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ACADÉMIE EUROPÉENNE INTERDISCIPLINAIRE DES  SCIENCES 

INTERDISCIPLINARY EUROPEAN ACADEMY OF SCIENCES 
 

Séance du Lundi 7 février 2022 mixte présentiel-distanciel 
 

La séance est ouverte à 15h, sous la Présidence de Victor MASTRANGELO  
• Étaient présents physiquement nos Collègues membres titulaires : Gilbert BELAUBRE, Jean 

BERBINAU, Éric CHENIN, Gilles COHEN-TANNOUDJI, Françoise DUTHEIL, Michel GONDRAN, Irène 
HERPE-LITWIN, Jean-Pierre TREUIL 

• Étaient connectés à distance nos Collègues : Jean-Louis BOBIN, Anne BURBAN, Jean-Félix 
DURASTANTI, Abdel KENOUFI, Édith PERRIER, Jacques PRINTZ, Jean SCHMETS 

 
I. Hommage à notre Collègue Claude MAURY 

 
À la suite de la disparition de notre très regretté Collègue Claude MAURY le 5 janvier 2022, notre Président 
Victor MASTRANGELO et nos Collègues Gilbert BELAUBRE,  Irène HERPE-LITWIN, Edith PERRIER, 
Jean Pierre TREUIL ont prononcé un discours rappelant pour certains leurs liens personnels, pour d’autres 
leurs liens scientifiques, philosophiques, épistémologiques  avec notre très regretté Collègue Claude MAURY 
qui avait été jusqu’à l’issue de sa maladie un membre très actif de notre société savante.  
 
Après leurs discours, une minute de silence a été observée. 
 
Voici les textes des discours communiqués : 
 

1. Victor MASTRANGELO 
 

 
HOMMAGE de notre société savante à notre Collègue Claude MAURY 

décédé le 5 janvier 2022  
 

Je vais d’abord délivrer quelques propos et ensuite donner la parole à des collègues qui ont eu des moments 
d’échanges privilégiés avec lui. Je vais donc demander successivement à Irène, Edith, Jean-Pierre et Gilbert 
de bien vouloir intervenir sachant que nous devons normalement terminer cet hommage pour 15h30, heure 
du début d’intervention de notre conférencière. 
 
Claude est donc décédé le mercredi 5 janvier 2022 à l’âge de 79 ans. 
 
Il est passé par l’Ecole Polytechnique (promotion 1961) et l’Ecole des Mines de Paris qui l’a conduit à 
intégrer le Corps des Mines. 
 
Il a assuré successivement la direction technique de l’école des Mines de Nancy, la direction des relations 
extérieures de l’Ecole Polytechnique et enfin au Ministère de l’Industrie il a dirigé la cellule qui a en charge 
la tutelle des écoles d’ingénieurs qui dépendent de ce ministère. Il s’est beaucoup impliqué dans la 
définition des programmes scientifiques des écoles d’ingénieurs au sein du CEFI – Comité d'études sur les 
formations d’ingénieurs. Il a terminé sa carrière comme Ingénieur général des Mines.  
 
Après cette brillante carrière, il a demandé en toute modestie son adhésion à notre société savante comme 
membre titulaire le 7 avril 2014. 
En plus de ses connaissances scientifiques et techniques étendues, il avait un intérêt tout particulier pour 
développer une démarche philosophique dans les cercles scientifiques écrivait-il. Je voudrais rappeler un 
texte important qu’il avait produit et intitulé Les théories dans lequel, il écrivait je cite « Les théories 
apparaissent selon les cas avoir une dimension utilitaire et pragmatique lorsqu’elles nous permettent surtout 
de prévoir, ou une dimension cognitive lorsqu’elles nous apportent interprétations et compréhension. On 
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peut, si on est philosophe, se concentrer (sur) la dimension formelle qu’elles donnent à un discours supposé 
faire le pont entre l’esprit humain et la réalité… » 
 
Mes collègues vont certainement parler des nombreuses contributions de Claude au sein de notre société 
savante. 
Je voudrais pour terminer ce propos vous relater une qualité particulière qu’avait Claude : un sens aigu du 
devoir accompli qui m’a a posteriori impressionné ! Lors de notre dernier colloque des 28 et 29 octobre 
derniers, il avait été programmé pour être le modérateur de la quatrième session du vendredi après-midi.  
Le jeudi du colloque j’ai noté qu’il n’était pas du tout en forme mais je n’ai pas cherché plus loin. Le 
vendredi matin il est arrivé en costume et en apparence en forme. 
 
L’après-midi j’ai compris que cela n’allait pas du tout, je me suis empressé de lui proposer de l’aider dans 
sa tâche de modérateur. Il m’a répondu qu’il allait assumer ce rôle qu’il avait l’habitude. Ce qu’il a fait. 
Quelques jours après Jean-Pierre Treuil   était informé   de la maladie incurable de Claude qui allait 
l’emporter rapidement, il m’en informa aussitôt. J’ai appelé Claude nous avons échangé comme si de rien 
n’était. Je lui ai tenu des propos de circonstance et lui ai   dit que nous étions à sa disposition et en 
particulier moi-même. 
 

 
2. Gilbert BELAUBRE (texte rédigé à partir de l’enregistrement audio) 

 
Gilbert BELAUBRE a connu Claude MAURY lors de son entrée à l’AEIS en 2014. Ils se sont rapprochés 
comme d’anciennes connaissances. CLAUDE MAURY a trouvé à l’AEIS un milieu qui lui a permis de 
s’exprimer. Il avait une perception de la science comme le résultat d’un système adaptatif complexe (SAC).  
 
GILBERT BELAUBRE met en regard de cette vision épistémologique de la science la vision neurologique 
de la fabrication de la science par le cerveau à la suite de l’extraordinaire livre de Stanislas DEHAENE 
« Face à face avec son cerveau » paru en septembre 2021 peu de temps avant que CLAUDE MAURY ne 
sombre dans la maladie. Selon cet ouvrage tout le déroulement de l’accession à la connaissance est 
aujourd’hui accessible via l’immense instrument installé à Neurospin. Ainsi l’homme se voit en train de 
penser et il sait ce qui se passe en visant les circuits qui se mettent en route dans son cerveau, ce qui est 
extraordinaire. Cette époque nous a apporté des certitudes quant à la capacité des molécules à former de 
grosses molécules, à former de l’ARN et de l’ADN, à former de grosses couches qui se ferment sur elles-
mêmes pour former des cellules qui contiennent de l’ADN et tout cela se produisant dans une édification 
quasi automatique  à partir du moment où les conditions de concentration, de température …sont réunies. 
La vie devient en somme prévisible, inéluctable et elle existe probablement partout où ces conditions sont 
réunies… Sous quelle forme ? Peut-être pas tout à fait la même partout puisque l’évolution n’est qu’une 
histoire. 
 
Telles étaient leurs discussions scientifiques …Ils ne pensaient pas tout à fait de la même façon puisque 
CLAUDE MAURY était fasciné par la notion de hasard tandis que pour GILBERT BELAUBRE le hasard 
était une notion dénuée de sens. 
 
Mais en réalité leurs relations étaient ailleurs… Elles se sont formées lors de leurs rencontres dans la 
résidence secondaire de GILBERT BELAUBRE à Montreuil aux Lions où ils discutaient de leurs émotions. 
Ils partageaient le goût de la musique, de la peinture, de la poésie … Selon GILBERT BELAUBRE la règle 
corrige l’émotion et l’émotion corrige la règle..  
 
Avec CLAUDE MAURY GILBERT BELAUBRE a donc eu cette relation très particulière et privilégiée 
tout en revenant alternativement aux sujets scientifiques, épistémologiques. GILBERT BELAUBRE 
déclare que « la vérité est ce que je crois devoir croire  aujourd’hui »  et cite une phrase de Paul VALERY 
relative à la clarté , selon laquelle « Tout ce qui est clair est faux, mais tout ce qui n’est pas clair est 
inutile. » .  
 
Voilà ce qu’a été CLAUDE MAURY pour GILBERT BELAUBRE. 
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3. Irène HERPE-LITWIN 
 

 
C’est avec une très grande tristesse que j’ai appris la disparition le 5 janvier 2022 de notre Collègue Claude 
MAURY qui avait rejoint l’AEIS le en tant que membre titulaire le 7 avril 2014. Notre Collègue était très 
assidu à nos séminaires mensuels ainsi qu’à nos colloques où il avait accepté l’animation de sessions 
 
Très épris d’épistémologie, après notre fameux colloque de 2016 sur « Ondes, Matière et Univers », il nous 
avait proposé de faire un colloque sur « Science et Hasard » en 2018. Son projet était fort bien étayé, le hasard 
avait été très présent dans de nombreux domaines de la science, mais une autre thématique intéressante, à 
savoir, « Les Signatures de la Conscience » avait été retenue. Cela ne l’aurait pas empêché de présenter à 
nouveau son sujet très intéressant …Malheureusement la maladie ne lui pas accordé cette possibilité.  
 
Je regretterai donc toujours la disparition d’un collègue chaleureux, amical et épris d’épistémologie. 

 
 

4. Edith PERRIER 
 
Notre président Victor vient de nous dire que Claude avait fait acte de candidature à l’AEIS le 7 avril 2014. 
J’ai vérifié, je suis donc de la même promotion AEIS14 que Claude. Moins prestigieux que « même 
promotion X61" comme pour Jean-Pierre Treuil, mais j’en suis malgré tout très honorée. Et surprise. Car 
pour moi Claude Maury était membre de l’AEIS  depuis , disons… « très longtemps »…  Je l’ai toujours vu 
présent à nos réunions depuis les toutes premières auxquelles il m’a été donné de participer, je l’ai souvent 
vu intervenir avec humour et intelligence, et me souviens très bien de sa proposition d’un projet de colloque 
sur le hasard, et j’avais d’ailleurs voté pour sa proposition . Cet homme me plaisait, mais de fait je ne le 
connaissais pas. Je l’ai vraiment rencontré à la suite de mon exposé de juin 2021, qui consistait en un 
plaidoyer pour la reconnaissance de l’incertitude dans la démarche scientifique, car il y a réagi, y compris 
par écrit, de façon à fois critique et constructive. Nous avons échangé des idées, nous avons même 
déjeuné ensemble près du Luxembourg un jour de soleil avant une réunion d’un Lundi AEIS où il repartait 
chez lui assister à distance à cause des quotas de présence en temps de Covid. Il m’a envoyé des textes de 
son cru sur le sens de la Science que j’ai trouvés extrêmement intéressants. Il réfléchissait beaucoup et 
écrivait très bien. Plutôt que de m’appesantir sur la profonde tristesse que me cause sa disparition, avec un 
décès que je n’ai pas absolument pas vu venir malgré les problèmes de santé qu’il l’avait annoncés lors de 
notre dernier colloque et que j’ai trop pris à la légère, je me contenterai de vous encourager à lire son projet 
d’article sur la science et l’actualité qu’il avait mis en ligne à me demande sur la Dropbox de l’AEIS, et 
vous lire la dernière version la conclusion de ce papier , car les hommes passent et l’essentiel est sans 
doute intemporel, et laisse donc la parole à Claude  avec son dernier  Mail du 12 octobre 2021 intitulé 
nouvelle conclusion de mon papier 
 
Mieux saisir la nature de la science 
 
On peut revenir, à la lumière de ces analyses, sur la question de la nature de la science, sans que se dégage 
sur ce sujet une certitude totale . 
 
La science se constitue d’abord, et surtout, comme la mise en œuvre d’un projet de connaissance du 
Monde, développé spontanément, en réponse à nos curiosités, mais de plus en plus collectivement parce 
qu’il nous assure un pouvoir d’action sur le Monde. Le fait extraordinaire est que cette entreprise se révèle 
miraculeusement possible : la science, c’est au fond ce que nous faisons pour connaître une nature qui 
se révèle à nous comme connaissable… (ce qui peut légitimer d’introduire un Dieu des philosophes!) 
 
On peut, pour aller plus loin, observer que la science se développe à trois grands niveaux: 

 • À celui d’un repérage et d’une identification et d’une classification des phénomènes (et des objets) 
avec une exigence forte de véracité  
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 • Au niveau de la construction d’explications reconnues mobilisant un principe causal  accepté 
comme absolu, rendant intelligibles les enchaînements observés, 
 • Celui de la proposition de relations formalisées, sous forme mathématique, par des lois, équations 
d’état ou modèles, apportant des capacités prédictives. 
Le fait scientifique passe par l’accumulation de ces trois exigences, celle d’un respect des faits et de leur 
véracité, celle de l’élaboration de schémas compréhensibles et enfin, celle d’une pertinence des modèles. 
 
Ce tableau ne donne place à aucun moment l’idée d’une vérité essentielle, même si nous en restons fascinés 
par le concept et que nous ressentons le besoin de nous y référer. 
 
On peut tout juste appuyer le discours scientifique : 

 • Sur une référence aux faits (factualité scientifique) 
 • Sur des sentiments d’évidence scientifique (la terre n’est pas plate, le monde vivant est issu d’une 
évolution sur des millions d’années…) par mobilisation d’éléments généraux de compréhension, 
 • Sur une qualité de prévisions des modèles, par eux-mêmes et dans leur usage. 
Dans ce cadre, il est difficile, et même déplacé, d’évoquer une “vérité” scientifique, même si celle-ci 
participe à notre construction de l’image des productions scientifiques. 
 
Ces qualités marquent la valeur du discours scientifique vis à vis de toute alternative, qui prendrait des 
libertés avec les faits, nous imposerait des schémas explicatifs extravagants ou n’aurait qu’une faible 
valeur prédictive…  
 

 
5. Jean-Pierre TREUIL 

 
Lorsque j’avais proposé, en 2015 je crois, de compléter les comptes-rendus de nos conférences mensuelles par 

des rapports détaillés, Claude Maury avait accepté de faire partie de la commission des synthèses scientifiques créée 
pour ce faire.  

 
L’une de ses contributions est ainsi le rapport qu’il avait rédigé à la suite de la conférence de Jean-Philippe Uzan 

sur les effets de lentilles gravitationnelles faibles et leur utilisation en cosmologie. Lorsqu’on relit son texte, on se rend 
compte à quel point il cherchait à trouver un juste milieu entre un apport trop général pour faire passer le message 
scientifique et des développements techniques accessibles uniquement à ceux qu’ils les avaient déjà pratiqués : rendre 
compte de l’historique scientifique de la question, de la théorie dans laquelle cette question prend sens, des outils 
mathématiques utilisés pour y répondre, des résultats obtenus, en ne débordant pas de ce qu’il supposait être le niveau 
de culture scientifique générale de son lectorat.  

 
Qu’est-ce que comprendre ? Qu’est-ce que faire comprendre ? Comment faire comprendre ? A qui ? pourquoi ? 

Tels sont quelques-uns des problèmes auxquels il réfléchissait.  
 
Dans cette perspective, prenaient place plusieurs de ses interrogations ; l’une nous concernant directement, 

puisqu’elle avait trait aux objectifs de notre association, la forme et le contenu que de nos colloques et de nos 
publications, le public auxquelles elles s’adressaient.  

 
D’autres interrogations, plus fondamentales, concernaient les rôles respectifs dans les sciences, de l’observation 

de l’expérimentation d’une part, de l’imagination – l’élaboration de concepts et de théories – et aussi de postulats 
implicites, d’autre part ; mais aussi les rapports entre comprendre et convaincre, et au-delà, entre connaissances et 
croyances. Pour un être humain engagé dans l’action, devant prendre des décisions, comprendre et convaincre sont tous 
deux nécessaires ; et l’on ne peut vraiment convaincre que si l’on admet l’existence de points de vue, de rationalités 
multiples, que si l’on a pris conscience que sa seule logique propre ne suffit pas. Il m’avait ainsi communiqué une 
réflexion qu’il avait menée sur les invariants culturels de la formation des polytechniciens, emprunt du positivisme du 
19éme siècle, dont il faisait une évaluation critique. Un des points qu’il abordait dans cet article, c’est le flou de la 
séparation entre connaissances et croyances. Pour le positivisme, écrivait-il, la séparation était nette, et les croyances, 
assimilées à de la superstition, devaient être combattues. Dans l’état actuel des sciences, avec toute la complexité du 
réel qu’elles mettent en évidence, comprendre quelque chose mélange obligatoirement une part de certitude acquise 
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par une compréhension détaillée de l’expérience et des concepts, et une part admise comme vraie par confiance envers 
ceux que l’on en juge digne.  

 
Il est sûr que la pensée de Claude sur la place des sciences dans nos sociétés était très riche, exigeante, et d’une 

grande actualité. 
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II. Conférence de la Pr Delphine DESTOUMIEUX -GARZON  
 

1. Présentation de la Conférencière par notre président Victor MASTRANGELO 
 

Delphine DESTOUMIEUX-GARZÓN 
Directrice de Recherche au CNRS 

 
2007   Habilitation à Diriger des Recherches. Univ. Paris 6.  

Obtenue le 7 mai 2007. 
Les peptides antimicrobiens, effecteurs de l’immunité innée et des compétitions 
microbiennes. Jury - G. Bœuf (Président), G. Mitta, F. Le Roux, S. Rebuffat, et 
E. Bachère. 

1998  Doctorat. Univ. Montpellier 2. Obtenu le 10 décembre 1998. Avec la mention 
très honorable et les Félicitations du Jury. 
Caractérisation et analyse de l’expression des pénaeidines, peptides 
antimicrobiens isolés chez la crevette pénéide Penaeus vannamei (Crustacea, 
Decapoda).  
Jury - G. Lefranc (President), G. Bœuf, K. Söderhäll, P. Bulet, P. Nicolas, P. 
Roch, et E. Bachère. 

1995  
 

DEA de Microbiologie et Biotechnologies. Univ. Paul Sabatier, Toulouse. 
Mention Très Bien.  
Etude de la régulation des gènes de fixation de l’azote dans une association 
symbiotique plante-microorganisme. 

 
Delphine DESTOUMIEUX-GARZON est actuellement directrice adjointe du Laboratoire  

Interactions Hôtes-Pathogènes-Environnements (IHPE) 
UMR 5244 CNRS, Université de Montpellier, Ifremer, Université de Perpignan 

 
  Au cours de ces dernières années, elle a dirigé l'équipe « Interactions et Adaptation en Milieu Marin » au 
sein du laboratoire Interactions Hôtes-Pathogènes-Environnements IHPE.  
Au cours de sa carrière, elle avez étudié l'immunité et les maladies infectieuses émergentes chez les 
invertébrés marins.  
ELLE a également décrit les mécanismes d'adaptation et de résistance des bactéries du genre Vibrio aux 
défenses de leurs hôtes.  
Elle a présidé depuis 2016 des conférences internationales sur les peptides antimicrobiens  
(AMP2016, http://amp2016.univ-perp.fr/ , prochaine conférence Gordon sur les peptides antimicrobiens, 
https://www.grc.org/antimicrobial-peptides-conference/2021/).  
De 2017 à 2021, elle a été chargée de mission au CNRS en charge de la Recherche pluridisciplinaire sur le 
nexus Santé - Environnement (cadre One Health). 
 Au cours de sa carrière, elle a publié une série d'articles prenant en compte les multiples traits des hôtes et 
des pathogènes convergeant pour l'expression de la maladie, sous influence environnementale.  
 
Elle est l’auteur de 83 publications dans des revues à comité de lecture 
Elle a encadré 12 thèses et 2 post-doctorats 

 

 

http://amp2016.univ-perp.fr/
https://www.grc.org/antimicrobial-peptides-conference/2021/


9 
 

 

 

 

IHPE développe des recherches intégratives sur les interactions entre 
les animaux, leurs agents pathogènes et leurs environnements. 

Il regroupe des personnels issus de quatre institutions : 
le CNRS, l’Ifremer, L’université de Montpellier et l’Université de Perpignan. 

Les changements globaux, la mondialisation des échanges et de l’échange, l’industrialisation des systèmes 
de production alimentaire, ainsi que le mouvement migratoire des animaux, micro-organismes et les 
humains sont à l’origine d’importantes modifications des écosystèmes. 
Ces changements environnementaux rapides sont liés à l’émergence et à la réémergence de maladies 
infectieuses et non infectieuses chez l’homme, et chez la faune exploitée et non exploitée. Le risque de 
pandémies a considérablement augmenté avec des risques accrus des transmissions des pathogènes de 
l’animal à l’homme (zoonoses). En d’autres termes, les maladies sont désormais reconnues comme résultant 
d’un dysfonctionnement des écosystèmes, caractérisés par leurs interactions complexes. 
 

La santé humaine est étroitement liée à la santé animale et à la santé environnementale, résumées sous la 
formule « Une Planète – Une Santé – Un Océan ». 
Nos efforts de recherche sont dirigés vers une compréhension intégrale des mécanismes conduisant à 
l’apparition d’agents infectieux, leur dynamique de l’évolution, leur émergence et leur extinction dans les 
milieux naturels. Dans ce cadre, nous appliquons des approches de biologie intégrative et de biologie des 
systèmes en utilisant des méthodologies holistiques, multidisciplinaires et à multi-échelles. 

Notre recherche se concentre sur trois thèmes principaux  : 
i) les maladies tropicales négligées ii) l’aquaculture iii) les récifs coralliens 
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Conférence de la Pr Delphine DESTOUMIEUX -GARZON 

  
Voici le résumé en français de la conférence de la Pr Delphine DESTOUMIEUX-GARZON : 

  
L'apport des sciences de l’environnement, de l’évolution et de la socio-écologie face au 

risque futur de pandémies 

Delphine Destoumieux-Garzón 

Directrice adjointe du laboratoire Interactions Hôtes-Pathogènes-Environnements. CNRS, Ifremer, 
Université de Montpellier, Université de Perpignan. Montpellier. France. 

Les agents infectieux peuvent provoquer des épidémies, épizooties et des zoonoses menaçant la santé 
animale, humaine et la stabilité mondiale. L'incidence des maladies infectieuses émergentes a augmenté au 
cours des dernières décennies et menace d'augmenter dans un avenir proche. En effet, les activités humaines, 
le changement climatique et l’érosion de la biodiversité sont des facteurs connus de l'émergence de maladies 
infectieuses (IPBES, 2020). Afin de transformer en actions de recherche les multiples appels des scientifiques 
en faveur une approche plus intégrée de la santé (One Health, Planetary Health), nous avons cartographié des 
domaines de recherche prioritaires. L'accent a été mis sur les besoins de recherche en socio-écologie et 
sciences de l’évolution, qui sont des aspects clés mais encore négligés de la recherche actuelle sur les 
épidémies. Nous incluons également des aspects éthiques, philosophiques, sociétaux et transformationnels, 
afin de mieux prévenir et contrôler les pandémies actuelles et futures. Les domaines de recherche identifiés 
doivent permettre de mieux comprendre l'émergence des maladies infectieuses, de caractériser les causes et 
moteurs des futures pandémies et de mettre en œuvre des moyens de prévention au travers d’approches 
multidisciplinaires et participatives. Des installations opérationnelles sont proposées, telles que des 
observatoires en écologie de la santé et des laboratoires vivants implantés dans les territoires, pour soutenir 
la recherche proposée. Ceux-ci pourraient être reliés par un réseau mondial de centres de recherche en soutien 
à la prévention de futures pandémies, facilitant l'échange et la validation de données, l'interopérabilité et 
l'applicabilité des outils informatiques. Ce travail de prospective a été réalisé dans le cadre du projet HERA 
(www.HERAresearchEU.eu) qui vise à définir les priorités d'un agenda de recherche sur l'environnement, le 
climat et la santé dans l'Union Européenne en adoptant une approche systémique face aux problèmes 
environnementaux mondiaux. Ce travail coordonné par des membres du laboratoire IHPE (UMR5244) a réuni 
des chercheurs du CNRS, du CIRAD, de l’INRAe, de l’INSERM, des Universités de Montpellier, Perpignan, 
Utrecht (Hollande), Texas A&M (USA), Thessalonique (Grèce), du Centre Helmholtz de Munich 
(Allemagne), et du Muséum des Sciences Naturelles de Berlin (Allemagne).  

Destoumieux-Garzón, D., Matthies-Wiesler, F., Bierne, N., Binot, A., Boissier, J., Devouge, A., et al. (2022) Getting 
out of crises: Environmental, social-ecological and evolutionary research is needed to avoid future risks of 
pandemics. Environ. Int. 158:106915. 

M. Dujon, A., Brown, J.S., Destoumieux-Garzón, D., Vittecoq, M., Hamede, R., Tasiemski, A., et al. (2021) On the 
need for integrating cancer into the One Health perspective. Evol. Appl. 14: 2571–2575. 

Barouki, R., Kogevinas, M., Audouze, K., Belesova, K., Bergman, A., Birnbaum, L., et al. (2021) The COVID-19 
pandemic and global environmental change: Emerging research needs. Environ. Int. 146: 106272. 

Destoumieux-Garzón, D., Mavingui, P., Boetsch, G., Boissier, J., Darriet, F., Duboz, P., et al. (2018) The one health 
concept: 10 years old and a long road ahead. Front. Vet. Sci. 5: 1–13. 
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The One Health Concept: 10 Years 
Old and a Long Road Ahead
Delphine Destoumieux-Garzón1*†, Patrick Mavingui2,3*†, Gilles Boetsch4,5,  
Jérôme Boissier6, Frédéric Darriet7, Priscilla Duboz4,5, Clémentine Fritsch8,  
Patrick Giraudoux8,9, Frédérique Le Roux10, Serge Morand11,12, Christine Paillard13, 
Dominique Pontier14,15, Cédric Sueur16 and Yann Voituron17*

1 CNRS, Interactions Hôtes-Pathogènes-Environnements (IHPE), UMR5244, Université de Perpignan Via Domitia, Université 
de Montpellier, Ifremer, Montpellier, France, 2 Université de La Reunion, UMR PIMIT (Processus Infectieux en Milieu Insulaire 
Tropical), INSERM 1187, CNRS 9192, IRD 249, Sainte-Clotilde, La Réunion, France, 3 UMR Ecologie Microbienne, CNRS, 
INRA, VetAgro Sup, Claude Bernard University Lyon 1, Université de Lyon, Villeurbanne, France, 4 UMI 3189 “Environnement, 
Santé, Sociétés”, Faculty of Medicine, Cheikh Anta Diop University, Dakar-Fann, Senegal, 5 Téssékéré International 
Human-Environment Observatory Labex DRIIM, CNRS and Cheikh Anta Diop University, Dakar, Senegal, 6 Université de 
Perpignan Via Domitia, Interactions Hôtes-Pathogènes-Environnements (IHPE), UMR5244, CNRS, Ifremer, Université de 
Montpellier, Perpignan, France, 7 Institut de Recherche pour le Développement, Maladies Infectieuses et Vecteurs, Ecologie, 
Génétique, Evolution et Contrôle (MIVEGEC), IRD, CNRS, Université de Montpellier, Montpellier, France, 8 Laboratoire 
Chrono-Environnement, UMR 6249 CNRS/Université Bourgogne Franche-Comté Usc, INRA, Besançon, France, 9 Institut 
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Over the past decade, a significant increase in the circulation of infectious agents was 
observed. With the spread and emergence of epizootics, zoonoses, and epidemics, the 
risks of pandemics became more and more critical. Human and animal health has also 
been threatened by antimicrobial resistance, environmental pollution, and the develop-
ment of multifactorial and chronic diseases. This highlighted the increasing globalization 
of health risks and the importance of the human–animal–ecosystem interface in the evo-
lution and emergence of pathogens. A better knowledge of causes and consequences 
of certain human activities, lifestyles, and behaviors in ecosystems is crucial for a rigor-
ous interpretation of disease dynamics and to drive public policies. As a global good, 
health security must be understood on a global scale and from a global and crosscutting 
perspective, integrating human health, animal health, plant health, ecosystems health, 
and biodiversity. In this study, we discuss how crucial it is to consider ecological, evolu-
tionary, and environmental sciences in understanding the emergence and re-emergence 
of infectious diseases and in facing the challenges of antimicrobial resistance. We also 
discuss the application of the “One Health” concept to non-communicable chronic dis-
eases linked to exposure to multiple stresses, including toxic stress, and new lifestyles. 
Finally, we draw up a list of barriers that need removing and the ambitions that we must 
nurture for the effective application of the “One Health” concept. We conclude that the 
success of this One Health concept now requires breaking down the interdisciplinary 
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FiguRe 1 | Global changes favor the (re)-emergence of infectious and 
non-infectious diseases.
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barriers that still separate human and veterinary medicine from ecological, evolutionary, 
and environmental sciences. The development of integrative approaches should be pro-
moted by linking the study of factors underlying stress responses to their consequences 
on ecosystem functioning and evolution. This knowledge is required for the development 
of novel control strategies inspired by environmental mechanisms leading to desired 
equilibrium and dynamics in healthy ecosystems and must provide in the near future a 
framework for more integrated operational initiatives.

Keywords: One health, ecoHealth, infectious disease, non-communicable disease, multifactorial disease, 
ecotoxicology, interdisciplinary research, public health

iNTRODuCTiON

Human population increase, industrialization, and geopolitical 
problems accelerate global changes causing significant damage 
to biodiversity, extensive deterioration of ecosystems, and con-
siderable migratory movement of both mankind and species in 
general. These rapid environmental changes are linked to the 
emergence and re-emergence of infectious and non-infectious 
diseases (Figure 1). Over recent years, certain zoonoses, such as 
bird flu or the Ebola and Zika viral epidemics, have illustrated 
this fact to the whole world demonstrating the interdependence 
of human health, animal health, and ecosystem health. Coming 
from the “One Medicine” concept (1) that advocates a combina-
tion of human medicine and veterinary medicine in response 
to zoonoses (2), the “One World - One Health” concept1 was 
created in 2004. The novelty was the incorporation of the eco-
system health, including that of wild fauna. The “One Health” 

1 www.oneworldonehealth.org.

initiative2 therefore constitutes a global strategy highlighting 
the need for an approach that is holistic and transdisciplinary 
and incorporates multisector expertise in dealing with the 
health of mankind, animals, and ecosystems (3) (Figure 2).

When one considers the multiple factors at play and the com-
plexity of public health issues, it is clear that the “One Health” 
holistic approach (4) cannot be disassociated from the notion of 
ecological health (EcoHealth). The underlying premise is that the 
health and well-being of the human population will be more and 
more difficult to maintain on a polluted planet suffering from 
social or political instability and ever-diminishing resources. Sup-
porting that view, the European ministers responsible for health 
and the environment as well as the World Health Orga nization 
(WHO) regional director for Europe met on June 15, 2017 in 
Ostrava, Czech Republic for the sixth ministerial conference on 
Environment and Health. They recognized that “environmental 
factors that could be avoided and/or eliminated cause 1.4 million 
deaths per year” in the WHO European Region. They declared 
that “public authority shares the common responsibility for 
safeguarding the global environment and for promoting and 
protecting human health for all environmental hazards across 
generation and in all policies.” Paving the way for ambitious 
integrative initiatives in the One Heath framework, researchers 
in “Ecohealth” and its practitioners implement systemic and 
integrated practices to promote sustainable ecosystemic services 
linked to the concept of health (human, animal, and ecosystem) 
and to social stability. Thus, the One Health concept provides a 
way of looking at complex systems and approaching processes 
leading to undesirable effects such as disease emergence, etc. It 
thus encourages and promotes the interdependence, coexistence, 
and evolution of living beings and their environment, which is 
itself in a state of constant transformation (5).

However, after just over 10 years in existence, the “One Health” 
concept, which predicted the integration of the interface with eco-
systems in the “One Medicine” concept, has not quite completed 
its transformation (6). The documents and publications on the 
“One Health” approach, and the strategic framework developed 
around it, have largely focused on the battle against emerging 
zoonoses originating in domestic (7) or wildlife (8) and/or their 
interactions (9), without really considering the role of inclusive 
ecosystems (10). Thus, a quick review of scientific investigations 
claiming to adhere to the “One Health” concept clearly reveals 

2 www.onehealthinitiative.com.
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FiguRe 2 | The One Health concept: a holistic, transdisciplinary, and multisectoral approach of Health.
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that they only mention the environment and its biotic and abiotic 
components as the scene of transmission, often reduced to global 
planetary changes or the Anthropocene. Very few studies deal 
effectively with the ecology of transmission and the ecology of 
health meaning developing an ecological and progressive epi-
demiology linked to components of biodiversity, ranging from 
physiological stresses on populations to changes in habitat, or 
linked to ecosystem processes (11, 12, 13).

One of the major challenges in the successful integration of 
the environment alongside human and animal health in the “One 
Health” triptych is the capability to define the state of health of 
our ecosystems. Ecology researchers face a growing demand from 
administrators for detailed, relevant information on the health 
and desired equilibrium or dynamics of multifunction ecosys-
tems to guide decision-making on sustainable development, 
species conservation, and human, animal, and plant health (14). 
This calls for the definition of shared indicators for ecosystem 
health (biodiversity, ecosystem services, desired “equilibrium”, 
and “evolutions” on relevant space–time scales, etc.).

When the “One Health” concept was conceived, initial col-
laboration between human medicine and veterinary medicine 
resulted in an inevitable research bias toward zoonotic diseases 
(15), temporarily ignoring the important question of chronic 
non-infectious diseases, which are the leading cause of global 
human mortality. Nowadays, the “One Health” concept hopes to 
extend to other fields, such as antimicrobial resistance, ecotoxi-
cology, or health in urban environments.

In this review article, we discuss the need of incorporating 
ecological, evolutionary, and environmental sciences into One 
Health approaches for an innovative and effective control of both 
infectious and multifactorial non-communicable diseases. We 
next provide examples in which the integration of the ecosys-
temic component of the One Health concept enabled deciphering 

the processes underlying disease emergence and re-emergence. 
Finally, we discuss operational brakes that still limit the applica-
tion of the concept, its ambitions, and future challenges.

iNFeCTiOuS DiSeASeS

ecosystem Dynamics and imbalances
The emergence and re-emergence of infectious diseases are closely 
linked to the biology and ecology of infectious agents, their hosts, 
and their vectors (16). Therefore, a comprehensive understanding 
of ecosystem dynamics that informs on the processes leading to 
the occurrence or the recurrence of infectious agents, and their 
dissemination and extinction in natural habitats, is essential 
in assessing the risk of infection. The genomes of parasitic 
organisms, in the widest sense of the term (virus, prokaryotes, 
and eukaryotes), evolve in their natural environment through 
mutation, recombination, horizontal transfer, and hybridization. 
These “genetic entities” respond differently to selective environ-
mental filters, and some genotypes are selected. These genotypes 
may express new phenotypes and colonize new hosts. They can 
also cause damage to the hosts they colonize, thereby becoming 
pathogens. Above and beyond the need for a comprehensive 
understanding of the life cycles of pathogens, transmission 
pathways, and transgression of species barriers, further research 
is required to (i) explore pathogen dynamics in natural habitats 
and (ii) develop models of infection close to natural systems. 
Developments that have been achieved for certain models, such as 
pathogenic vibrios in mollusks (17, 18) or pathogenic Leptospira 
in many vertebrates (19, 20), open up the possibility of a better 
understanding of pathogen dynamics in microbiota, interacting 
with a host species or a community of hosts.

Understanding ecosystem dynamics allows us to assess 
the degree to which the alterations caused by anthropogenic 
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forcing lead to the development of large-scale infectious 
events. Historically, the domestication of animals has indirectly 
mediated the transfer of infectious agents between wildlife 
and humans (7). The majority of emerging infectious diseases 
considered to be significant in terms of public health also have 
a zoonotic origin (21), and almost three-quarters originate in 
wild animals (22). The study of ecological factors affecting the 
transmission of infectious agents in wildlife is therefore essential 
in understanding the mechanisms involved in transgression of 
species barrier (also referred to as host-switching, host-jumping, 
or host-shifting) and emergence in human populations. For 
example, the density and diversity of hosts, migration, envi-
ronmental persistence, and interaction within communities of 
infectious agents have been identified as determining factors in 
the emergence of direct and vector-borne transmission agents 
(23, 24). Assessing the risk of the emergence of zoonoses in 
human populations therefore requires the analysis of interac-
tion networks between infectious agents, their hosts, and the 
environment in which they evolve [for an instance of transmis-
sion of malaria between macaques and humans, see Huffman 
et al. (25)].

Habitat destruction and fragmentation, environmental pollu-
tion, and climate change have a confirmed catalyst effect on the 
occurrence and geographic distribution of infectious agents (26, 
27, 28). Recent examples of epizootics, particularly destructive 
epidemics or zoonoses (bird flu, coronavirus, Ebola, chikungu-
nya, dengue, and Zika) indicate that this spread was in many 
cases assisted by global changes. Thus, by altering the repartition 
of pathogens, their vectors and their reservoirs, global warming 
is responsible for the appearance of new diseases at northern 
latitudes that have previously never been affected (29–31). 
Particularly, noteworthy examples are the cases of schistoso-
miasis (32) and chikungunya emergence (33) in the European 
continent. The recent Ebola epidemic in Western Africa recalls 
that epidemics are not only limited to the circulation of viruses 
or knowledge of contamination principles but also strongly 
influenced by history, political contexts, economic inequalities, 
and cultural phenomena (34, 35).

In the same vein, the globalization of trade and exchange and 
the industrialization of agriculture, aquaculture, and agribusiness 
have occurred in a very short period of time when viewed on 
an evolutionary scale (36, 37). These trends are responsible for 
increased movement of humans, plants, and animals with their 
accompanying infectious agents, who have been able to colonize 
new territories. Industrialization, which has fostered intensive 
breeding and farming practices, has also generated stress in 
organisms, which in turn has created an environment that is 
conducive to the spread of infectious agents.

The industrialization of agriculture and farming is also 
responsible for the widespread and often abusive use of pesticides, 
fertilizers, and antibiotics, which have selected on the one hand 
resistance to insecticides in mosquitoes that transmit pathogens 
(etiological agents of malaria, arboviruses, filarioses, etc.) (38–40) 
and on the other hand resistance to antibiotics in bacteria (41). The 
selection of antibiotic-resistant strains has occurred in the same 
way, through abusive and poorly considered use of antibiotics in 
human health care. This issue now represents one of the most 

serious threats to global health, food security, and development 
for the WHO. Antimicrobial resistance is a global health crisis 
with multiple dimensions. Using a “One Health” approach con-
necting medicine with some of the well-established key concepts 
in eco-evolutionary dynamics is urgently needed for developing 
novel approaches to bacterial infection therapy for which resist-
ance is less quick to evolve (42). Beyond research, the examples 
of resistance to antimicrobials and pesticides are indicative of the 
need to develop a policy framework that is common to public 
health, agriculture, and farming (43).

Resilience, Restoration, and eco-inspired 
Control
The concept of resilience emerged in the ecological literature in 
1960s and 1970s to describe the response of ecosystems to distur-
bances (44). In socioecology, resilience is defined as the capacity 
of a socio-ecosystem to absorb disturbance and to maintain 
particular properties such as function, structure, identity, and 
feedback (45). Resilience should be viewed in a dynamic way, as it 
allows an ecosystem to shift between different steady states, each 
of them possessing different sets of processes allowing functions 
to be maintained. On one hand, it has been advocated that an 
integrated One Health approach addressing the potential health 
effects at the human/animal/environment interface will enhance 
the resilience of local communities (46) through better disease 
prevention (47). On the other hand, the concept of resilience 
plaids for system-based thinking and holistic approaches, which 
for the “One Health” concept means to take into account the 
importance of diversity (from genes to species), redundancy, and 
adaptability of the socio-ecosystem to better face, for example, 
health sanitary crises.

Thus, the spread of infectious agents can be controlled by 
biological diversity, with predation, competition, and host–
symbiont interactions, all playing a role in holobiont fitness 
and their dynamics, i.e., hosts and their associated microbiota. 
However, processes by which biodiversity can dilute or amplify 
disease transmission are still poorly known and are both scale- 
and context-dependent (48). “Demoresilience” associated with 
progresses in prevention and simple hygiene has not eliminated 
old scourges, such as plague, tuberculosis, etc., which are still 
infecting people and communities, but has led to a continuous 
decrease in epidemics, this far before vaccines and antibiotics 
were made available (49).

Nature can help provide viable solutions that use and deploy 
the properties of natural ecosystems and the services they provide. 
Thus, eco-inspired innovative strategies have been developed to 
control infectious diseases. Phages are natural predators of bacte-
ria, controlling bacterial behavior and dynamics in the environ-
ment (50). Similarly, antimicrobial peptides, effectors of innate 
immunity in metazoans, and competition in prokaryotes can also 
influence pathogen dynamics (51, 52), vector-borne transmission 
(53), and may allow alternative routes of transmission in the natu-
ral environment (54). These natural control mechanisms are real 
sources of inspiration for the development of new anti-infectious 
strategies. New methods of fighting vector-borne transmission 
based on microbial symbiosis represent an area of research that 
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is being promoted and encouraged on a global level by the WHO 
[Bourtzis et al. (55)3]. Likewise, just as the specter of the post-
antibiotic era appears before us (56), research into alternative 
anti-infectives has become an international priority, once again 
backed by the WHO, who recommends a global action plan based 
on “One Health” principles (57).

We now need to evaluate the capacity of these alternatives to 
induce resistance and define its molecular basis in order to assess 
the risk. Indeed, the challenge over future years will be to identify 
new anti-infectious strategies likely to generate less resistance and 
having reduced impact on non-target organisms and the environ-
ment (58). Studies in this particular field are already underway 
and indicate a definite advantage to using phage cocktails (59) 
or antimicrobial peptides from metazoans (60) as an alternative 
to antibiotics. There are also promising leads opening up with 
the development of immunomodulatory peptides derived from 
antimicrobial peptides (61), whose risk of inducing resistance is 
extremely low.

If research is called upon to find innovative and ambitious 
solutions to control infectious diseases, then society, for its part, 
must not forget that for many extremely destructive infectious 
diseases, hygiene and prevention are far more effective control 
solutions than the use of anti-infectives or vaccines, if they exist. 
This also applies to various vector-borne diseases, for which 
education and information are the key to avoiding exposure to 
vectors and the pathogens they transmit.

MuLTiFACTORiAL AND NON-
COMMuNiCABLe CHRONiC DiSeASeS

Toxic Risk
Complexity and Ambitions of Ecotoxicology
The toxic risk is implicated on many levels in the issues surround-
ing the “One Health” concept because of direct harmful effects of 
contaminants and their impact on the physiology, immune, and 
endocrine responses of organisms, biodiversity, and the trans-
mission of pathogens. Contaminants and toxins can also impact 
host–pathogen interactions, by directly affecting the pathogens 
(62). However, toxins and pollutions are to a certain extent part 
of nature, and toxicity does not mean the same for all organisms. 
For example, Lake Natron (Kenya) is an unhospitable place for 
most species, but some have adapted to this environment (like 
flamingos, Spirulina, and invertebrates adapted to caustic waters 
they live on). As a consequence, the occurrence of toxicants per se 
might not be problem, and there is certainly a lot to learn from 
the adaptive mechanisms evolved by species living in such “toxic” 
environments.

Environmental pollution is a worldwide concern. The toxic 
risk is particularly high in environments where the human 
population is very dense, such as coastal areas, where species 
are subjected to multiple toxins and pollutants including natural 
toxins (e.g., paralytic shellfish poisoning toxins synthesized by 
certain harmful microalgae), emerging pollutants (e.g., micro- 
and nanoplastics) and diffuse pollution linked to multiple 

3 http://www.eliminatedengue.com/program.

anthropogenic releases (63, 64). However, even remote areas 
without high anthropogenic activities such as polar areas are 
also contaminated, with a long list of legacy or emerging organic 
and inorganic compounds involved (65). The recent and global 
nature of environmental pollution is even reflected by marked 
differences in Holocene signatures in stratigraphic records 
showing unprecedented combinations of various anthropogenic 
substances (66). Wildlife and domestic animals are currently 
exposed to numerous contaminants at levels endangering their 
survival and health, their ability to reproduce and capability to 
cope with other stressors such as pathogens, and this represents 
a threat on biodiversity and ecosystem functioning which is now 
acknowledged (67–71).

The widescale development of multifactorial diseases affect-
ing both invertebrates (bees, corals, and oysters) (72–75) and 
vertebrates (amphibians, cetaceans, and chiropterans) (76–79) 
is increasingly recognized thanks to the development of tools in 
genomic medicine and epidemiology that facilitate their study. 
As a consequence, diseases of complex etiologies are receiv-
ing increasing attention. Multifactorial diseases often emerge 
in organisms whose defense capacities have been reduced by 
changes in nutrition, temperature, salinity, pH, exposure to 
pollutants, toxins, radiations, etc. Through cumulative and 
long-term effects, toxins have significant impact on morbidity 
caused by both pathogens and other toxic substances (cocktails). 
Toxicants increase the risk of infectious diseases when the 
immune system is directly or indirectly affected (67, 71, 80–83). 
Immunotoxic effects do not only have a direct effect on human 
health and the viability of human and animal populations, but 
also affect the broader functioning of ecosystems and promote 
the transmission of zoonotic diseases by increasing the preva-
lence of pathogens in animal reservoirs or intermediary hosts. 
Therefore, the major threat posed by pollutants to biodiversity 
has currently undetermined consequences on biotic interactions 
(Figure  3). As a result of changes in species abundance and 
food web topology (extinction of “regulatory” predators, role of 
“super-predator,” consumptive competition, effects on keystone 
species, biological invasion, increase in resistant disease reservoir 
species, density effects dependent on emergence of epizootics or 
zoonotic diseases, etc.), pollution further significantly increases 
the risk of disease.

The occurrence of some chronic non-communicable diseases 
is currently soaring in southern countries, highlighting the 
globalization of sanitary risks (84). Part of it is due to significant 
advances in combating infectious diseases, which have greatly 
reduced mortality and as a consequence modified the occurrence 
of non-infectious diseases. However, environmental changes, 
and particularly exposure to toxic substances, were shown to 
play an important role in the occurrence of serious chronic non-
infectious diseases in humans (respiratory, cardiovascular, neu-
rological, and metabolic diseases, obesity, diabetes, and cancer), 
the prevention of which is a major challenge for our society, both 
for the present and the future generations. Transgenerational 
effects of environmental stress (85) transmitted by epigenetic 
mechanisms (86) have been described in various species. There 
is no reason to think that humans should be exception to this 
rule, and indeed a comparable picture emerges for wildlife from 
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many case reports worldwide (70). This indicates the impor-
tance of the man–animal–ecosystem interface in determining 
the evolution and emergence of chronic diseases in humans, 
just as in other species. For this reason, human and veterinary 
medicine is often developing a reductionist and frequently 
reductive approach that needs reviewing in the context of the 
current situation. Prevention and control, which are increas-
ingly accessible, have a great potential for tackling such complex 
disease dynamics.

Building a Harmonized Framework for Biological  
and Chemical Contaminants
Over the past two decades, a few articles called for a transdisci-
plinary harmonization of ecotoxicology as a component of 
“Ecosystem Health” and the encompassing “One Health” (81). 
Evidence, examples, and opportunities for cooperation have 
been detailed (26, 27, 81, 87–89). However, studies incorporating 
chemical contaminants and environmental quality in a “One 
Health” framework are still marginal (87). Addressing simultane-
ously the needs of “Ecosystem Health” and “One Health” with 
their inherent trade-offs is a required step forward that would 
undoubtedly help achieving the goal of better health for people, 
animals, and our environment.

Beyond integration of environmental pollution as one of the 
anthropogenic disturbances impairing environmental health, 
consideration of toxicants for their role in immunity and endo-
crine system would benefit from a unified framework merging 

the theoretical and applied contexts of eco-epidemiology, eco-
physiology, and ecotoxicology (90). Pathogenic organisms and 
chemical pollutants have their own specificities. However, many 
common ecological, physiological, and biological processes rule 
the transmission of biological and chemical contaminants on 
the one hand and the exposure and responses of organisms and 
ecosystems on the other hand. System studies on both pathogens 
and toxicants not only require specialists but also joint expertise 
to assess impacts, manage risk, and apply therapeutic care. For 
instance, similar tools in mathematical modeling can be shared 
for trophically transmitted parasites and pollutants. This calls 
for more cooperation between human and veterinary medicine, 
functional and evolutionary ecology, institutional health-care 
and wildlife management, as well as socioeconomics and regula-
tory issues.

Furthermore, interactions between pathogenic organisms and 
chemical toxicants have a high interest in itself. Thus, evaluating 
the impacts of massive use of biocides and xenobiotics has become 
a priority to anticipate the consequences of such delivery on the 
whole ecosystem. Integrating ecotoxicological issues of biocidal 
substances in “One Health” should help refining the chemical 
control of pathogen vectors (e.g., mosquitoes) or parasites (anti-
helminthic, acaricide, etc.). As a first step, the development of 
“adaptive monitoring” approaches dealing with co-exposure to 
pollutants and pathogens is absolutely crucial (91–93). The chal-
lenge is to assess exposure and organism response on both an 
individual level and at the population level through relevant and 
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appropriate approaches for both wildlife and human (91, 92). A 
further challenge consists in defining spatial and temporal scales, 
types of sample, biomarkers, and end points (92, 94).

Toward Integrated Multiscale Approaches
The ecotoxicological impact of diffuse pollution, phycotoxins, and 
contaminants of emerging concern, as well as their modulation by 
environmental factors, needs assessing today using an integrated 
approach that encompasses the different scales of organization of 
living beings (macroscopic, cellular, biochemical, and molecular) 
and includes studies in both controlled environments and in situ. 
The study of population response to multiple stress factors and 
the genetic and epigenetic bases of their capacity to adapt to these 
stress factors are currently priority fields of research in order to 
anticipate future sanitary crises that may influence the fate of 
species.

urbanization and Health
Urbanization, associated with ground and air pollution, and its role 
in lifestyle changes (energy-dense diets with ready-made foods 
that are rich in lipids, reduced physical activity, more sedentary 
lifestyles, etc.) represents a major environmental change for man. 
Since 2010, towns and cities have been the living environment of 
more than half of humanity (95). Our increasingly urban lifestyle 
leads to exposure to multiple stress factors (exposome), the health 
impact of which we do not yet fully understand, especially among 
the more fragile members of society.

The way in which people are connected and our towns con-
structed has an enormous impact on health, and particularly 
its evolution with age. A person’s social network will influence 
both his propensity to being infected by directly transmissible 
pathogens (without an intermediary host) (96) and to being 
affected by non-infectious diseases such as obesity (97) or 
blood cholesterol. However, we do not yet know exactly how 
urbanization, mobility, or social network nurture or hinder 
good health. This will require significant research. New port-
able detectors such as GPS or accelerometers make it possible 
to record extensive and precise data pertaining to people’s 
mobility and activity (98). The combination of this type of 
approach with social network measurements opens up new 
ways of measuring and understanding epidemics and health 
inequalities (96, 99). The development of statistical methods, 
graph theory, and multiagent simulation would make it pos-
sible to (i) identify which urban environment or social network 
properties influence well-being and activity and (ii) provide 
concrete recommendations to improve urbanization plans and 
public health strategies.

The notion of ecological, epidemiological, sanitary, and demo-
graphic transition seems to be a particularly federative idea in the 
“One Health” approach, because it allows for both the implemen-
tation of concrete interdisciplinary research (ecologists, doctors, 
anthropologists, biologists, demographers, etc. can work together 
on the changes observed) and because it is also very closely asso-
ciated with the environmental change represented by urbaniza-
tion, making it possible to address the subject of the etiology and 
prevention of chronic non-communicable diseases and infectious 
disease in a new and innovative manner.

ONe HeALTH CONCePT SuCCeSSeS iN 
THe iNTegRATiON OF iTS eCOSYSTeMiC 
COMPONeNT

Some key examples illustrate the degree to which the adoption 
of a “One Health” approach is both consensual and particularly 
effective in deciphering the processes underlying the emergence 
and re-emergence of diseases.

Optimizing Land use to Control Pathogen 
Transmission
In 1960s, the European agriculture common policy encouraged 
French farmers to specialize in milk production. Farmlands from 
the Jura Mountains were then converted into permanent grass-
lands. With the destruction of hedges and increased productivity, 
this shifted the regional ecosystems toward large-scale small 
mammal pest surges with a cascade of direct and indirect conse-
quences in agriculture, conservation, and public health, including 
exacerbating the transmission of Echinococcus multilocularis, a 
deadly parasite of public health concern (100). In China, similar 
effects came from deforestation and agriculture encroachments 
during 1980s (101). In such a context, research and disease regu-
lation were necessarily considered together with the other issues. 
Researchers provided knowledge on ecological processes that 
helped stakeholders to discuss and select, in a system approach, 
the inherent trades off between seemingly divergent sectoral 
interests (102).

Deciphering the emergence of infectious 
Diseases through Holistic and Multiple 
Scale Approaches
In 2013 and 2015, two independent outbreaks of Schistosomiasis 
occurred in southern Europe (Corsica Island, France) with 
around 300 estimated cases (103, 104). The occurrence of this 
tropical disease in higher latitude was unanticipated and caught 
scientists and health authorities unprepared. At the beginning of 
the outbreak the locals were worried, the communication was not 
controlled, the local physicians were not trained to diagnose this 
tropical disease, and the ecologists were unprepared to consider 
this parasite in temperate zone. Moreover, the hybrid status of 
the parasite, a cross between a human and an animal schisto-
some, made the epidemiological situation much more complex.  
A collaborative effort between physicians, veterinaries, biologists, 
ecologists, and public health institutions was set up to identify the 
origin of the outbreak and control it (32). The biologists identi-
fied the intermediate host implicated, defined the hybrid status 
of the parasite and its Senegalese origin; veterinarians proved the 
absence of ruminant reservoir hosts; and physicians and health 
authorities improved diagnostic tools, addressed the clinical char-
acteristic of the patients, and measured the extent of the outbreak.

Modeling Diseases in Social Networks
As the growing worldwide population becomes more mobile and 
urbanized the risk of epidemics is constantly increasing. Studying 
animal interactions and the coevolution between emerging social 
networks and pathogen transmission may help to predict outbreaks 
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TABLe 1 | Exploring the infectious and toxic risks through ecobiology and ecotoxicology expertise.

infectious risk Toxic risk

Case of pathogen emergence Case of antibiotic resistance Case of emerging toxins and 
recurrent toxicants

Ecosystem 
processes

How does a commensal infectious agent become a 
pathogen?

What is the ecological role of antibiotics and of 
their resistance genes?

What is the ecological role of toxins 
produced by microorganisms?

How do infectious agents alter certain hosts? How do antibiotics and their resistance genes 
operate?

How do toxins alter certain hosts?

How do infectious agents proliferate within the microbiota of 
their hosts?

How do antibiotic production systems and 
their resistance genes proliferate?

How do organisms adapt to toxicants?

How are infectious agents controlled in a natural 
environment?

How are antibiotic-producing or resistance 
gene-carrying populations controlled?

How are toxins controlled?

Anthropogenic 
alterations

How do global changes/anthropic activities impact on 
environments affect biodiversity and the emergence of 
pathogens?

How do global changes/anthropic activities 
impact on environments affect the emergence 
of antibiotic-resistant bacteria?

How do global changes/anthropic 
activities impact on environments 
affect toxic risk?

How does the synergy between infectious and toxic factors multiply the effects and complexity of responses?

Solutions Which innovative control solutions are inspired by the 
ecobiology of infectious agents, their hosts, and their 
vectors?

How can we develop anti-infectives that 
generate less resistance?

Which control solutions are inspired by 
the ecology of emerging toxins?

This table summarizes questions to be addressed for understanding the risks and develop innovative solutions.
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and develop strategies avoiding epidemics and epizootics. Network 
studies, especially in non-human primates, suggest not only that 
the position of an individual in a group affects the risk of being 
infected and infecting conspecifics (105) but also that the shape of 
interaction networks independently from individuals affects path-
ogen transmission (106). Over the past few years, concepts such as 
efficiency, resilience, and nestedness (107, 108) have been used to 
understand the evolution of ecological and social networks facing 
to environmental changes. Modeling epidemic spread in social 
networks should help target animals as well as humans according 
to their social position in the network in order to vaccine them 
and better manage outcome of epidemic outbreaks. Integrating 
ecological pressures and intra- and interspecific relationships in 
these models could also bring new understanding about how these 
networks are robust to changes and could act as buffers between 
the environment and animals, including humans.

Those examples illustrate how the application of the “One 
Health” approach to infectious risk needs to be systematically 
reinforced with ecobiology expertise. Similarly, the toxic risk 
needs to be enriched with ecotoxicology expertise. Further 
understanding of the risk presupposes asking a certain number of 
questions which may be presented in the same way for both risks 
(see Table 1). This knowledge of ecosystem processes must gener-
ate the signposts to guide the sustained exchange effort required 
from ecologists, epidemiologists, evolutionists, and human and 
animal health-care specialists with other activity sectors.

OPeRATiONAL BRAKeS ON THe  
“ONe HeALTH” CHALLeNge AND 
ReCOMMeNDATiONS

Major barriers to the effective integration of “One Health” need 
to be removed (i) for the systematic implementation of a “One 

Health” strategy and (ii) for the development of operational solu-
tions that both respect environmental health and its future and 
are realistic in the face of the urgency of medical care for patients.

A major barrier to the development of “One Health” appro-
aches is very clearly the lack of communication between 
human and veterinary medicine, agronomy and ecological, 
environmental, and evolutionary science. Removing this major 
impediment implies the integration of sufficient understanding 
of other disciplines, multidisciplinary approaches, and the aims 
and conditions of their implementation. This can be formulated 
at different levels.

From a training point of view, it is essential to include ecology 
and evolution in any medical, veterinary, and agronomic training 
(109, 110). Although relatively recent, a number of these train-
ing courses are currently being developed around evolutionary 
medicine. This initiative should be supported and strengthened 
in the future.

From a research point of view, improved scientific cooperation 
requires the development of collaborative national and inter-
national research networks (including within Europe). The 
integration of southern countries, with their diverse intertropical 
ecosystems and biodiversity hot spots, is absolutely vital as they 
represent genuine natural laboratories for the implementation of 
the “One health” concept in the face of demographic and sanitary 
transition resulting from global changes. Networks must also 
include a maximum number of key players in research, repre-
senting various disciplines and specializing in different levels of 
organization of living beings, and spatial and temporal scales. 
They must work together toward the implementation of shared 
training programs, tools, and protocols with a shift from research 
generating basic and isolated knowledge to translational research 
leading to systems and implicational knowledge. This certainly 
needs a mentality change not only from researchers but also—and 
even more importantly—from research funding bodies. Scientific 
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cooperation also needs better access to knowledge, which is cur-
rently partially blocked (intellectual property, patents), thereby 
depriving certain key players of diagnostic criteria or funda-
mental knowledge (81). Observation tools and data management 
programs should also be supported. Long-term monitoring of 
transmission or exposure systems must be organized and sup-
ported by appropriate means and measures, including outside 
peaks of visible emergence, taking into consideration the different 
spatial and temporal scales relevant to the organisms in question 
(e.g., multiannual demographic variations of organisms, land-
scape changes, practice changes, rearrangement of communities 
in response to these factors, etc.). This requires the implementa-
tion of policies to collect, capitalize, secure, and make available 
the data derived from ambitious research (database management, 
observatories, etc.). In addition, promoting multidisciplinary inte-
grative approaches is needed for the development of a progressive 
health (human and animal) ecology, which is based on acquired 
expertise and methodology in immunoecology and endocrine-
epidemiology (111) and links the study of proximal factors 
(mechanisms) to their ongoing evolutionary consequences (112, 
113). It is also necessary to support work into the definition of 
ecosystem services for the regulation of infectious or toxic risk 
(contributing to the requests of the, Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services).

From a political point of view, it would appear necessary to 
implement a gradual reinforcement of biosecurity including pro-
duction, transport, and transformation of biological resources. It 
is additionally absolutely essential to break down the sectoral par-
titioning that exists between public health, agronomy policy, and 
other sectors of activity (27). Indeed, current sectoral partitioning 
trends foster infectious risk. For instance, to date the agriculture/
public health interface does not come under the competences of 
farmers nor vector control services, which increases the develop-
ment of insect vectors resistant to agricultural insecticides. The 
synergy of a partnership between scientists, farmers, and the 
vector control services would initiate pluridisciplinary research 
programs whose goal would be to protect the crops while reduc-
ing the populations of vectors as much as possible. Similarly, 
sectoral partitioning increases the emergence and the spread of 
microorganisms that are antibiotic-resistant as a result of spread-
ing slurry from farms using antibiotics or by the increase in size 
of host populations of pathogenic agents. It is therefore clear that 
a comprehensive review of industrial agriculture and farming 
practices is vitally urgent. Overall, significant efficacy gains can 
be achieved through intersectoral cooperation in a “One Health” 
approach. This should include a control at source, which is 
often more cost-effective than fighting a disease. This supposes  
(i) cooperation in terms of monitoring and diagnosis for a 
quicker and more precise diagnosis; (ii) cooperation in terms of 
preventative measures, such as vaccination, to increase coverage; 
and (iii) a detailed and immediate communication to reduce the 
number of cases (114).

Remarkably, a purely economic view also calls for a global 
approach of Health that relies on both “prevention at source” for 
animals and “control” for humans (115). It has been estimated that 
this two-sided approach would cost between 1.9 and 3.4 billion 
dollars per year to implement and optimize this approach, a 

sum which is far below the annual average of 6.7 billion dollars 
of economic losses historically suffered as a result of epidemics 
(114). These methods will require the consolidation of regional, 
national, and international approaches to biosecurity for the 
control of human, animal, and plant diseases and the implemen-
tation of an integrated, interdisciplinary, intersectoral approach 
to the monitoring of and investigation into diseases common to 
man and animal. A first necessary step is the development of a 
database that includes a corpus of essential statistics on demogra-
phy, the sanitary situation, health determinants (human, animal, 
and ecosystem), and risk factors. These multi- and intersectoral 
collaborations, nourished by the results of relevant research, 
are also essential in identifying the bio-economically, socially, 
and ecologically acceptable compromises between (sometimes) 
contradictory management objectives (food production, health, 
biodiversity preservation, etc.).

In addition to prevention, ecology today must be able to offer 
the authorities innovative solutions to vector control (antivector 
fight) and pathogenic infectious agents (remediation) that are 
more ambitious and less destructive to biodiversity and ecosys-
tems than those currently deployed. With regard to antibiotic 
resistance, research programs working on the identification of 
new anti-infectives must henceforth consider the risk of resist-
ance emergence from the moment that new therapeutic agents 
are developed.

CHALLeNgeS AND AMBiTiONS FOR  
THe “ONe HeALTH” CONCePT

The insufficient consideration of certain key components in the 
implementation of the “One Health” concept can be highlighted. 
Particularly, the wildlife component and numerous related eco-
logical issues (community ecology and evolutionary ecophysiol-
ogy) are still neglected (116), as are certain environmental science 
components (soil and climate) (117). Additionally, social, legal, 
and economic sciences are similarly marginalized (118).

However, social sciences play a major role in the construction 
of the problems facing “One Health” research. The understand-
ing of infectious or toxic risks cannot simply be reduced to its 
biological or chemical components. It is also essential to take 
into consideration the vulnerability, variability, and susceptibil-
ity of human societies as well as the different ways they interact 
with animals and ecosystems. The “One Health” concept, which 
promotes an interdisciplinary and intersectoral approach, must 
therefore engage at different levels of health governance, from 
a global level right down to a local level, by encouraging par-
ticipative approaches that bring together communities, scientific 
experts, administrations, and other key players (NGOs, indus-
try, legal experts, etc.). Infectious and toxic risks must also be 
addressed through their perceptions and impacts to contribute to 
the improvement of surveillance and prevention systems and the 
resilience of societies in the face of sanitary crises.

The issue of plant health as a full component of “One 
Health” concept is a challenge to be urgently resolved (119). In 
fact, human health and animal health are directly or indirectly 
dependent on plant health, as the latter is essential as food 
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resources, phytomedecine, land management, etc. In terms of 
basic knowledge, investigations in plant ecology and epidemiol-
ogy have provided useful data for understanding the mechanisms 
of virulence and adaptation of pathogens in humans and animals. 
A renowned example is the discovery by botanists of interfering 
RNA as a key component in gene regulation, including host–
pathogen interactions (120). While some plant pathogens may 
pass the species barrier and cause nosocomial diseases, such as 
the Burkholderia complex bacteria responsible for human cystic 
fibrosis (121), others belonging to enteric bacteria (Salmonella, 
Escherichia coli, Shigella, etc.) are plant inhabitants that can cause 
food contaminants that are harmful to human (122). Thus, raising 
the concept of “One Health” to a realization requires also access 
to a good plant health through a productive (yield, quality, nutri-
tional value, and biosafety) and sustainable (reducing pesticides 
and chemical fertilizers, encouraging culture rotation practice, 
biofertilization, etc.) agriculture.

The question of ethics should also be more widely integrated 
into the “One Health” concept. If ethics are referred to essentially 
through bioethics and the ethics of animal health, other compo-
nents are often neglected. This is the case for environmental and 
biodiversity ethics, social science ethics, and the ethics of various 
legal concepts, such as human rights, the rights of indigenous 
people, environmental justice, and animal rights. The Nagoya 
Protocol to the Convention on Biological Diversity is one of the 
ethical and legal frameworks which are legally binding on scien-
tific research, generating new consequences on the access to and 
sharing of microorganisms, human, animal and plant samples, 
data, and traditional and local knowledge and skills. Far from 
being a new constraint, it is an opportunity to reflect on the role 
of scientific research in our societies (123).

CONCLuSiON

This review illustrates how crucial it is to consider ecological, 
evolutionary, and environmental sciences in (i) understanding 

the emergence and re-emergence of infectious and non-
communicable chronic diseases and (ii) in creating innovative 
control strategies. However, the actual organization of research 
and the sectoral allocation of resources in our societies still limit 
the development of transdisciplinary approaches and integrated 
operational actions. Removing the interdisciplinary barriers that 
still separate ecological, environmental, and evolutionary sci-
ences from human and animal medicine is a major challenge to 
the implementation of the “One Health” concept, which moves 
beyond science and impacts politics (health, agriculture, aquacul-
ture, land management, urbanism, and biological conservation), 
law, and ethics. There is a need to provide evidence on the added 
value of “One Health” approach for governments, researchers, 
funding bodies, and stakeholders (124). Finally, promoting 
the integrative benefits expected of the “One Health” concept 
requires a new interface with human, social, and legal sciences 
that remains to be built.
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Abstract: In the same way as the realization of some of the famous gedanken experiments imagined
by the founding fathers of quantum mechanics has recently led to the current renewal of the interpre-
tation of quantum physics, it seems that the most recent progress of observational astrophysics can
be interpreted as the realization of some cosmological gedanken experiments such as the removal
from the universe of the whole visible matter or the cosmic time travel leading to a new cosmological
standard model. This standard model involves two dark components of the universe, dark energy
and dark matter. Whereas dark energy is usually associated with the cosmological constant, we
propose explaining dark matter as a pure QCD effect, namely a gluonic Bose–Einstein condensate,
following the transition from the quark gluon plasma phase to the colorless hadronic phase. Our
approach not only allows us to assume a Dark/Visible ratio equal to 11/2 but also provides gluons
(and di-gluons, viewed as quasi-particles) with an extra mass of vibrational nature. Such an inter-
pretation would support the idea that, apart from the violation of the matter/antimatter symmetry
satisfying the Sakharov’s conditions, the reconciliation of particle physics and cosmology needs not
the recourse to any ad hoc fields, particles or hidden variables.

Keywords: cosmological constant; dark matter; dark energy; de Sitter; anti-de Sitter; quark gluon
plasma; gluon Bose–Einstein condensate

1. Introduction

The new cosmological standard model model involves two dark components of the
universe, dark energy [1] and dark matter [2]. Whereas dark energy is commonly associated
with the cosmological constant, both of us, Gilles Cohen-Tannoudji [3,4], and Jean-Pierre
Gazeau [5], have independently tried to address the challenging issue of the dark matter
component in the cosmological energy density.

The approach of GC-T [3,4] aimed at interpreting dark matter as a component of the
cosmological energy density, which, together with dark energy, would constitute the world
matter, namely what, according to de Sitter, must be added to the visible matter in order
for a cosmological theory to obey the principle of the relativity of inertia. On the other
hand, the interpretation by J-PG in [5] in terms of a pure vibration energy due to positive
curvature was partially based on mass formulae in terms of energy and spin in de Sitter
and/or Anti-de Sitter spacetimes, which are established in the quantum context with the
reasonable assumption that the proper mass of an elementary system (in the Wigner [6,7]
sense) is independent of the space-time metric.

In the present paper, we explain how our two approaches are complementary in
proposing the value 11/2 = 5.5 for the Dark/Visible ratio (the observed one is currently
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estimated to be 27/5 = 5.2) and interpreting (cold) dark matter as a gluonic Bose–Einstein
Condensate (BEC) that is a relic of the quark period. These proposals were already present
in [4], but the BEC interpretation is here given a firmer basis thanks to the quantum features
of elementary systems in Anti-de Sitter spacetime, whose description was given in [5].

In Section 2, we review the history of the new cosmological standard model, known as
ΛCDM, from the Einstein–de Sitter debate at the onset of modern cosmology to its current
assets. We recall that Λ stands for the cosmological constant and CDM for cold dark matter.

Section 3 is devoted to the key concept of a (normal- or anti-) de Sitter comoving world
matter density, with which we intend to fill the gaps between our two approaches.

In Section 4, we conjecture, as a merging of our two approaches, that the cold dark
matter, identified with the gravitational potential induced by matter, is affected by a
Bose–Einstein condensation mechanism.

Finally, in Section 5, we compare our approach with other schemes that also assume a
Bose–Einstein mechanism but involve unknown particles.

2. The New Standard Model of Cosmology, the Performance of the Critical
Cosmological Gedanken Experiment, and Its Qualitative Results
2.1. The Einstein–De Sitter Debate

Our common starting point is the history of the debate that was raised between
Einstein [8] and de Sitter [9] at the onset of modern cosmology. This debate was about a
critical cosmological gedanken experiment, one that would consist of “removing all the
visible matter from the universe” in order to decide whether or not an isolated particle
acting as a test body would have inertia. The answer to this question refers to what is
known as Mach’s principle or what Einstein and de Sitter named the principle of the relativity
of inertia. It is summarized in the following quoted statement by de Sitter [9], in which he
introduces the concept of world matter:

To the question: If all matter is supposed not to exist, with the exception of one material
point which is to be used as a test-body, has then this test-body inertia or not? The school
of Mach requires the answer No. Our experience however decidedly gives the answer Yes,
if by ‘all matter’ is meant all ordinary physical matter: stars, nebulae, clusters, etc. The
followers of Mach are thus compelled to assume the existence of still more matter: the
world-matter. 1

The debate of Einstein and de Sitter concerned three possible cosmological models:
the first one was Einstein’s closed, static model consisting of large masses sent at spatial
infinity, a model that Einstein abandoned following the criticism of de Sitter; in the second
model, which de Sitter calls “system A”, Einstein re-introduces the “cosmological term”,
involving the cosmological constant that he had ignored in previous attempts, leading to a
sort of repulsive force (negative pressure) preventing the universe from collapsing under
its own gravitation, and which de Sitter assimilates to a world matter insuring the validity
of the postulate of the relativity of inertia; and the third one, “system B” according to de
Sitter consists of a universe that is empty except for the cosmological term. About these
last two models, de Sitter summarizes the debate in a postscript added to Reference [9]
and quoted here:

Prof. Einstein, to whom I had communicated the principal contents of this paper, writes
‘to my opinion, that it would be possible to think of a universe without matter is un-
satisfactory. On the contrary the field gµν must be determined by matter, without
which it cannot exist [underlined by de Sitter]. This is the core of what I mean by
the postulate of the relativity of inertia’. He therefore postulates what I called above
the logical impossibility of supposing matter not to exist. I can call this the “material
postulate” of the relativity of inertia. This can only be satisfied by choosing the sys-
tem A, with its world-matter, i.e., by introducing the constant λ, and assigning to the
time a separate position amongst the four coordinates. On the other hand, we have the
‘mathematical postulate’ of the relativity of inertia, i.e., the postulate that the gµν shall
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be invariant at infinity. This postulate, which, as has already been pointed out above,
has no physical meaning, makes no mention of matter. It can be satisfied by choosing
the system B without a world-matter, and with complete relativity of the time. However,
here also we need the constant λ. The introduction of this constant can only be avoided
by abandoning the postulate of the relativity of inertia altogether [underlined by us].

By revisiting the Einstein–de Sitter debate about the concept of inertia, one can notice
a perplexing irresolution concerning the position of that constant λ or Λ in the left-hand
side (as a fundamental constant) or in the right-hand side (as a phenomenological world
matter term) in the Einstein Equation [10]. This is also the insistent “little music” pervading
the content of the present contribution.

2.2. The Performance of the Gedanken Experiment with ΛCDM

The more and more precise measurements of the cosmic microwave background
(CMB) radiation by the COBE, WMAP, and Planck experiments allowed the performance
of the above-mentioned gedanken experiment leading to the assets of ΛCDM, the new
standard model of cosmology, namely:

• The rediscovery of the cosmological constant that, as mentioned above, is essential for
the validity of the foundational principle of the relativity of inertia.

• The replacement of the Big Bang singularity, which prevented any causal description
of the early universe, by an inflation mechanism that remains conjectural but can
explain quantitatively the primordial fluctuations observed in the CMB.

• The discovery of two non-visible components of the cosmological energy density,
which together amount to about 95% of the full content of the universe: the dark energy,
is commonly associated with the cosmological constant, and the dark matter, which
raises theoretical questions, some of which are addressed in the present paper.

3. A Possible Kinematics in Quantum Cosmology: Desitterian/Anti-Desitterian
Comoving World-Matter Densities

In this section, we first review the Friedmann–Lemaitre model involving density and
pressure of the material content of the universe before describing the consequences on the
kinematic symmetry of space time if one decides to view pressure as an effective curvature.

3.1. A Reminder about the Cosmological Formalism (c = 1)

In an isotropic and homogeneous cosmology, the solution of the Einstein’s equation

Rµν −
1
2

gµνR = 8πGNTµν + Λgµν (1)

is the Robertson metric

ds2 = dt2 − R2(t)
(

dr2

1− kr2 + r2(dθ2 + sin2 θ dφ2
)

(2)

depending on the time-dependent radius of the universe R(t) and a curvature index k. The
coordinate r is dimensionless; the dimension is carried by R(t), which is the cosmological
scale factor which determines proper distances in terms of the comoving coordinates.
These quantities obey the Friedmann–Lemaître equations of a perfect fluid with which is
phenomenologically modeled the material content of the universe.

H2 ≡
(

Ṙ
R

)2

=
8πGNρ

3
− k

R2 +
Λ
3

(3)

R̈
R

=
Λ
3
− 4πGN

3
(ρ + 3P) , (4)
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and a third equation expressing energy conservation,

ρ̇ = −3H(ρ + P) . (5)

In these equations, the density ρ and isotropic pressure P express the stress energy momen-
tum of the perfect fluid:

Tµν = −Pgµν + (P + ρ)uµuν . (6)

The cosmological term is taken to the right-hand side of the Einstein’s equation and may
be interpreted as a contribution to the stress energy tensor that reduces to minus the
pressure multiplying the metric gµν (the density and the pressure sum to zero). This
represents a quantitative expression of what de Sitter called world matter in their debate
with Einstein. Let us note that according to the sign of the pressure one can talk of a de
Sitter world matter (Λ positive, pressure negative) or an anti-de Sitter world matter (Λ
negative, pressure positive).

3.2. Dark Matter as an Anti-de Sitter World Matter

In the measurement of the CMB radiation, it is crucial to get rid of the light that is
emitted in the foreground in order to obtain the original map of the CMB radiation. This
can be done using known technics, but once this is done, one is faced with the problem
of the gravitational lensing possibly distorting the path of light between its emission and
its arrival at the detector. To solve this problem, it has been possible to use a technique
that has been already used to get information about the dark matter present in some
very heavy super clusters of galaxies: such clusters may induce a gravitational lensing
potential distorting (and possibly multiplying) the image of a galaxy situated far behind
the cluster; correlating the distorted observations one has been able to produce a map of
the dark matter present in the cluster or in its halo that induces the lensing. The success
of this technique has been considered as a proof of the presence of dark matter at extra
galactic scales. Using this technique for the full sky distribution of the CMB with both
the measurements of the temperature and of the polarization of the radiation, the Planck
experiment has been able to yield two outcomes essential for the establishment of the
cosmological standard model: on the one hand, the original map of the CMB, not distorted
by the lensing, that can be used as the input data in simulations, and, on the other, a full
sky map of the gravitational lensing potential, which is tentatively interpreted in [3,4] as
the (anti-de Sitter) world matter identified with dark matter.

3.3. Simulation, a Gedanken Cosmological Experiment Algorithmically Peryformed

The results of simulation, which can be considered as an algorithmic performance of
the final stage of the cosmological gedanken experiment [11], are particularly spectacular.
Figure 1 can be interpreted as showing the complex topology of the spacetime of the dark
universe: a web of dark filaments that are tensionless dark strings freely moving in a void
space (the white regions in the figure) with negative curvature related to the cosmological
constant, whereas the spacetime inside the filaments has a positive curvature.
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Figure 1. A section of the largest virtual universe ever simulated. From [11].

3.4. dS/AdS Quantum Elementary Systems in Wigner’s Sense
3.4.1. dS and AdS Geometries

Here we abandon the cosmological conception of Λ as a part (pressure or density) of
the right side of the Einstein equation to instead adopt the fundamental constant point of
view according to which the place of Λ should lie on the left of the Einstein equation, as
was discussed in [10]. Minkowski, de Sitter (dS) and anti-de Sitter (AdS) space-times are
maximally symmetric. dS and AdS symmetries are one-parameter deformations [12] of
Minkowski symmetry. In terms of the cosmological constant Λ we, respectively, have (in
this dS/AdS context c is restored)

• dS negative curvature −
√

ΛdS/3 ,
• AdS positive curvature

√
|ΛAdS|/3.

The corresponding kinematical groups are the proper orthochronous Poincaré group
R1,3 o SO0(1, 3) (or R1,3 o SL(2,C)) the dS SO0(1, 4) (or Sp(2, 2)) and AdS SO0(2, 3) (or
Sp(4,R)) groups.

dS space-time is conveniently represented by the one-sheeted hyperboloid embedded
in the 5d Minkowski space HdS ≡ {x ∈ R5; x2 = ηαβ xαxβ = −ΛdS/3}, α, β = 0, 1, 2, 3, 4,
where ηαβ =diag(1,−1,−1,−1,−1).

AdS is represented by the one-sheeted hyperboloid embedded in R5 equipped with
the metric: HAdS ≡ {x ∈ R5; x2 = ηαβ xαxβ = |ΛAdS|/3}, α, β = 0, 1, 2, 3, 5, where
ηαβ =diag(1,−1,−1,−1, 1).

The Lie algebras of groups dS and AdS group are generated by the ten Killing vectors
Kαβ = xα∂β − xβ∂α.

There exists a crucial difference between dS and AdS with regard to the question of
time. While there is no globally time-like Killing vector in dS, there is one in AdS, namely
K50. This fact has heavy consequences for attempting to properly define “energy at rest” in
dS, as is shown below.

3.4.2. Compared Classifications of Poincaré, dS and AdS UIR’s for Quantum
Elementary Systems

In a given unitary irreducible representation (UIR) of dS and AdS groups, their
respective generators map to self-adjoint operators in Hilbert spaces of spinor-tensor
valued fields on dS and AdS, respectively:

Kαβ 7→ Lαβ = Mαβ + Sαβ ,
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with orbital part Mαβ = −i(xα∂β− xβ∂α) and spinorial part Sαβ acting on the field components.
The physically relevant UIRs of the Poincaré, dS and AdS groups are denoted by

P>(m, s) (“>” for positive energies), UdS(ςdS , s), and UAdS(ςAdS, s), respectively. These
UIRs are specified by the spectral values 〈·〉 of their quadratic and quartic Casimir operators.
The latter define two invariants, the most basic ones being predicted by the relativity
principle, namely proper mass m for Poincaré and ςdS , ςAdS for dS and AdS, respectively,
and spin s for the three cases (details on their respective ranges are given in [5]).

• For Poincaré the Casimir operators are fixed as

Q(1)
Poincaré = Pµ Pµ = P02 − P2 = m2 c2 ,

Q(2)
Poincaré = WµWµ = −m2 c2 s(s + 1)h̄2, Wµ :=

1
2

εµνρσJνρPσ .
(7)

• For de Sitter,

Q(1)
dS = −1

2
LαβLαβ = ς2

dS
−
(

s− 1
2

)2
+ 2 ≡ 〈Q(1)

dS 〉 ,

Q(2)
dS = −WαWα =

(
ς2

dS
+

1
4

)
s(s + 1) , Wα := −1

8
εαβγδηLβγLδη .

(8)

• For Anti-de Sitter,

Q(1)
AdS = −1

2
LαβLαβ = ςAdS(ςAdS − 3) + s(s + 1) ≡ 〈Q(1)

AdS〉 ,

Q(2)
AdS = −WαWα = −(ςAdS − 1)(ςAdS − 2)s(s + 1 , Wα := −1

8
εαβγδηLβγLδη .

(9)

While the relation between mass and energy in Minkowski is not ambiguous, these notions
in de Sitterian/Anti-de Sitterian geometry have to be devised from a flat-limit viewpoint,
i.e., from the study of the contraction limit Λ→ 0 of these representations. In this respect,
a mass formula for dS has been established by Garidi [13]:

m2
dS :=

h̄2ΛdS

3c2 (〈Q(1)
dS 〉 − 2) =

h̄2ΛdS

3c2

(
ς2

dS +

(
s− 1

2

)2
)

. (10)

This definition should be understood through the contraction limit of representations:

dS UIR −→ Poincaré UIR .

More precisely, with

ΛdS → 0 ςdS → ∞ , while fixing ςdSh̄
√

ΛdS/
√

3c = mPoincaré ≡ m . (11)

we have
UdS(ςdS, s) −→

ΛdS→0 , |ςdS|→∞

|ςdS|
√

ΛdS/
√

3= mc
h̄

c>P>(m, s)⊕ c<P<(m, s) . (12)

This result was proved in [14] and discussed in [15]. One should notice the possible
breaking of dS irreducibility into a direct sum of two Poincaré UIR’s with positive and
negative energy, respectively. To some extent, the choice of the factors c<, c>, is left to a
“local tangent” observer. In particular, one of these factors can be fixed to 1, while the other
one is forced to vanish. This crucial dS feature originates from the dS group symmetry
mapping any point (x0,P) ∈ HdS into its mirror image (x0,−P) ∈ HdS with respect to the
x0-axis. Under such a symmetry the four dS generators La0, a = 1, 2, 3, 4, (and particularly
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L40, which contracts to the energy operator) transform into their respective opposite −La0,
whereas the six Lab’s remain unchanged.

Concerning AdS, a mass formula similar to (10) has been given in [10,16]:

m2
AdS =

h̄2|ΛAdS|
3c2

(
〈Q(1)

AdS〉 − 〈Q
(1)
AdS|ςAdS=s+1〉

)
=

h̄2|ΛAdS|
3c2

[(
ςAdS −

3
2

)2
−
(

s− 1
2

)2
]

.
(13)

One here deals with the AdS group representations UAdS(ςAdS, s) with ςAdS ≥ s + 1
(discrete series and its lowest limit), and their contraction limit holds with no ambiguity

UAdS(ςAdS, s) −→
ΛAdS→0 , ςAdS→∞

ςAdS
√
|ΛAdS|/3= mc

h̄

P>(m, s) . (14)

Now, the contraction Formulae (12) and (14) give us the freedom to write

mdS = mAdS = m , (15)

which agrees with the Einstein position that the proper mass of an elementary system
should be independent of the geometry of space-time, or equivalently there should not
exist any difference between inertial and gravitational mass.

Let us now disclose a property of AdS that is essential for our interpretation of dark
matter in our universe. Since the invariant ζAdS is the lowest value of the discrete spectrum
of the AdS time generator, we define the positive rest energy as

Erest
AdS := h̄c

√
|ΛAdS|

3
ζAdS . (16)

This results from Equation (13):

Erest
AdS =

[
m2c4 + h̄2ω2

AdS

(
s− 1

2

)2
]1/2

+
3
2

h̄ωAdS , (17)

with frequency ωAdS :=
√
|ΛAdS|

3 c. Hence, to the order of h̄, an AdS elementary system in
the Wigner sense is a deformation of both a relativistic free particle with rest energy mc2

and a 3d isotropic quantum harmonic oscillator with ground state energy 3
2 h̄ωAdS and with

excited states, which, apart from degeneracy, are spaced at equal energy intervals of h̄ωAdS.
A complete proof of this feature in the 1 + 1 AdS case is given in [17].

We do not find such a limpid result with dS. Nevertheless, let us formally define

Erest
dS := h̄c

√
ΛdS

3
ζdS , (18)

which can assume any real value. The counterpart of (17) reads:

Erest
dS = ±

[
m2c4 − h̄2c2 ΛdS

3

(
s− 1

2

)2
]1/2

. (19)

There is a noticeable simplification in both cases for spin s = 1/2 :

for dS : Erest
dS = ±mc2 , (20)

for AdS: Erest
AdS = mc2 +

3
2

h̄ωAdS . (21)
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The choice Erest
dS = mc2 should be privileged for obvious reasons. Moreover, in the massless

case and spin s, we have

for dS : Erest
dS = ±ih̄

√
ΛdS

3
c
(

s− 1
2

)
, (22)

for AdS: Erest
AdS = h̄

√
|ΛAdS|

3
c(s + 1) . (23)

Therefore, while for dS the energy at rest makes sense only for massless fermionic systems
and is just zero, on the contrary, for AdS the energy at rest makes sense and is strictly
positive for any spin, and in particular for spin 1 massless bosons, we get

Erest
AdS = 2h̄ωAdS . (24)

One should add that in the AdS massless cases with s > 0 Gupta–Bleuler and gauge
structures have to be introduced in the description of quantum states. The spectrum
of the time generator L05 is still of the harmonic type, but there are possible different
degeneracies. Moreover, the concept of helicity in AdS has to be reconsidered in terms of
conformal symmetry. Details are given in [18–20]. One important point to notice is that the
quantum states in the massless cases ζAdS = s + 1 are described in holographic terms of
vector-valued functions on the three-dimensional Shilov boundary of the Cartan classical
domainRIV of the fourth type [21], whereas the massive cases ζAdS > s + 1 are described
in terms of holomorphic functions in RIV . The latter is diffeomorphic to the left group
coset Sp(4,R)/K, where K is the maximal compact subgroup S(U(1)× SU(2)). Its Shilov
boundary is diffeomorphic to [0, π]× S2 (“Lie sphere”), or equivalently to the null cone
in R5 equipped with the (+,−,−,−,+) metric. The latter can be viewed as the future
horizon of the AdS space time.

The existence of a strictly positive at-rest energy for massless systems in AdS should
not be misinterpreted. For instance, the energy in (24) might be viewed as a kind of “mass
gap”. However, the gluons, like all AdS elementary systems for which ζAdS = s + 1 and so
〈Q(1)

AdS〉 = 2(s2 − 1), are rigorously massless and propagate on the light cone, as proved for
instance in the appendix of [22]. Even though the ground state energy that they acquire
in that AdS environment may be assimilated to that mass gap or/and energy gap, they
remain conformally coupled and do not experience any decay.

3.4.3. From the Elementary Quantum Context to the Quantum Cosmological Context

All that has been done in the present section in the elementary quantum context can
be transposed in the cosmological context by coming back to the standard conception
considering the cosmological term as a part of the right-hand side of Einstein’s equation.
The phenomenological description of the matter content of the universe in terms of a
perfect fluid characterized by a density and a pressure involves, in a four-dimensional
Minkowskian spacetime, a thermodynamical interpretation of the Friedman Lemaître
differential equations that assimilates the boundaries in the far future (point ω in Figure 2
below, in which the Hubble radius L(a) = H−1(a) is plotted versus the scale factor a(t)
in logarithmic scale) and the remote past (point α in Figure 2) implied by the Hubble
expansion to event horizons with quantum properties [23]. The future event horizon occurs in
the region where the dark energy (attributed to CC) dominates, which leads us to call it a
de Sitter horizon; and, for reasons that that will appear clearer below, we call the past event
horizon an anti-de Sitter horizon.

The methodology underlying this phenomenological description is one of the effective
theories according to which, if there are parameters that very large or very small with respect
to the quantities of physical interest (with the same dimensions), one can integrate out the
very small and/or very large parameters and obtain a simpler, approximate description
(said semi-classical) of the phenomena in terms of a family of effective theories depending
only on finite but variable effective parameters (said running or comoving); so, in our
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interpretation, the de Sitter and anti-de Sitter world matter densities are meant to be
effective co-moving world matter densities.

4. Matching the Standard Models of Particle Physics and Cosmology
4.1. Our Interpretation of the Assets of ΛCDM
4.1.1. From Time-Dependent Densities to Effective Co-Moving Densities

The way how we interpret the assets of ΛCDM in terms the co-moving de Sitter and
anti-de Sitter world matter densities is illustrated by Figure 2.

Figure 2. Hubble radius L(a) = H−1(a) (c = 1) is plotted versus the scale factor a(t) in logarithmic
scale (from [3]).

The cosmic evolution is schematized on the thick line, on which the cosmic time,
which is proportional to the logarithm of the scale factor, is made implicit, which allows
it somehow to solve the “problem of time in cosmology” by replacing all dimensioned
quantities depending on the local time t, by “effective co-moving densities” that are scaled
by the scale factor depending on a global time, denoted τ, which is said to be thermal [24]

because it depends through the Unruh’s constant U =
h

kBc
on the temperature at a power

corresponding to their dimensions.
In particular, this means that the dS and AdS curvatures discussed above in the

quantum elementary context have to be replaced, in the quantum cosmological context by
effective co-moving curvatures. For instance, the Hubble radius between β and ε behaving
like a2 must be rescaled by a factor a−1 because it is a length. The boundary of the Hubble
3-sphere is a co-moving horizon. So, the comoving Hubble radius behaves like the comoving radius
of the universe, which means, in terms of densities, that the number of degrees of freedom
in the bulk equals the number of degrees of freedom on the boundary. It turns out that
this “holographic” relation can be extended to the whole region between ε and ψ in which
pressure-less matter dominates over radiation in such a way that holography is at work in
the full expansion region from β to ψ.

4.1.2. Our Interpretation of the Flatness Sum Rule

All quantum fluctuations exit from the co-moving horizon in the primordial infla-
tion phase, enter it in the expansion phase, and re-exit it in the late inflation phase. No
information-carrying quantum fluctuation with a wavelength smaller than λ− on the left of
the past informational α (this is the reason why we called it above an anti-de Sitter horizon),
or with a wavelength larger than λ+ on the right of the future informational, or de Sitter event
horizon ω enters the co-moving horizon. Note that the scenario of a bouncing phase taking
place at the point α has been proposed in recent works co-authored by one of us (see the
review [25] and references therein).
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The interpretation of the holographic relation, which is at work in the full expansion
phase from point β to point ψ, is particularly clear at point ψ that marks the transition
from the expansion phase to the re-inflation phase at which the function R(t) presents an
inflection point (R̈ = 0), which, through the second Friedman Equation (4), leads to the
total bulk energy, or total active mass, equating with the contribution of the cosmological
constant (CC). It is clear, since the pressure associated with Λ is negative, that this cannot
be realized without a contribution with a positive pressure, which is with an anti-de Sitter
world matter ρind

AdS(ψ), which exactly cancels at point ψ the contribution of CC. Such an anti-
de Sitter world matter can be interpreted as the constant of integration result of integrating
out the wavelengths smaller than λ−, namely beyond the anti-de Sitter horizon. When
applied in the full expansion phase, the cancellation of CC by this anti-de Sitter world
matter amounts to replacing in our quantum cosmology the local time t by the global time
τ. One could say that considering these two times amounts to a complexification of the
time, and that t and τ are complex conjugate variables: if the densities in our quantum
cosmology are analytic functions depending on the global time τ, they do not depend
on its complex conjugate, namely the local time. We shall come back to this idea of the
complexification of time in our contribution to the incoming book [26] on Time in Science.

More generally, the flatness sum rule that expresses the vanishing of the spatial
curvature [4] equates the sum of the visible energy density ρvis (the baryonic ρb and
radiative ρR energy densities), the dark energy density, and the dark matter energy density,
which amounts to nothing but the total active mass in the effective comoving dark universe

with a radius equal to its Hubble radius, to the so-called critical density ρc =
3H2

8πGN
. The

latter is the energy density at the boundaries in the far past and in the far future of the
Hubble horizon in the absence of any integration constant and any spatial curvature. More
precisely, this flatness sum rule reads as:

ρvis + ρDM + ρDE − ρc = 0 , (25)

with
ρvis = ρb + ρR , ρDE =

Λ
8πGN

. (26)

Our interpretation is inspired by the seminal work of Brout, Englert, and Gunzig [27]
which states

Cosmology, because it is concerned with the variation of gµν within a distribution of
matter and not without, is described—at least in the mean—by only that part of gµν

which is its determinant that may be represented by a scalar field φ in Minkowski space .

This leads us to equate in Equation (25) the critical density ρc to the energy density ρφ

of the so-called dilaton, i.e., the covariant (comoving) quantum field φ, representing the
determinant of the Friedman, Robertson, Walker (FRW) metric of the effective comoving
dark universe. According to our methodology of effective field theory, φ has the equation
of state Wφ = Pφ/ρφ = −1/3. Thus, ρc = ρφ = −3Pφ and this insures the vanishing of the
total active mass of the vacuum, the zero point of energy: with

ρvis + ρDM ≡ ρM =
1
2

ρDE = −Pφ , (27)

Equation (25) becomes, with all densities and pressures (including ρDE) being rescaled at
time τ,

ρvis + ρDM + ρDE = −3Pφ = ρφ . (28)

This means that the dark matter density and the dark energy sum, to which must be added
to the visible matter density in order, for the total matter–energy density, to satisfy the
principle of the relativity of inertia ρM + Pφ = 0, or the vanishing of the spatial curvature
ρφ + 3Pφ = 0.
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An important remark is in order here: it may look puzzling that, whereas the equations
of states (EoS) of both dark matter and dark energy are equal to −1, the EoS of the effective
comoving dark universe is equal to −1/3. However, in [28], F. Melia solved this puzzle:
the EoS of energy densities (that are not true scalar energy densities) are frame-dependent:
when the active mass does not vanish, a comoving frame does not, in general, coincide
with a free fall frame (which may happen only at one particular position), but “in FRW, the
comoving and free-falling frames are supposed to be identical at every spacetime point” .

4.1.3. The Primordial Inflation and the Minimal “beyond the Standard Model”
(BSM) Assumption

In ΛCDM, the primordial inflation phase occurs at a Hubble radius of about 103 to
104 Planck’s lengths, which is clearly a domain of physics beyond the standard model
(BSM) and supposedly relies on quantum gravitational effects. It is generally admitted
that, although it does not resolve completely the cosmological singularity problem (the
singularity is sent behind an event horizon), the primordial inflation phase helps correcting
the well-known defects of the “simple Big Bang model”, namely the absence of monopoles,
the vanishing of the spatial curvature and the particle-horizon problem. It ends with
the emission of particles with a mass of about 2.5 meV, which could be neutrinos, and
which, as is frequently assumed, we associate with the cosmological constant and thus
to the dark energy. The scale at which it occurs has long been associated with the grand
unification symmetry breaking or supersymmetry breaking, but the fact that it corresponds
to the zero point of the energy strongly suggests that it has rather to be associated with
the matter/antimatter symmetry breaking: the rhs of Equation (27), half of the dark
energy density, is nothing but the missing dark energy, the one of the anti-matter that has
been “integrated out”. We remind that if matter would reduce to visible matter (which is
supposed to be pressure-less), there would be no negative pressure to insure the principle
of the relativity of inertia. It is the addition of the dark matter density that may insure the
validity of this principle. We shall see below that this feature is an essential key point of
our paper.

To link the scales of the primordial inflation, of the cosmological constant, of the
neutrino masses and of the matter/antimatter symmetry breaking is indeed very appealing.
To explore the possible consequences of such an association, one must discuss the problem
of the neutrino masses per the Brout–Englert–Higgs (BEH) mechanism. It is well known
that the standard model using the BEH mechanism is compatible with massless neutrinos.
In fact, right-handed neutrinos, which would be necessary to generate mass through the
Yukawa coupling of the BEH boson to the right-handed and left-handed neutrinos, have
quantum numbers that make of them SM sterile particles (zero weak isospin, zero charge
and zero weak hypercharge). So, the SM is completely compatible with massless neutrinos.
If neutrinos are massive, as they seem to be, their mass is thus highly likely a signal of BSM
physics. The simplest assumption is that there do exist sterile right-handed neutrinos. The
problem is that if one gives the neutrinos Dirac masses through the Yukawa couplings to
the BEH boson, one does not understand why these masses are much smaller than the Dirac
masses of the charged fermions. The way out of this difficulty comes from the fact that the
right-handed neutrinos can have a Majorana mass on their own. If the Majorana mass is
exceptionally large, one can manage, with a “seesaw” mechanism to get, by diagonalizing
the mass matrix, a physical neutrino which would be a linear combination of the normal
left-handed neutrino plus a small anti-right-handed neutrino component. With a Majorana
mass of the order of the primordial inflation scale, one can have neutrino masses in the
milli-eV range in possible agreement with the results of neutrino oscillations experiments.
Furthermore, this mechanism has the advantage that through their Yukawa couplings, the
sterile right-handed neutrinos can decay into standard model particles (a BEH boson plus a
lepton) thus providing a mechanism of lepton number non-conservation (leptogenesis) (see
for instance [29,30]). Now, through the so-called “sphaleron” mechanism, the breaking of
lepton number can lead to the breaking of baryon number (baryogenesis) at the primordial
inflation scale, thus satisfying one of the Sakharov’s conditions for the origin of matter [31].
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We thus adopt this assumption which can be considered as the minimal BSM assumption
about the initial condition of quantum cosmology.

4.2. The Dark Matter Induced by QCD

If one wants to match the standard models of cosmology and particle physics, one
has to move on the thick line of Figure 2, either “bottom up”, ψ to point δ that marks the
transition from the QCD quark gluon plasma to the colorless hadronic phase, or, “top
down” from point β and through point γ, the electroweak symmetry breaking per the BEH
mechanism, to point δ, which represents the low-energy frontiers of the standard model of
particle physics and the high-energy frontiers of the one of quantum cosmology. Our idea
is thus to interpret ρind

AdS as a comoving density that, when evaluated at point δ, would plays
the role of the anti-desitterian world matter, induced by QCD, to cancel the contribution
of the comoving CC at point δ. Now, it turns out that following an idea of Sakharov [32]
and the work of Adler [33], such a contribution can be rigorously evaluated (or at least
estimated) [34,35]. The idea of Sakharov was that the non-renormalizable Einstein–Hilbert
action would be an effective theory resulting from the coupling of a renormalizable gauge
theory to a renormalizable gravitational theory quadratic in the curvature. The aim of Adler
was to use the methodology of effective theories to evaluate the cosmological term induced
by integrating out, in the effective action, the quantum fields of the standard model:

− 1
2π

Λind
Gind

=

∫
d{Φ} eiS[{Φ},ηµν]T(0)∫

d{Φ} eiS[{Φ},ηµν]
, (29)

where T(0), the trace anomaly, can be evaluated in terms of the flat space time vacuum
expectations of renormalized products of gauge and matter fields (called condensates).
In QCD, these condensates involve a mass scale parameter M(g, µ) = µ exp(−1/b0g2),
where µ is the renormalization scale and b0 =

(
11Nc − 2N f

)
, where Nc is the number

of colors and N f the number of quark flavors, that plays, in QCD, the same role as the
scale parameter a(θ), where θ is the temperature. The mass scale parameter presents an
essential singularity at g2 = 0, so the induced cosmological term cannot be evaluated
perturbatively. In any case, if one can use some non-perturbative technique such as the
lattice gauge quantization, one can expect all the condensates contributing to the trace
anomaly to be proportional, with a negative factor, to the constant b0. For instance, the
contribution of the di-gluons, through what is called in [33] the gluon pairing amplitude to
the trace anomaly reads〈

Tµ
µ

〉
0
= −1

8

[
11Nc − 2N f

] 〈αs

π

(
Fa

µνFaµν
)r〉

0
. (30)

In the following quote from [4], it was argued:

The minus sign in the right hand side shows that when the constant b0 =
(

11Nc − 2N f

)
is positive, all the QCD condensates contribute negatively to the energy density, which
means that the QCD world-matter is globally an anti-de Sitter world-matter (dominance
of an anti-de Sitter world-matter over a smaller de Sitter world-matter).

The multiplicative factor b0 allows reading, thanks to the well-known property that boson
and fermion loops contribute in quantum field theory with opposite signs, see Figure 3,
the relative contributions of the components of the QCD vacuum to the full world-matter:

• the bosonic (gluon) loops, proportional to Nc, contribute to the anti-de Sitter world
matter that represents the contribution of the bulk of free gluons to the total active
mass in the effective dark universe, and

• the fermionic (quark) loops, proportional to N f , contribute to the normal de Sitter
world matter, which, per our interpretation, represents the kinetic energy den-
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sity of the quarks which have survived to the global annihilation of fermions and
antifermions, namely the constituents of the baryonic matter.

This quotation of a previous work includes an expression of free gluons that we will not
retain in the present paper because it is misleading: the gluons in the quark gluon plasma
that can be considered as free before the hadronization transition have to be “integrated
out” (see Equation (29)) to form, in the colorless hadronic phase, the non-interacting world
matter induced by QCD that will be interpreted below (Section 4.3) as Bose–Einstein
condensate of di-gluons.

Figure 3. A “tadpole” diagram in which a boson (resp. fermion) exchanges a virtual dilaton with a
vacuum loop involving a particle identical to it, is transformed trough the interchange of identical
particles, into a positive, i.e., increasing the mass (resp. negative, i.e., increasing the energy) self-
energy diagram.

Now, since the transition from the Quark Gluon Plasma (QGP) to the colorless
hadronic phase occurs in the region of expansion in which we use the methodology
of effective theories, we assimilate the full content of the universe at point δ to an “effective
dark universe” for which the radius of the universe is equal to the Hubble radius. This
means that we have (by thought) changed the baryonic matter at the Hubble horizon, made
of its energy density, into a de Sitter world matter. This is the key point of [4]: the term in
Equation (30) proportional to N f is a de Sitter world matter that represents, at point δ, the
kinetic energy of the quarks, called “valence quarks” that constitute the baryonic matter,
whereas the term proportional to Nc is an anti-de Sitter worldmatter that represents the
active mass of the gluons, namely the dark matter. At point δ, Nc is equal to 3, and N f ,
which is not the number of quark flavors, but rather the number of fermions that constitute
a nucleon, is also equal to 3. Equation (30) thus allows us to conjecture the value of the
Dark/Visible ratio to be equal to 11/2, at point δ but also since pure numbers do not need
to be rescaled. This is the main outcome of [4] that we now confront with the results of the
Planck experiment: in Table 2 of [36], these results are compared with the expectations from
the so-called “base LambdaCDM” standard model. In the last column of this table, we can
read the 68% limits on the parameters based on “Planck TT,TE,EE,+lowE+lensing”: for ΩΛ
we read 0.6889± 0.0056, for ΩM (which stands for Ωvis + ΩDM), we read 0.3111± 0.0056.
Now, according to our model, we expect

ΩΛ −Ωvis = ΩΛ −
2

11
ΩM = 2ΩM ⇒ ΩM =

11
24

ΩΛ ≈ 0.3157 , (31)

to be favorably compared with 0.3111± 0.0056.

4.2.1. Baryons as “Chromo-Magnetic” Monopoles

A superconductor analogy was used in [37] by Nielsen and Olesen, who proposed a
suggestive model of the QCD vacuum involving unconfined chromo-magnetic monopoles
moving freely along magnetic flux lines. The interpretation of baryons as color magnetic
monopoles 2 was proposed by Ed. Witten [38] in the following quote (where N has to be
replaced by Nc):

Indeed, the baryon mass is of order N, which can be written as 1/(1/N). However, 1/N
is the “coupling constant” of the strong interactions, which characterizes the interaction
among mesons. 1/N plays in QCD roughly the role that α plays in spontaneously broken
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gauge theories of the weak and electromagnetic interactions. The fact that the baryon
mass is of order 1/(1/N) is analogous to the fact that the Polyakov-’t Hooft monopole
mass is of order 1/α.

4.2.2. Magnetic Flux Lines as Dark Matter Filaments

In [37], Nielsen and Olesen have argued that “one gains energy by separating a
monopole and an anti-monopole”. It is thus reasonable to interpret the color magnetic
flux lines (a pure QCD effect) as filaments of a world matter (that is, a component of the
universe with no interaction other than gravitational), that is, filaments of dark matter
connecting monopoles to anti-monopoles. Now, since we can assume that anti-monopoles
have been integrated out, in giant black holes at the center of galaxies or galaxy clusters,
we expect that in simulations of the distribution of galaxies, the filaments must close at the
points where the heavy black holes are located. Furthermore, this is precisely what is seen
in Figure 1.

4.3. Bose–Einstein Condensation in the Cosmological Context

Since 1999 there has been experimental evidence (RHIC, LHC) of the quark–gluon
plasma as a super-liquid that is produced in ultra-relativistic heavy ion collisions; see,
for instance, [39,40] and the recent comprehensive historical account [41]. Measurements
indicate that quarks, antiquarks, and gluons flow independently in this liquid. On the
other hand the universe at its quark epoch, i.e., from 10−12 s to 10−6 s, with temperature
T > 1012 K, was uniformly filled with QGP, which once the Universe cooled below evap-
orated into a gas of hadrons. This corresponds to the point δ in Figure 2. As explained
above, an effective AdS with curvature provided by Λ is present at this period.

Returning to our approach to elementary systems in dS or AdS space-times, Equa-
tion (21) tells us that the energy at rest of a fermion in an AdS background decomposes
into a “visible” mass part, like in Minkowski, and a “dark” part, which is like the ground
state energy of a quantum three-dimensional isotropic harmonic oscillator with frequency

equal to

√
|ΛAdS|

3
c. This feature led one of us in [5] to infer that at the point δ , i.e., at

the hadronization phase transition, “chemical freeze-out” temperature Tc f & 1.8× 1012 K,

the ratio “dark/visible” r :=
3
2

h̄ωAdS

mc2 for light quarks u (mass mu ≈ 2.2 MeV/c2) and d

(md ≈ 4.7 MeV/c2) are given by r(u) ≈ 108 and r(d) ≈ 49, respectively. In Reference [5],
it was suggested that dark matter originated from this supplementary mass granted to
(anti-)quarks by the ADS environment. In the present paper, we instead explain the ex-
istence of dark matter as holding its origin from the gluonic component of the QGP. On
the same footing, we tentatively explain dark matter by asking a simple question: what
becomes the huge amount of gluons after the transition from QGP period to hadronization?

Equation (24) tells us that the energy at rest of a spin 1 massless boson in an AdS
background is purely “dark” and is twice the elementary quantum h̄ωAdS. Hence the
QGP gluons in the AdS background at the point δ acquire an effective mass 2h̄ωAdS.
The latter is qualitatively determined through the equipartition kBTc f ≈ h̄ωAdS. Hence,
2h̄ωAdS/c2 = 144 × mu ≈ 317 MeV/c2. One should notice that this gluonic effective
mass is about 4/3 times the effective mass acquired by quarks and antiquarks in that
QGP-AdS environment.

Now, it is tempting to establish a parallel between dark matter and CMB, since the lat-
ter is viewed as the emergence of the photon decoupling, precisely when photons started to
travel freely through space rather than constantly being scattered by electrons and protons
in plasma. Hence, one may assert that a (considerable) part of the gluonic component of the
quark epoch freely subsists after hadronization, within an effective AdS environment, as an
assembly of a large number, say NG, of non-interacting entities that are not individual free
gluons, but rather decoupled gluonic colorless systems, which are assumed to form a grand
canonical Bose–Einstein ensemble. As said above, in Section 4.1.2, the holographic relation
that holds in the expansion phase, from point β to point ψ in Figure 2, cannot be satisfied
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without an anti-de Sitter world matter density that can compensate (see Equation (30))
the contribution of CC in Equation (4). The simplest purely gluonic system of this type,
susceptible to form a Bose–Einstein condensate is a di-gluon whose contribution is the
one of the gluon pairing amplitudes of Equation (30). The di-gluons can be called “dark
matter quasi-particles”, which, with an AdS rest mass equal to

√
Λ form a Bose–Einstein

condensate because their Compton wavelength as well as their mean relative distances
equal with the Hubble radius. Let us remind the reader that, according to the methodology
of effective theories, all dimensioned quantities such as the rest mass of a quasi-particle are
rescaled, i.e., depend on the global thermal time τ (see above Section 4.1.2).

Actually, the “effective dark universe”, which, as said above, is supposed to provide
the cosmological standard model with a quantum vacuum or a ground state, cannot be
thought of as an “empty spacetime” in which some objects would move, but rather as a
medium in which vacuum polarization events occur, which Gürsey [42] calls scintillation
events [43] 3, namely events each consisting in the virtual creation of a particle–antiparticle
pair, followed, a short time later, by its annihilation. If the particles of the pair are fermions,
such event would contribute to a negative curvature (normal de Sitter) world matter, a sort
of a baryonic Fermi–Dirac sea, at the exterior of the Hubble horizon, and if they are bosons,
the event would contribute to a positive curvature (anti-de Sitter) world matter, a gluonic
Bose–Einstein condensate, at the interior of the Hubble horizon.

Therefore, we consider an assembly of these NG dark matter di-gluons viewed as quasi-
particles in an AdS environment with individual energies En = Erest

AdS + nh̄ωAdS, where
Erest

AdS is the expression (17) taken at m = mG (can be zero or negligible) and s = 0, and
degeneracy gn = (n+ 1)(n+ 3)/2 [18]. Consequently, those remnant entities are analogous
to isotropic harmonic oscillators in 3-space. They are assumed to form a grand canonical
Bose–Einstein ensemble whose the chemical potential µ is fixed by the requirement that
the sum over all occupation probabilities at temperature T yields [44,45]

NG =
∞

∑
n=0

gn

exp
[

h̄ωAdS
kBT (n + ν0 − µ)

]
− 1

, ν0 :=
Erest

AdS
h̄ωAdS

. (32)

Since this number is very large, one expects that this Bose–Einstein gas condensates
at temperature

Tc ≈
h̄ωAdS

kB

(
NG

ζ(3)

)1/3
≈ 1.18× 10−3 ×

√
|ΛAdS|N1/3

G (33)

to become the currently observed dark matter. The above formula involving the value
ζ(3) ≈ 1.2 of the Riemann function is standard for all isotropic harmonic traps (see for
instance [44]; however, one should not be misled by the latter term: there is no harmonic
trap here, it is the AdS geometry that originates the harmonic spectrum on the quantum
level). To support this scenario, and as explained in [46], it has been shown, thanks to the
physics of ultra-cold 4 atoms, that Bose–Einstein condensation can occur in non-condensed
matter but also in gas, and that this phenomenon is not linked to interactions but rather to
the correlations implied by quantum statistics.

Although we do not precisely know at which stage beyond the point δ in Figure 2 the
gluonic Bose–Einstein condensation takes place, let us see if Equation (33) yields reasonable
orders of magnitude by putting Tc equal to the current CMB temperature, Tc = 2.78 K, and
|ΛAdS| ≈ 5.5

6.5 ×
11
24 ×ΛdS = 0.39×ΛdS, with ΛdS ≡ present CC Λ = 1.1× 10−52 m−2. We

then derive from (33) the following estimate of the number of di-gluons in the condensate:

NG ≈ 5× 1088 . (34)
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This estimate already seems reasonable since the gluons are around 109 times the number of
baryons, and the latter is estimated to be around 1080. Keeping this number in Equation (33)
allows us to estimate the scaling factor defined by

σc :=
ΛdS

T2
c
≈ 1.85× 106 × N−2/3

G ≈ 1.36× 10−53 . (35)

Hence, having Tc of the order of “Matter-dominated era” temperature, say 104 K, i.e., at
the point ε in Figure 2, yields the following value for ΛdS:

ΛdS(ε) ≈ 1.36× 10−44 m−2 . (36)

Some years ago, it has been shown that Bose–Einstein condensation of dark matter
can solve the core/cusp problem in the rotation curves of dwarf galaxies [47,48] with dark
matter particles of mass in the meV range. 5 In these motivating articles, the exact nature
of the BEC particles is not made precise, but strong interaction between them is assumed,
and dark matter is viewed as a non-relativistic, Newtonian Bose–Einstein gravitational
condensate gas, whose density and pressure are related by a barotropic equation of state.
Some observed properties of dwarf galaxies appear to fit well with this scenario. More
recently, the interpretation of dark matter in terms of a Bose–Einstein condensate has
drawn interest in the framework of the so called “fuzzy dark matter” (FDM) model [49].
Originated from the idea that the dark matter particle is an ultralight particle [50], the
axion, this model intends to solve the small scale shortcomings of the cold dark matter
(CDM) [51] model (“cuspy” dark matter halo profiles and an abundance of low mass halos).
In the FDM model, their mass of the would-be dark matter particle must be of the order of
10−22 eV in order for its wave nature to be significant at astrophysical scales. For testing
the ability of such a model to account for observations, it was necessary to use simulations.
Such high-precision simulations were done in [52], and they confirm the expected order of
magnitude of 10−22 eV for the mass of the dark matter particle. Whereas such small masses
seem highly unrealistic for particles to be considered in particle physics, we think that our
scalar covariant quantum “dilaton” field φ, which is not a “dark matter particle” but rather,
using a terminology of condensed matter physics, a “dark matter quasi-particle, or a collective
excitation” viewed as a di-gluon , can have a temperature-dependent mass gap of this order
of magnitude.

5. Discussion

In this concluding discussion section, we would like, on the one hand, to see in which
way the present paper could fill the gaps between our two former approaches and, on
the other hand, to propose new arguments in favor of their common aim, namely the
aim of reconciling the standard models of particle physics and cosmology. The starting
point of the approach of GC-T was, as explained above, to associate dark matter with a
gravitational lensing potential and thus to assimilate it to an anti-de Sitter world matter.
This approach was lacking a firmer theoretical ground, which we think has been provided
by the approach of J-PG. The idea of this approach is that, apart from the ordinary mass,
elementary quantum systems can acquire in an anti-de Sitter space time a supplement of
mass, of purely geometric origin, that could be a candidate, in the cosmological context,
that is, as explained in Section 3.2, when the cosmological term in the Einstein’s equation
is put back in the right hand side in terms of world matter densities, to constitute the
dark matter.

Actually, the link between the two approaches can be provided by what we call the
“dilaton” field φ, that is a scalar covariant quantum field that is given by non-perturbative
effects of the gauge theories of the standard model, at each cosmic event of emergence of
masses, a “Higgs like” potential (with a Mexican hat shape) that can be interpreted as a
world-matter energy density. This is indeed true at the electroweak symmetry breaking at
point γ in Figure 2, but also at the QCD hadronization transition at point δ in Figure 2. Let
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us note that, in [51], the authors attribute to the axion the potential provided by the non-
perturbative QCD effects, whereas we attribute it to the dilaton field, which, as explained
above looks much more reasonable.

In particle physics, the frontier of the standard model is essentially due to non-
perturbative effects such as instantons or monopoles that can be encountered in the
cosmological context [53]. Fortunately, as explained in Section 4.1.2, it turns out that
cosmology at extra-galactic scales may be because it depends only on the determinant of
the metric, easier to deal with than at smaller scales. The question of whether the filament
structure that appears in the distribution of dark matter at extra-galactic scales is also
present at smaller scales is still an open question. For instance, it is often claimed that, at
galactic scales, dark matter is rather distributed in the halo of ordinary matter. However,
we think that this feature cannot be considered an argument against our approach, because
our interpretation of dark matter as a Bose–Einstein condensate, precisely aimed to correct
the defects of the conventional cold dark matter model, has been some how confirmed, as
shown above, by the fuzzy dark matter paradigm. On the other hand, it seems that a very
recent work, based on deep learning, has shown the existence of a local web of dark matter
at galactic scales [54].
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Notes
1 The proper mass is predicted by special relativity if we adopt Wigner’s point of view of elementary system [6,7]. Its existence

results from the symmetry of empty Minkowski, de Sitter, and Anti-de Sitter space-times as being one of the two invariants (the
other one being the spin) of the representations of their respective kinematical groups. This point is developed in Section 3.4.

2 As a special tribute to Georges Lochak (1930–2021), French physicist known for their work on magnetic monopoles.
3 The mass scintillation model imagined by Gürsey is comparable with the steady state cosmology of Bondy [43] in which the

creation, at constant density of matter- -energy, induces the expansion of the universe.
4 As a side remark, one could propose naming the cosmological standard model ΛUCDM (UCDM for Ultra Cold Dark Matter).
5 We would like to acknowledge the anonymous referee who let us know these references.
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