in thin geometries"  par J.DERVAUX et M. BEN AMAR , issu de Origins of 
Life: Self-Organization and/or Biological Evolution? (2009) 79–94 EDP Sciences, 2009 
 

http://www2.cnrs.fr/presse/communique/2517.htm
http://www.rtflash.fr/vie-est-elle-venue-l-espace/article
http://www.rtflash.fr/vie-est-elle-venue-l-espace/article
http://www.rtflash.fr/lacs-sur-europe-lune-jupiter/article
http://www.rtflash.fr/lacs-sur-europe-lune-jupiter/article
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Des briques moléculaires de la vie primitive découvertes  
dans une comète artificielle 

site : http://www2.cnrs.fr/presse/communique/2517.htm 
 
 

  
Les premières molécules de la vie se forment naturellement dans les comètes : c'est ce que 

suggèrent des travaux menés par une équipe franco-allemande comprenant les groupes d'Uwe 
Meierhenrich et de Cornelia Meinert de l'Institut de chimie de Nice (Université Nice Sophia 
Antipolis/CNRS), et de Louis Le Sergeant d'Hendecourt de l'Institut d'astrophysique spatiale 
(CNRS/Université Paris-Sud). Après avoir fabriqué une comète artificielle, les chercheurs ont analysé 
ses composants avec une technique unique au monde. Et il est apparu pour la première fois que les 
comètes pourraient renfermer des molécules qui constituaient la matière génétique primitive : des « 
acides diaminés » (1). Au croisement de la chimie, de la biologie, et de l'astrophysique, ces travaux 
soutiennent la thèse selon laquelle les briques élémentaires de la vie ne sont pas apparues sur Terre mais 
dans l'espace. Ils viennent d'être publiés dans la version en ligne de la revue ChemPlusChem. 

 
Ces analyses s'inscrivent dans le cadre de la grande mission spatiale européenne « Rosetta ». Ce 

programme a pour objectif de faire atterrir en 2015 une sonde sur la comète Tchourioumov-
Guerassimenko pour étudier la composition de son noyau. Pour essayer d'anticiper les résultats de 
Rosetta, les scientifiques ont imaginé fabriquer une comète artificielle, ou « glace 
interstellaire/cométaire simulée », et analyser ses constituants. 

 
L'équipe de Louis Le Sergeant d'Hendecourt s'est chargée de fabriquer une micro-comète à 

l'Institut d'astrophysique spatiale (CNRS/Université Paris-Sud) . Dans des conditions extrêmes 
semblables à celles de l'espace (-200°C et sous vide), les chercheurs ont condensé, sur un morceau 
solide de fluorure de magnésium (MgF2), des composés existant dans le milieu interstellaire : des 
molécules d'eau (H2O), d'ammoniac (NH3) et de méthanol (CH3OH). Cela, en irradiant le tout avec un 
rayonnement ultraviolet. Au bout de dix jours, ils ont obtenu quelques précieux microgrammes (10-6 
grammes) de matière organique artificielle.  

 
Cette matière organique interstellaire simulée a été ensuite analysée à l'Institut de chimie de Nice 

(Université Nice Sophia Antipolis/CNRS) par l'équipe d'Uwe Meierhenrich et de Cornelia Meinert. 
Cela, avec une technologie très performante : un « chromatographe multidimensionnel en phase gaz » 
(un « GCxGC/TOF-MS »). Installé à Nice en 2008, cet appareil permet de détecter dix fois plus de 
molécules dans un échantillon qu'un chromatographe traditionnel dit « monodimensionnel ». 

 
Grâce à leur technologie, les chimistes ont pu identifier vingt-six acides aminés dans la comète 

artificielle. Là où les précédentes expériences internationales avaient trouvé seulement trois acides 
aminés. Plus important, ils ont aussi découvert ce que personne n'avait observé avant eux : six acides 
diaminés, dont - surtout - la N-(2-Aminoethyl)glycine. Un résultat révolutionnaire. Car ce dernier 
composé pourrait être un des constituants majeurs de l'ancêtre de l'ADN terrestre : la molécule d'acide 
peptidique nucléique (APN). 

 
Primordiaux, ces résultats indiquent que les premières structures moléculaires de la vie auraient pu 

se former dans le milieu interstellaire et cométaire, avant d'atterrir sur la Terre primitive lors de la chute 
de météorites et de comètes. 

 
L'étape suivante : déterminer les conditions de pression, de température, de pH, etc., dans 

lesquelles la N-(2-Aminoethyl)glycine a pu ensuite former de l'APN. Pour mener à bien ce nouveau 
projet, les chercheurs ont déjà commencé à constituer une collaboration avec deux grandes équipes, 
l'une américaine et l'autre, anglaise. 
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Notes : 
(1) Acides diaminés : molécules formées de deux « groupes amines » (–NH2) et non d'un seul 

comme les acides aminés classiques qui constituent les protéines. 
 
Références : 
N-(2-Aminoethyl)glycine and Amino Acids in Interstellar Ice Analogues ; Cornelia Meinert, Jean-
Jacques Filippi, Pierre de Marcellus, Louis le Sergeant d'Hendecourt, and Uwe J. Meierhenrich 
ChemPlusChem, online le 29 février 2012. 
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La vie est-elle venue de l'Espace ? 
http://www.rtflash.fr/vie-est-elle-venue-l-espace/article 

article issu de The Oregon Herald  
Mercredi, 16/01/2013  

 
Les astronomes ont trouvé dans le cosmos des traces d'un produit chimique précurseur des 

éléments de la vie près d'une région de formation d'étoiles située à environ 1000 années-lumière de la 
Terre. Cette molécule identifiée est de l'hydroxylamine, qui est constituée d'atomes d'azote, d'hydrogène 
et d'oxygène. L'hydroxylamine peut réagir avec d'autres composés, tels que l'acide acétique, pour former 
des acides aminés nécessaires à la vie. 

 
Certains scientifiques pensent que les ingrédients de la vie sont formés à froid, à partir du gaz, de 

la poussière et du plasma qui composent les nuages interstellaires. Les comètes, les astéroïdes et les 
météores se formant dans ces nuages, ils auraient intégré ces "briques" du vivant et les auraient ensuite 
transportées sur d'autres planètes, comme la Terre, ce qui aurait pu, dans un environnement propice, 
déclencher l'apparition de la vie telle que nous la connaissons, c'est-à-dire basée sur la chimie du 
carbone. 

 
Pour tester cette théorie, les scientifiques recherchent les empreintes chimiques des composés 

chimiques simples présents dans les nuages interstellaires. Ces composés sont les constituants 
élémentaires qui forment les molécules indispensables à la vie, tels que les acides aminés ou les 
nucléotides qui composent l'ADN. 

 
Ces dernières années, les scientifiques ont découvert plusieurs différentes molécules prébiotiques 

dans l'Espace et cette présence d'hydroxylamine dans le Cosmos conforte la théorie d'un possible 
"ensemencement" de la Terre par des météorites qui auraient permis l'apparition de la vie sur notre 
planète. 

 
Article rédigé par Georges Simmonds pour RT Flash 

 

http://www.rtflash.fr/vie-est-elle-venue-l-espace/article
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Have Astronomers Found Chemical Precursor To Life 

Article Oregon Herald 
http://www.oregonherald.com/news/show-story.cfm?id=336434_&Science-News_Have-

Astronomers-Found-Chemical-Precursor-to-Life?.htm 
Saturday January 12, 2013   

 
LONG BEACH, Calif. Astronomers have found tentative traces of a precursor chemical to the building 
blocks of life near a star-forming region about 1,000 light-years from Earth. 
The signal from the molecule, hydroxylamine, which is made up of atoms of nitrogen, hydrogen and 
oxygen, still needs to be verified. But, if confirmed, it would mean scientists had found a chemical that 
could potentially seed life on other worlds, and may have played a role in life's origin on our home 
planet about 3.6 billion years ago. 
 
The findings were presented Jan. 9 at the 221st annual meeting of the American Astronomical Society . 
 
"It's very exciting," said Stefanie Milam, an astrochemist at NASA Goddard Space Flight Center in 
Greenbelt, Md., who was not involved in the study. If the findings can be verified, "this will be the first 
detection of this new molecule. It gives us a lot of hope for prebiotic chemistry in this particular region." 
 
Some astronomers think that the ingredients for life are formed in cold, gas-, dust- and plasma-filled 
interstellar clouds. Comets, asteroids and meteors forming in these clouds bear such chemicals, and as 
they continually bombard planets, they could have deposited the chemicals on Earth or other worlds, 
said Anthony Remijan, an astrochemist at the National Radio Astronomy Observatory in Charlottesville, 
Va., who led the research effort. 7 Theories on the Origin of Life 
 
So while life may have emerged from hydrothermal vents on Earth a theory that many scientists support 
the molecules that eventually transformed into the earliest life forms had to come from somewhere, and 
that "somewhere" may have been space. 
 
To test this theory, astronomers look for the chemical fingerprints of simple, inorganic compounds 
forming in interstellar clouds. These compounds aren't life or even carbon-based, but they can react with 
other molecules to form some of the building blocks of life, such as amino acids or the nucleotides that 
make up DNA. In recent years, scientists have found several different prebiotic molecules in space, said 
Brett McGuire, doctoral candidate in chemistry and chemical engineering at the California Institute of 
Technology. 
 
In the hunt for these molecules, Remijan and colleagues scanned a star-forming region of the Milky 
Way called L1157-B1 using the Combined Array for Research in Millimeter-wave Astronomy 
(CARMA). 
 
They found a very weak signal of hydroxylamine, which makes sense since, inside L1157-B1, a violent 
gas jet is slamming into the interstellar medium; the shock from this gas outflow would be sufficient 
force to trigger these chemical reactions in the otherwise frigid depths of an interstellar cloud. The 
result: hydroxylamine. In turn, hydroxylamine could react with other compounds, such as acetic acid, to 
form amino acids that could be dumped onto other worlds during space-rock collisions. 
 
"We have some very preliminary evidence of its detection, a very weak signal that kind of looks like a 
line," McGuire told LiveScience. 
 
The signal is extremely faint and doesn't definitively confirm the presence of hydroxylamine. But the 
signal does seem to come from the right region, McGuire said. The findings are exciting, but they are 
not yet a definitive chemical signature of hydroxylamine, Milam told LiveScience. "Every molecule has 

http://www.oregonherald.com/news/show-story.cfm?id=336434_&Science-News_Have-Astronomers-Found-Chemical-Precursor-to-Life?.htm
http://www.oregonherald.com/news/show-story.cfm?id=336434_&Science-News_Have-Astronomers-Found-Chemical-Precursor-to-Life?.htm
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a fingerprint, and basically what he's presented is the thumb print. So we need all the other fingers to 
confirm that this is the actual molecule." 
 
To confirm the finding, Remijan's team will keep probing the star-forming region for more signals that 
could confirm what they're seeing isn't coming from some other chemicals, Milam said. 
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Des lacs sur Europe, une lune de Jupiter 
Jeudi, 24/11/2011 - 

http://www.rtflash.fr/lacs-sur-europe-lune-jupiter/article  
 
 

De grandes étendues d'eau aussi vastes que les Grands Lacs nord-américains pourraient se trouver 
sous la glace recouvrant Europe, une lune brillante et mystérieuse de Jupiter, ont annoncé récemment 
des astronomes. Cette découverte, si elle est confirmée par une future mission robotique, est décisive 
parce que l'eau est l'un des éléments essentiels pour que la vie existe, en tous cas comme nous la 
connaissons. Entièrement recouverte d'un océan gelé, Europe est le deuxième satellite le plus proche de 
Jupiter, une énorme planète gazeuse, la plus grosse du système solaire. 

 
Des images d'Europe transmises par le vaisseau américain Galileo durant la période d'exploration 

1995-2003 ont révélé une surface déformée par des fissures et de la glace brouillée. Les scientifiques 
surpris par cette topographie aussi insolite dans un endroit aussi froid et où la lumière du soleil est 
faible, pensent pouvoir l'expliquer en le comparant avec le phénomène de "terrain chaotique" 
identifiable sur la Terre. Des interactions entre la glace et les panaches d'eau chaude provoquent, sur 
notre planète, ces "terrains chaotiques", expliquent ces chercheurs. 

 
Selon leurs calculs, l'épaisseur de la couche de glace recouvrant Europe est d'environ 10 km, avec 

à l'intérieur des poches géantes d'eau se situant jusqu'à 3 km de la surface. L'eau  plus chaude contenue 
dans ces lacs remonte vers la surface en panaches et fait craquer la glace, qui s'effondre. "Les meilleures 
chances de trouver de la vie sur Europe" se situent dans ces lacs cachés sous la couche de glace, 
explique, dans le Washington Post, Britney Schmidt, une géophysicienne à l'université du Texas, 
principal auteur de cette étude parue dans la revue britannique Nature 
http://www.nature.com/nature/journal/v479/n7374/full/nature10608.html 

 

http://www.rtflash.fr/lacs-sur-europe-lune-jupiter/article
http://www.nature.com/nature/journal/v479/n7374/full/nature10608.html
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Elastic growth in thin geometries 
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Laboratoire de Physique Statistique de l’École Normale Supérieure, 
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e-mail: benamar@lps.ens.fr 
Article available at: 

 
 http://www.origins-and-evolution.org  

or     http://dx.doi.org/10.1051/orvie/2009007 
 
Abstract. Generation of shapes in biological tissues is a complex multiscale phenomenon. Biochemical 

details of cell proliferation, death and mobility can be incorporated within a continuum mechanical framework by 
specifying locally the amplitude and direction of growth. For tissues exhibiting an elastic behavior, equilibrium 
shapes of growing bodies can be evaluated through the minimization of an appropriate energy. This model is 
applied to thin shells and plates, a geometry relevant to nuts and pollen grains but also leaves, petals and algae. 

 
Résumé: La genèse des formes dans les tissus biologiques est un phénomène complexe à échelles 

multiples. Les détails biochimiques de la prolifération , de la mort et de la mobilité des cellules peuvent être 
incorporés dans réseau  mécanique continu en spécifiant localement l'amplitude et la direction de croissance. Pour 
les tissus faisant preuve d'un comportement élastique , les formes d'équilibre des corps en croissance s'évaluent  
en minimisant l'énergie appropriée. Ce modèle s'applique aux coquilles et aux plaques fines, une géométrie qui 
s'applique aux noix et aux grains de  pollen mais également aux feuilles, aux  pétales et aux algues. 

 
1. INTRODUCTION 
 

Morphogenesis describes the set of processes by which a living organism changes its 
shape. For example, the growth of plants is governed by genetics, atmospheric conditions 
such as mechanical forces (wind, gravity) or sun exposition, chemical and physical 
properties of the environment, resulting in a broad and beautiful variety of shapes and 
functions. All living tissues, both animals and vegetals, share this ability to grow. 

 
Evolution of shapes takes place during healthy as well as pathological (e.g. tumors) 

development. The biological development involves a causal chain of transductions from 
the genome to the structural level (Green 1996). In particular, the process by which 
patterns of differentiated cells appear in tissues is well understood. Morphogens are 
signalling molecules that diffuse within the tissue and produce specific cell response 
depending on both the concentration (Wolpert 1996; Ashe & Briscoe 2006) and the slope 
of the gradient of concentration (Rogulja & Irvine 2005). They are defined through their 
function rather than their chemical nature. For example, the morphogen Sonic hedgehog 
homolog is a protein that controls the development of limbs and spinal cord in mammals 
(Nüsslein-Volhard & Wieschaus 1980) whereas retinoic acid is thought to be involved in 
embryo development of the zebra fish hindbrain (White et al. 2007). 

 
In the Drosophila fly, the transcription factor BCD, coded by the gene Bicoïd, is a 

protein that binds to the DNA of other cells and activates the expression of specific genes 
(like orthodenticle or hunchback), depending on its concentration (high and low, 
respectively) (Struhl et al. 1989). Since BCD is secreted locally by a source, gradients of 
concentration appear and form several regions of differentiated cells, depending on which 
threshold is reached in every cell by the concentration distribution, introducing an 
anteroposterior polarity in Drosophila. In this line of thought, and following Turing’s 
seminal work, reaction/diffusion models have been developed to explain the complex 
emerging patterns of differentiated cells (Cruywagen et al. 1992, 1997; Kondo 2002). In 
addition to being essential to organogenesis by inducing cellular differentiation, gradients 

e-mail:%20benamar@lps.ens.fr
http://www.origins-and-evolution.org
http://dx.doi.org/10.1051/orvie/2009007
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of morphogens control cell profileration (Rogulja & Irvine 2005) and thus ultimately the
shape of organs. How the growth of individual cells pushing each others results in the
observed macroscopic shape (and the associated residual stress field) is, however, less
clear and the object of an active research.

The idea that mechanics play an important role in the shape’s determination of vegetal
or animal tissues has been raised almost a century ago by the biologist D’Arcy Thompson
(1992) and has subsequently raised harsh criticism but also praises (Gould 1971; Dumais
2007). D’Arcy Thompson proposed that evolution alone could not explain macroscopic
shapes and that living organisms are subject to physical laws in the same way as inanimate
matter: “The waves of the sea, the little ripples on the shore, the sweeping curve of the
sandy bay between the headlands, the outline of the hills, the shape of the clouds, all
these are so many riddles of form, so many problems of morphology, and all of them the
physicist can more or less easily read and adequately solve: solving them by reference to
their antecedent phenomena, in the material system of mechanical forces to which they
belong, and to which we interpret them as being due .... Nor is it otherwise with the
material forms of living things. Cell and tissue, shell and bone, leaf and flower, are so
many portions of matter, and it is in obedience to the laws of physics that their particles
have been moved, moulded and conformed.”

Indeed, the description of the collective behavior of interacting particles is a central
question of physics. Due to the highly organized (that is strongly correlated) nature of
their numerous components, statistical physics is not much useful, and biological objects
are best described within a continuum mechanics framework. When cells and fibers are
sparse, that is when they form a suspension (as seen in the circulatory system or the
bone marrow) rather than a dense connected network, reaction/diffusion models alone
are appropriate because elastic effects can be neglected. On the other hand, for materials
that are highly packed with fibres (connective tissues) or which cells are rigid and bound
together (epithelial tissues), elasticity must be taken into account. Examination of living
tissues from a scale at which they appear continuous (that is above the characteristic length
scale of cells, microtubules and other fibers) reveals several macroscopic properties of
interest:
• Anisotropy: fibers (elastin, collagen, myofibrils) endow biological tissues with

directional properties (Ciarletta et al. 2006, 2008; Ciarletta & Ben Amar 2009).
• Non-linearity: soft tissues exhibit a typical strain-hardening behavior. An increase of

strain comes with an increase of the stiffness. This is also associated with the presence
of fibers which elasticity comes into play only when they have uncrumpled, overiding
the elasticity of the underlying matrix.

• Incompressibility: a high volume fraction of water results in a high volumetric stiffness.
Those properties, reminiscent of those of rubber (Ogden 1997; Treloar 1975; Goriely

et al. 2006; Wertheim 1847; Roy 1880), are best described using finite elasticity (Fung
1990, 1993; Skalak et al. 1973; Humphrey 2003). From a macroscopic perspective,
growth is a rather slow process (compared to typical mechanical time scales in living
tissues) with significant variations taking place in hours or days (Taber 1995). Growth
can be localised to surfaces (Skalak & Hoger 1997) (like accretion at the external surface
of a shell) or extends throughout the volume (volumetric growth). While the former
case mostly concerns hard tissues (teeth, bones) the latter is characteristic of soft tissues
(muscles, tendons, solid tumors, skin). Volumetric growth involves a variation of the
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bulk mass which may or not be compatible with the sample’s surroundings (boundary
conditions). In addition, adjacent particles of a biological body may evolve at different
growth rates (inhomogeneity) and/or in different directions (anisotropy). Thus in order to
maintain integrity, that is to prevent the body from overlaping with itself (or with external
boundaries) as well as forming holes, stresses are necessary (Ambrosi & Mollica 2002;
Ben Amar & Goriely 2005; Goriely & Ben Amar 2005). They are referred to as residual
stresses and play a fundamental role in the generation of shapes. Therefore the general
idea underlying the physical representation of growth of biological tissues is that the
general deformation is due to both growth and elasticity (Hsu 1968; Cowin & Hegedus
1976; Skalak 1981; Entov 1983; Stein 1995; Drozdov & Khanina 1997; Hoger 1999).

In all generality, the growth process itself is affected by internal and external loadings.
This fact has been known for at least a thousand years as attested by the foot binding
custom in medieval China. In the biomechanical literature, this coupling is often referred
to as Wolff’s law and states that bones develop in response to applied loadings, although
this is true for soft tissues as well. It is interesting to note that although the influence
of external forces on growth is easily observed and despite a few attempts to derive
macroscopic constitutive relationships between local growth rates and stresses (Cowin
& Hegedus 1976; Cowin 1983), the detailed biochemistry underlying this coupling, that
is Wolff’s law’s microscopical counterpart, remains obscure.

To apprehend the growth process macroscopically, it is assumed that the overall
deformation can be decomposed in two fundamental steps (Rodriguez et al. 1994): a
growth process, assumed as known and possibly incompatible, followed by an elastic
relaxation ensuring the compatibility of the body. Those two processes can be represented
as tensors, the product of the two being the gradient of the overall deformation. The
cumulative growth rates (in the present case, the components of the growth tensor) are the
control parameters from which stresses and strains can be calculated using minimization
of an appropriate energy. This energy, according to this model, only depends on the elastic
part of the forementioned decomposition. Note that this model is not incompatible with
the diffusion process. While diffusion models explain what positional information each
cell will get and therefore which program of differentiation and proliferation the cell will
start, the elastic model aims at describing how this individual program translates at a larger
scale. In this respect, several authors have attempted to couple the diffusion process with
the elasticity of the tissue in a mixture theory (Humphrey & Rajagopal 2002).

This paper is devoted to illustrate this macroscopic theory of elastic growth in two
simple geometries: a shell and a plate. We shall see that, whatever the biochemical details
governing the growth process are, the resultant shape and stresses of a simple growing
biological body can be derived from minimization of an elastic energy.

In a first part we briefly introduce the necessary tools of finite elasticity that we shall
use later on, as well as the multiplicative decomposition of the gradient deformation
tensor.

In a second part, we study the growth of shells under external pressure. This is relevant
to spherical connective solid tumors for example. In those cases, growth takes place at the
outer shell of the tumor, leaving a core of necrosed cells inside. In the botanic realm,
several examples of shells are also observed : pollen grains possess an external hard
spherical shell (exine) enclosing a few soft cells while nuts also present a hard nutshell
enclosing the fruit. This geometry allows us to investigate how the material non-linearity
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and geometry can influence the stability of growing shells. The large homogeneous
anisotropic growth rates lead to an increase in the thickness on one hand and emergence
of residual stresses that pile up on the other hand. The competition between those
geometrical and mechanical effects can either stabilize or destabilize the shell depending
on its thickness. Moreover, this stability depends on the constitutive equation describing
the material. A rather counterintuitive result is the fact that strain-hardening effect can
decrease the stability of shells.

In a third part, we focus on thin hyperelastic plates. This geometry is widely
encountered in nature, since petals or leaves are flat tissues and have been the subject
of several studies (Coen et al. 2004; Rolland-lagan et al. 2003; Green 1996; Newell &
Shipman 2005). Furthermore, a variety of cancers originate from the stem cells of the
epithelial tissue, usually a thin layer of cells linked to a thick soft connective tissue, so
this geometry is relevant to tumor growth. In the limit of small thickness (compared to the
lateral dimensions of the plate) and moderate deflections (in a sense to be precised later),
the equilibrium equations are dominated by geometrical effects and are independent of
the constitutive equation. Growth acts as a source of curvature and can induce non-trivial
shapes. When those shapes are not available physically (they may exist mathematically),
buckling occurs to release the residual stresses, leading to morphogenesis (Dervaux &
Ben Amar 2008; Dervaux et al. 2009; Müller et al. 2008).

2. ELEMENTS OF FORMALISM AND NOTATIONS

Referring to the classical formulation of nonlinear elasticity, we consider an elastic body
B ∈ �3 in the reference configuration �0. The deformation can be defined as an objective
mapping ���: �0 → � that transforms the material point X ∈ �0 to a position x = ���(X, t)
in the current configuration �. Defining the geometric deformation tensor by F = �x/�X,
a multiplicative, also called Kröner-Lee, decomposition has been proposed to incorporate
the growth process (Rodriguez et al. 1994):

F = AG (2.1)

where G is referred to as the growth tensor, and A as the elastic deformation tensor, that
represents the purely elastic contribution needed to maintain the overall compatibility of
the mapping. Since the material is elastically incompressible, then we have det A = 1
and J = det F = det G describes the local change in volume due to growth. The model
states: (i) that there exists a zero-stress reference state, (ii) that the geometric deformation
gradient F admits a multiplicative decomposition in the form of Eq. (2.1), and (iii)
that the response function of the material only depends on the elastic part of the total
deformation. Some subtle aspects of this formulation have been discussed (Lubarda 2004;
Goriely & Ben Amar 2007) but we shall point out that this theory of finite elastic growth
treats the main features of the growth process: large changes of volume, anisotropy of
growth, emergence of residual stresses and even time-dependent processes. Since growth
is mathematically represented by a tensor, this formalism incorporates easily the spatial
inhomogeneities as well as the anisotropy of growth, which is essential for plants (Coen
et al. 2004). Moreover, as we consider very slow growth phenomena compared to elastic
or viscoelastic relaxation, the system will be at the elastic equilibrium even if the tensors
are time-dependent. Consider a free homogeneous elastic body with zero stress in its
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reference configuration and let it undergo a homogeneous isotropic growth (that is space-
independent). In that case, there exists an affine mapping describing the shape change,
i.e. it is a well defined deformation which does not introduce any overlap or cavitation
and there is no need for an elastic accommodation of the body. This situation is atypical
and only arises when the growth tensor defines a deformation and therefore a current,
stress-free, configuration. In the general case, the growth tensor is not the gradient of
a deformation and an elastic process is needed (which is not a deformation either),
consequently inducing residual stresses within the material even in the absence of external
loading. In that case the grown “state” cannot be physically achieved (it is why we do not
use the word configuration). However, the third point states that if the stress happens to
be zero at a material point of the body, then the value of the growth tensor at that point
is equal to the geometric deformation tensor. This provides the conceptual tool to build
the grown “state”: by applying external loads to the body in the current configuration, one
can locally reduce the stress to zero at a material point (but not in the whole body), the
growth tensor is then equal to the value of the geometric deformation tensor at that point.
That is there is locally a deformation that describes the grown “state”, which is therefore
a collection of configurations. For that reason, the growth tensor G and the elastic tensor
A are sometimes referred to as local deformation tensors.

These assumptions allow to define an hyperelastic strain energy function W for the
material body, as a function of the tensor A = F G−1. In the following we focus on
incompressible homogeneous isotropic materials, so that the strain energy function will
only depend on the two first invariants I1 and I2 of the right Cauchy-Green elastic
deformation tensor C = AtA. Furthermore, under the regularity assumption that W is
continuously differentiable infinitely many times with respect to I1, I2, we can write
W as:

W(I1, I2) =
∞∑

k,l=0

ckl(I1 − 3)k(I2 − 3)l . (2.2)

So that the strain-energy function is entirely determined by the values of the coefficients
ckl . Note that several strain-energy functions commonly used in the literature only involve
the first coefficients of this development, c01 and c10. This is the case of the Mooney-Rivlin
and Neo-Hookean models for example. Since we consider elastically incompressible
materials we have to consider the scalar relationship C(A) = det A − 1 = 0, so that the
nominal stress tensor S (also called first Piola-Kirchhoff tensor) can be written as:

S = J
�W
�F

− pJ
�C(A)

�F
= J G−1 �W

�A
− pJ G−1A−1, (2.3)

The second Piola-Kirchhoff tensor �, which is the force mapped to the undeformed
configuration on undeformed area, is defined as � = (F−1)tS. Note that the nominal
stress tensor is not symmetric, while the second Piola-Kirchhoff tensor is symmetric,
being � = J�W/�(C) − pJ C−1. The Cauchy stress tensor T, which gives the stress after
deformation in the current configuration, is found through the geometric connection:

Tt = J −1FS = A
(

�W
�A

− p
�C(A)

�A

)
. (2.4)
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In order to express the stress tensors in terms of the invariants I1 and I2, let us consider
the following relations:

�I1

�A
= 2At and

�I2

�A
= 2

(I1I − AtA
)

At. (2.5)

The Cauchy stress, from Eqs. (2.4, 2.5), can be rewritten as:

T = 2
�W
�I1

AAt + 2
�W
�I2

(I1AAt − AAtAAt) − pI. (2.6)

so that Tt = T, which is the local form of Cauchy’s second law of motion for the balance
of rotational momentum. We also define the Green tensor E as E = (1/2)(AtA − I).

3. SHELLS

Consider a growing hyperelastic incompressible shell under applied loads. We work with
spherical coordinates denoted by (R, �, �) in the reference configuration. Let us denote
the inner and outer radii of the spherical shell by R = A and R = B in the reference
configuration. After deformation, the shell is now descibed by its radius r = r(R).
Assume the growth process is axially symmetric, the tensor G can be written:

G = diag(�1, �2, �2). (3.1)

Isotropic growth is achieved when �1 = �2. When �2 > �1, growth is circumferential
whereas �1 > �2 is referred to as radial growth. The relevant growth parameter is therefore
� = �1/�2. Accordingly, the geometric deformation tensor is given by:

F = diag(r ′, r/R, r/R). (3.2)

According to the multiplicative decomposition, the elastic strain tensor reads:

A = diag(�1, �2, �2). (3.3)

Incompressibility condition yields the following consequences: �2 = �, �1 = �−2 and,
using F = A.G, we get that r ′ = �−2�1 and r/R = ��2. Combining the last two relations
and integrating in the radial direction gives:

r3 − a3 = 3
∫ R

A

�1�
2
2R2dR. (3.4)

Assuming the growth process is homogeneous, this relation can be integrated:

�3 = �

(
1 − A3

R3

)
+ a3

�3
2R3

(3.5)

Without loss of generality, we can take the internal radial stress TR(A) = 0 and TR(B) =
−P . If P > 0 the shell is subject to an external pressure otherwise the shell is inflated
with an internal pressure −P . This boundary condition yields:

− P = �
∫ �b

�a

��W
(� − �3)

d� (3.6)

whereW is the strain energy function. The last two relations allow one to find the inner
strain �a and thus the overall deformation r(R).
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Figure 1. When the growth parameter is high enough (meaning the growth process is largely
anisotropic), an inflation jump can occur. Here are shown the stress-strain curves for different values
of �. Left: for � = 1, the curve is strictly concave and the inner strain �a increases monotically with
increased pressure. Right: for � = 8, an increase in pressure yields a discontinuous increase of �a .

3.1. Inflation jump

An interesting effect that can be induced by growth is an inflation jump. This hysteresis
effect arises when the stress TR(B) as a function of the inner stretch �a loses its
monoticity and present both a local minimum and a local maximum at finite stretch. In
the case of a Mooney-Rivlin material, the strain-energy function can be written W =
�1

(
�2

1 + �2
2 + �2

3 − 3
) + �2

(
�−2

1 + �−2
2 + �−2

3 − 3
)
. As represented in figure 1, when the

pressure is increased and reached the value P2, the inner strain ‘ “jumps” ’ from �2 to �4.
Conversely, when the pressure is reduced to P1, the strain goes from �3 to �1.

3.2. Bifurcation

We now consider the stability of a shell with respect to infinitesimal deformations. The
general procedure for solving the equilibrium equations around the grown state obtained
previously involves the expansion of the solution in spherical harmonics and resolution
for each mode. Two simplifications arise: firstly, the displacement in the direction u�

decouples from the two other directions and does not play a role in the determination of
the bifurcation value. In addition, the equations of mechanical equilibrium are identical
for each mode of the spherical harmonics so the analysis can be restricted to the order 0
(no dependance on �). Consequently, we focus on axisymmetric perturbation that can be
written:

�(1) = [u(r , �), v(r , �), 0] (3.7)

Upon separation of variables into a function of r alone and a Legendre polynomial in
cos(�), the linear stability analysis yields a fourth order linear differential equation in r .
In the Neo-Hookean case, its coeficients are function of r and of the growth parameter
�. We do not present the details of the calculation but rather summarize the main results.
In the absence of growth, note that internally pressurized shells (P < 0) made of neo-
Hookean material are always stable whereas external pressure (P > 0) may destabilize
the shell above a critical value. As a consequence, emphasis has been put on externally
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Figure 2. Left: some destabilized modes. Note that the amplitude and the sign of the perturbation
is arbitrary and not given by the perturbation analysis. Right: peanut and hazelnut (photography by
Elsa Bayart).

pressurized shells. When constant growth is taken into account, destabilized modes are
not ordered, and the selection of the first destabilized mode depends on both the geometry
and �. Figure 2 illustrates the aspect of a few selected modes.

In particular, there is a competition between the increase in thickness induced by
growth which stabilize the shell and the buid-up of compressive residual stress that tends
to destabilize it. For thick shells, the increase in thickness (radial growth: � > 1) does
not affect by a large extent the value of the critical strain needed for the instability to
appear. Piling up of residual stresses is the leading effect and thick shells are more prone
to become unstable. On the other hand thin shells are strenghtened by an increase of the
thickness which drastically increases the threshold of the instability, making them harder
to destabilize.

The result that geometric effects prevail over the behavior of thin shells brings up the
possibility of some simplifications of the equilibrium equations for thin objects. Indeed,
the critical pressure for axisymetric instability depends weakly on the specific strain-
energy function used for the calculation in the limit of thin shells (see figure 3). This
means that, in this limit, material nonlinearity is a mechanical effect of a lesser magnitude
than geometrical effect for large deformations. This suggests that a theory of plates (for
simplicity, although a similar theory of shells can be considered) can be formulated in
which the material nonlinearity appears as a second-order effect if the deformations are
“not too large”. Starting from three dimensional nonlinear elasticity, several models of
thin plates can be derived, depending on the scaling of the strain field. Using the Föppl-von
Kármán (FvK) scalings, we found that the specific constitutive relationship (generalized
Hooke’s law), which is assumed in the usual derivation of the FvK model, is in fact valid
for all materials and follows from the small thickness hypothesis, thus greatly extending
the range of validity of the FvK model. The FvK model was derived independently by
Föppl (1907) and von Kármán (1907) and is now a classical topic in Hookean elasticity
(Landau 1990; Ciarlet 1980). The behavior of such a plate thus involves the geometry, the
instantaneous elastic response of the plate (the elastic coefficient for infinitesimal strain)
and, in our model, the growth process. Neglecting the material nonlinearity allows an
in-depth analysis of the effect of growth.

In the next section, we outline the derivation of the model and, as an illustration,
we present an example of a growing biological system: the thin cap of a green algae:
acetabularia acetabulum.



J. Dervaux and M. Ben Amar: Elastic growth in thin geometries 87

Figure 3. For each mode, the critical value of the stretch �a at which the instability occurs is
plotted for a Fung material. The strain-energy function for such a material is given by: W =
1

2�

(
exp�(�2

1+�2
2+�2

3−3) −1
)

. In the limit � → 0, the material is Neo-Hookean. The parameter � is

a measure of the strain-hardening effect. For thick shells (A/B � 1), a change in the thickness
does not affect the critical strain by a large extent whereas thin shells are greatly stabilized by an
increase in the thickness. In addition it can be seen on those curves that the critical strains for each
mode weakly depend on the parameter � in the limit of thin shells, by contrast with thick shells.

4. PLATES

4.1. The model

We consider an initially rectangular plate of width (LX, LY ), both of same order L and
of thickness H � L. We use Cartesian coordinates in which the place of each material
point is given by X = XeX + Y eY + ZeZ with the convention that (0, 0, 0) is the center
of the middle surface of the sample. The deformation of the sample is described by a
displacement field:

u = U (X, Y , Z)eX + V (X, Y , Z)eY + (W (X, Y , Z) + �(X, Y ))eZ , (4.1)

�(X, Y ) being the displacement of the middle surface compared to which W is small.
We assume that the components of the displacement fields are small compared to the
characteristic lateral size of the sample L but may be large compared to the thickness H .
The boundary condition at the border of an elastic body states that the Cauchy stress
T is equal to the applied external pressure P . The in-plane stresses inside the plate
being typically much larger than the applied pressure and the curvature of the surface
being small, we consider that T.eZ = 0. In addition this relation is assumed to be valid
throughout the sample. This assumption is referred to as the membrane assumption
and is also applied in the description of stretched tissues for which the bending is
neglected (membrane theories) (Haughton 2001). Assuming the cumulative growth rates
are independent of Z, to the leading order in the sheet’s thickness, we get for the in plane
displacement:

U = −Z

(
��

�X
− g13 − g31

)
+ U0(X, Y ), (4.2)
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V = −Z

(
��

�Y
− g23 − g32

)
+ V0(X, Y ), (4.3)

the third relation giving the internal pressure p. The FvK scalings require U0 and V0,
the in-plane displacements of the middle surface, to be of order �2/L. For consistency,
the components g3� and g�3 are of order �/L whereas the other components scale
like �2/L2. Moreover, the increase in thickness g33 is neglected in our model since,
being independent of Z, it does not introduce any incompatible displacement. The
incompressibility assumption allows to eliminate the function W (X, Y , Z) by expressing
it in terms of �, U0 and V0, which are function of X and Y only. The problem is therefore
reduced to the study of a two dimensional surface. On this surface, the stress field is
related to the strain through the constitutive relationship:

	�
 = 4

(
�W
�I1

+ �W
�I2

)
(E�
 − EZZ��
) = 2EYoung

3
(E�
 − ESS��
), (4.4)

where ��
 is the Kronecker delta symbol. This relationship is a generalized Hooke’s law.
Furthermore, the Green tensor can be written:

E�
 = 1

2

(
�U�

�X

+ �U


�X�
+ ��

�X�

��

�X

− g�
 − g
� − g3�g3


)
. (4.5)

Let us outline the meaning of those two expressions. The relation (4.4) is valid whatever
the strain-energy function. Under the range of displacement considered, all materials
behave in the same way (up to an elastic coefficient) (Erbay 1997). Therefore the
determination of the particular strain-energy function describing a material, which is not
a simple experimental procedure for biological samples, is not necessary. Furthermore, it
follows from (4.5) that the multiplicative decomposition (2.1) reduces to an additive one
for the Green tensor. Such an additive decomposition has been widely used in growth
problem of thin samples (Audoly 1999; Audoly & Boudaoud 2003), albeit with no
theoretical justification. In particular, this makes the concept of target metric (Sharon
et al. 2002; Marder & Papanicolaou 2006; Marder et al. 2007; Klein et al. 2007; Efrati
et al. 2008) compatible with the present model.

In a second step, the energy density is expanded in powers of Z. After integration
in the Z direction, the first two terms of this expansion are kept, yielding a term in H ,
called the stretching contribution and a contribution in H 3 representing the bending part
of the energy. The first term of this surface energy density is of order EYoungH�4/L4

while the bending contribution is of order EYoungH 3�2/L4. The two contributions are of
the same order when the out-of-plane displacement � is of order H . Equilibrium equations
are obtained by equating to zero the variational derivative of the energy with respect to
the three components of the displacement field and read:

D(�2� − �CM ) − H
�

�X


(
	�


��

�X�

)
= P (4.6)

�	�


�X

= 0 (4.7)
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where CM = �
�X

(g31 + g13) + �
�Y

(g32 + g23) is an induced mean curvature and P is

the external pressure D = EYoungH 3

9 . The first equation of the previous system is the
balance of rotational momentum while the next two are the equilibrium of in-plane forces.
This system of equations can also be reformulated using the Airy potential function �
which is the elastic analog of the current function in hydrodynamics. The Airy potential
is defined by:

	XX = �2�

�Y 2
, 	XY = − �2�

�Y�X
, 	YY = �2�

�X2
. (4.8)

This function fulfills the in-plane equilibrium equations and thus a specific equation for �
must be derived. This is achieved by using the constitutive relationship (4.4). In this case,
the system of equations can be written:

D(�2� − �CM ) − 2H [�, �] = P (4.9)

�2� + EYoung([�, �] − CG) = 0 (4.10)

where the bracket [., .] is defined through:

[a, b] = 1

2

�2a

�X2

�2b

�Y 2
+ 1

2

�2a

�Y 2

�2b

�X2
− �2a

�X�Y

�2b

�X�Y
, (4.11)

and the function CG is given by the following expression:

CG = − �2

�Y 2

(
g11 + g2

31

) − �2

�X2

(
g22 + g2

32

) + �2

�X�Y
(g12 + g21 + g31g32) . (4.12)

The function CG corresponds to the Gaussian curvature of a surface whose metric is
given by dx2 = G�
G��dX
dX� (to leading order). Those equations are a generalization
of the FvK system to which they reduce in the absence of growth (CG = CM = 0). Since
CG is a Gaussian curvature and CM the Z component of the divergence of a tensor,
they are independent of the choice of coordinates. In general, growth induces a mean
and a Gaussian curvatures. When there exists a physical surface with such curvatures
(compatible with the boudary conditions), it is a stress-free (� = 0) minimum of the
elastic energy. However this is highly unlikely and most of the time residual stresses
appear (� �= 0). The physical surface is therefore ‘ “close” ’ to the prescribed surface and
buckling may occur to realease the residual stress. Also of interest is the limiting case of
large deformations (� 	 H ), for which it is possible to discard the bending contribution.
In this case, the equilibrium surface is a surface of prescribed Gaussian curvature, that is, a
Monge-Ampère problem ([�, �] = CG) for which a vast literature exists. In the abscence of
growth (CG = 0), the problem reduces to the study of surfaces of zero Gaussian curvature
(developable surfaces) and has led to the elegant folds theory (Ben Amar & Pomeau 1997;
Cerda & Mahadevan 1998; Guven & Müller 2008). Once a family of solution to the
Monge-Ampère solution is found, the physical solution is selected through minimization
of the bending energy.

4.2. Buckling instability

In order to investigate the effect of growth anisotropy, the circular geometry is especially
well suited. Indeed, in polar coordinates (R, �), an anisotropic diagonal growth tensor
represents an incompatible growth process. For this purpose, consider a disk of initial
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Figure 4. Plot of the solution of the Föppl-von Kármán equations in the limit of large deformations.
It is interesting to note that far above the threshold, the selected modes are characterized by the same
wavelength as the modes obtained at the threshold of instability.

radius Ri and a growth tensor of the form G = diag(1 + g1, 1 + g2, 1). Within the range
of deformations we consider, the relevant growth parameter is k = g2 − g1. As previously
mentionned, the growth in the direction transverse to the disk is irrelevant. If k �= 0,
residual stresses appear. Assuming stress-free boundary conditions, there exists a solution
of the equilibrium equations in which the only non-zero component of the stress tensor
	 is 	�� = −2kEYoung/3. Thus the stress is uniform and the only non-zero component
of the deformation field is UR(R) = (2R/3)(g2/2 + g1). When circumferential growth is
prevailing, the residual stress is compressive, whereas a tensile stress arise when growth
is mainly radial. Linear stability analysis yields the critical anisotropy ratio necessary
for buckling to occur. Of course the value of this critical ratio differs depending on
the sign of k. For circumferential growth (or equivalently radial resorption), the critical
value is found to be kc = 3.08H 2/(6R2), leading to a saddle shape. Alternatively, radial
growth induces a conical shape above a threshold of kc = −7.82H 2/(6R2). At large
deformations, solutions can also be found using the procedure outlined in the previous
paragraph. Neglecting the bending term, the general solution of the Monge-Ampère
equation is a cone. Minimization of its bending energy leads to a cone of revolution for
negative k and a cone with two oscillations for positive k. Those solutions are represented
in the figure 4.

This simple model turns out to describe quite accurately the morphological changes
undergone by the cap of the acetabularia acetabulum algae. Experiments on a population
of this very simple unicellular organism show that radial growth dominates in the early
stage of their development while circumferential growth prevails later (Serikawa &
Mandoli 1998). Indeed, their caps evolve from a conical to a flat (a short transition of
isotropic growth) to a saddle shape.

At much larger deformations, this plates theory is not valid anymore. However,
minimization of the bending energy of conical surfaces leads in a first time to larger folds,
and secondly to the apparition of a larger number of folds in order to prevent self contact,
energetically costly (Müller et al. 2008). The resulting shapes are strongly reminiscent of
the oscillatory shape of black mushrooms as seen in figure 5.

5. CONCLUSION

Even though simplistic from a biological standpoint, the elastic theory of growth allows
the detailed investigation of the morphological changes induced by a given simple
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Figure 5. Black mushroom (photography by Elsa Bayart). Note the presence of a secondary
buckling instability at the edge of the mushroom. This instability is also observed at the margin
of flowers and other plants (see Audoly & Boudaoud (2003) for example).

growth distribution. Indeed, in the footsteps of D’Arcy Thompson, our purpose is “to
correlate with mathematical statement and physical law certain of the simpler outward
phenomena of organic growth and structure or form”. Relevency of the model proceeds
from the fact that only simple growth laws are needed to induce non-trivial shapes. As a
consequence, only simple organisms, like plants, algae, mushrooms and maybe jellyfish
can be compared to our predictions. In the two examples treated in this paper, only the
anisotropic property of the growth process is necessary for instabilities to occur and
there is no need for complex spatial distributions of the cumulative growth rates. This is
consistent with the large fluctuations characteristic of biological systems. However, this
theory has several drawbacks. In all generality, the time dependence of the growth process
can be included. Indeed, the adiabatic approximation allows us to treat the elastic response
as instantaneous since mechanical time scales are much smaller than the characteristic
time scale associated to growth. However the relation between the cumulative growth
tensor (that is over a finite period of time) and the incremental growth tensor (describing
an infinitesimal growth process) is still unclear. This is associated with the process of
iteration of the multiplicative decomposition which is a complex mathematical operation.
Cumulative growth requires to compute the stress tensor at each step and (virtually)
destressing the sample before applying another growth increment (which is only defined
on a stress-free state). Due to the complexity of three-dimensional elasticity however,
resolution using this procedure is unpracticable. Fortunately, when the growth tensor is
diagonal, the elastic and growth processes commute and the cumulative growth and elastic
tensor are the product of their incremental couterparts.
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