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7Cosmology II: Inhomogeneities in the Universe

7.1 Introduction

In Chap. 4, we discussed homogeneous world models and
introduced the standard model of cosmology. It is based on
the cosmological principle, the assumption of a (spatially)
homogeneous and isotropic universe. Of course, the assump-
tion of homogeneity is justified only on large scales because
observations show us that our Universe is inhomogeneous on
small scales—otherwise no galaxies or stars would exist.

The distribution of galaxies on the sky is not uniform or
random (see Fig. 6.1), rather they form clusters and groups
of galaxies. Also clusters of galaxies are not distributed uni-
formly, but their positions are correlated, grouped together in

Fig. 7.1 The distribution of galaxies in the complete 2dF Galaxy
Redshift Survey. In the radial direction, the escape velocity, or redshift,
is plotted, and the polar angle is the right ascension. According the
Hubble law, the redshift is directly related to the distance of an object, so
that redshift surveys map the three-dimensional distribution of galaxies,

with our Galaxy at the center of the figure. In the 2dFGRS, more
than 350 000 spectra were taken between 1997 and 2002; plotted
here is the distribution of more than 200 000 galaxies with reliable
redshift measurements. The data from the complete survey are publicly
available. Credit: M. Colless and the 2dF Galaxy Redshift Survey team

superclusters. The three-dimensional distribution of galaxies,
obtained from redshift surveys, shows an interesting large-
scale structure, as can be seen in Fig. 7.1 which shows
the spatial distribution of galaxies in the two-degree-Field
Galaxy Redshift Survey (2dFGRS).

Even larger structures have been discovered. The Great
Wall is a galaxy structure with an extent of ! 100h!1 Mpc,
which was found in a redshift survey of galaxies (Fig. 7.2).
The largest structure discovered up to now is the Sloan Great
Wall, also shown in Fig. 7.2. Such surveys also led to the
discovery of the so-called voids, nearly spherical regions
which contain virtually no (bright) galaxies, and which have
a diameter of typically 30h!1 Mpc. The discovery of these
large-scale inhomogeneities raises the question of whether

P. Schneider, Extragalactic Astronomy and Cosmology, DOI 10.1007/978-3-642-54083-7__7,
© Springer-Verlag Berlin Heidelberg 2015
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t=380’000yr 
density fluctuations 

in baryons: ~10-5

Local Universe 
density contrast δ up to 200  

on scales of 1.5 Mpc

“large scale structure” (LSS) = conglomerations of galaxies, galaxy clusters and 
superclusters which, to first order, can be treated with just gravitational physics.
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even larger structures might exist in the Universe, or more
precisely: does a scale exist, averaged over which the Uni-
verse appears homogeneous? The existence of such a scale is
a requirement for the homogeneous world models to provide
a realistic description of the mean cosmic behavior.

To date, no evidence of structures with linear dimension
well above 100h!1 Mpc have been found, as can also be
seen from Fig. 7.1. Hence, the Universe seems to be basically
homogeneous if averaged over scales of R ! 200h!1 Mpc.
This ‘homogeneity scale’ needs to be compared to the
Hubble radius RH " c=H0 # 3000h!1 Mpc. This implies
R $ RH, so that after averaging, .RH=R/3 ! .15/3 ! 3000

independent volume elements exist per Hubble volume. This
justifies the approximation of a homogeneous world model
when considering the mean cosmic history.

On small scales, the Universe is inhomogeneous. Evi-
dence for this is the galaxy distribution projected on the
sky, the three-dimensional galaxy distribution determined by
redshift surveys, and the existence of clusters of galaxies,
superclusters, ‘Great Walls’, and voids. In addition, the
anisotropy of the cosmic microwave background (CMB),
with relative fluctuations of !T=T ! 10!5, indicates that
the Universe already contained small inhomogeneities at
redshift z ! 1000, which we will discuss more thoroughly
in Sect. 8.6. In this chapter, we will examine the evolution of
such density inhomogeneities and their description.

7.2 Gravitational instability

7.2.1 Overview

The smallness of the CMB anisotropy suggests that the
density inhomogeneities at redshift z ! 1000—this is the
epoch where most of the CMB photons interacted with
matter for the last time—must have had very small ampli-
tudes. Today, the amplitudes of the density inhomogeneities
are considerably larger; for example, a massive cluster of
galaxies contains within a radius of ! 1:5h!1 Mpc more than
200 times more mass than an average sphere of this radius
in the Universe. Thus, these are no longer small density
fluctuations.

Obviously, the Universe became more inhomogeneous
in the course of its evolution; as we will see, density per-
turbations grow over time. One defines the relative density
contrast

ı.r; t/ WD ".r ; t/ % N".t/

N".t/
; (7.1)

where N".t/ denotes the mean cosmic matter density at time
t . From the definition of ı, one can immediately see that ı &
%1, because " & 0. The smallness of the CMB anisotropy

suggests that at z ! 1000, jıj $ 1. The dynamics of the
cosmic Hubble expansion is controlled by the gravitational
field of the average matter density N".t/, whereas the density
fluctuations !".r; t/ D ".r ; t/ % N".t/ generate an additional
gravitational field.

We shall here be interested only in very weak gravitational
fields, for which the Newtonian description of gravity can
be applied. Since the Poisson equation, which specifies
the relation between matter density and the gravitational
potential, is linear, the effects of the homogeneous matter
distribution and of density fluctuations can be considered
separately. The gravitational field of the total matter
distribution is then the sum of the average matter distribution
and that of the density fluctuations.

We consider a region in which !" > 0, hence ı >

0, so that the gravitational field in this region is stronger
than the cosmic average. An overdense region produces a
stronger gravitational field than that corresponding to the
mean Hubble expansion. By this additional self-gravity, the
overdense region will expand more slowly than the average
Hubble expansion. Because of the delayed expansion, the
density in this region will also decrease more slowly than
in the cosmic mean, N".t/ D .1 C z/3"0 D a!3.t/"0, and
hence the density contrast in this region will increase. As a
consequence, the relative density will increase, which again
produces an even stronger gravitational field. . . . It is obvious
that this situation is unstable. Of course, the argument also
works the other way round: in an underdense region with
ı < 0, the gravitational field generated is weaker than in the
cosmic mean, therefore the self-gravity is weaker than that
which corresponds to the Hubble expansion. This implies
that the expansion is decelerated less than in the cosmic
mean, the underdense region expands faster than the Hubble
expansion, and thus the local density will decrease more
quickly than the mean density of the Universe. In this way,
the absolute value of the density contrast increases, i.e., ı

becomes more negative over the course of time.

Density fluctuations grow over time due to their self-
gravity; overdense regions increase their density con-
trast over the course of time, while underdense regions
decrease their density contrast. In both cases, jıj
increases. Hence, this effect of gravitational instabil-
ity leads to an increase of density fluctuations with
increasing time. The evolution of structure in the
Universe is described by this effect of gravitational
instability.

Structure growth in the Universe can be understood in the
framework of this model. In this chapter we will describe
structure formation quantitatively. This includes the analysis
of the time evolution of density perturbations, as well as a
statistical description of such density fluctuations. We will

δ >−1Note: 

Anisotropies de température et de densité
Contraste en densité 𝛿

Les grandes structures (filaments) dans l’univers croissent à partir de fluctuations aléatoires initiales.
Dépend du « contenu » de l’univers qui dicte la géométrie de l’Univers, impossible sans matière noire ni énergie noire.

(leçon 20231031 CC)

(leçon 20231114 CB) 
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Formation des grandes structures 
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(II)

Signatures observationnelles
- Courbe de rotation des galaxies
- Amas de galaxies
- Lentilles gravitationnelles



Matière noire – Courbe de rotation des galaxies

Premières observations: M31 (Babcock 1939) 
Courbes de rotation mesurées par des spectres de raies de gaz ionisé (Ha et [NII] notamment) – Effet Doppler 
dans les longueurs d’onde optique (0,35-0,75 microns). 
Beaucoup d’incertitudes observationnelles 
- on ne voit pas tous les baryons dans l’optique (impacte la détermination de M)
- distances mal connues (impacte la détermination de L)
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Courbe de rotation de la galaxie spirale M33
Image: Stefania Deluca

(courbe de rotation képlérienne)

Les galaxies baignent dans un halo de matière noire
Ostriker & Peebles (1973)

Hydrogène atomique en radio 
(raie fondamentale de l’hydrogène atomique – raie HI)
Van de Hulst et al. (1957)
Gaz: 5 à 10% de la matière visible totale
HI est 3 à 4 x plus étendu en rayon que les étoiles

V2(obs)=V2(étoiles)+V2(gaz)+V2(halo)

Catalogue de courbes de rotation: Rubin et al. (1980)

Galaxie spirale (même échelle spatiale)

optique (étoiles) 21 cm (gaz neutre HI)
les galaxies spirales ont de grands réservoirs 
de HI allant au-delà du rayon optique

NGC 6964

Galaxies irrégulières riches en HI également 

Galaxies elliptiques pauvres en HI 
ces galaxies ont déjà consommé tout leur gaz pour former des étoiles
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Matière noire – Courbe de rotation des galaxies



Courbe de rotation: catalogue M83: optique

HI: cartographie de l’hydrogène atomique
Longueur d’onde 21cm (Sofue & Rubin 2001)Longueur d onde 21cm  (Sofue & Rubin 2001) 

HI

M83: une galaxie semblable à la Voie Lactée18

Hydrogène atomique en radio – Galaxies

Toutes les galaxies sont ramenées à la même échelle
Distances 3 à 15 Mpc
THINGS MPA - VLA
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https://www2.mpia-hd.mpg.de/THINGS/Overview.html


Masse manquante – Amas de galaxies

Fritz Zwicky 
Matière sombre dans les amas de galaxies (1937)

Coma – Abel 1656
Credit: NASA/JPL-Caltech/L. Jenkins (GSFC)

LA MATIÈRE NOIRE. CLÉ DE L’UNIVERS ?2

vitesses relatives) à l’énergie potentielle totale (donc la masse de l’objet). 
À sa grande surprise, le calcul indique une masse cent fois supérieure à 
la masse visible. Impressionné par ce résultat, il propose plusieurs 
méthodes pour déterminer la masse, dont les lentilles gravitationnelles, 
méthode qui ne sera possible que des dizaines d’années plus tard !

Pour Zwicky, les « nébuleuses » étaient constituées de matière lumi-
neuse et de matière noire, laquelle comprenait les étoiles froides, les 
objets solides, à la fois microscopiques (grains de poussière) ou macros-
copiques (résidus d’étoiles en "n de vie), et du gaz. De plus, la matière 
noire pouvait absorber et éteindre une grande partie de la lumière de la 
masse visible. Et c’est donc dans ces deux directions qu’il a cherché à 
résoudre le problème. Il a également avancé d’autres hypothèses  : la 
masse manquante se situait soit dans les galaxies soit dans l’espace inter-
galactique, ou bien alors cette masse manquante n’existait pas, et c’était 
la loi de la gravitation de Newton à grande échelle qu’il fallait modi"er.

Masse noire ou bien nécessité de réviser la loi 
de la gravitation ?

Ce n’était pas la première fois que se posait la question de savoir s’il 
existait vraiment de la matière encore invisible ou s’il fallait changer la 

Figure 1.1. Fritz Zwicky calcule la masse des amas de galaxies en utilisant 
leurs vitesses relatives, ou dispersion de vitesses. Pour un amas à l’équilibre, 
comme celui de Coma, l’énergie potentielle de gravitation (fonction de la 
masse et de la taille) devrait être égale à deux fois l’énergie cinétique. Il trouve 
des vitesses de l’ordre de 1 000 km/s, des masses de 5 1014 M2, soit cent fois 
supérieures à la masse visible des galaxies.

Détermination de la masse de l’amas avec le théorème du Viriel:
Relie l’amplitude des vitesses relatives (ou dispersion des vitesses : énergie cinétique Ecin) 
des galaxies de l’amas à la masse totale de l’amas (: énergie potentielle de la gravitation Ep).
Pour un amas en équilibre: 2 x Ecin + Ep = 0
Mesures: vitesses ~ 1000 km.sec-1 → Masse totale dynamique ~ 5 x 1014 M⦿ > 100 fois la masse visible des galaxies de l’amas

Suggestions de FZ:
• Masse visible obscurcie par de la poussière 
       intergalactique ?
• Loi de Newton modifiée à grande échelle ?
       (e.g. Finzi 1963)
• Masse manquante dans les galaxies
       ou dans l’espace intergalactique ?
       - Objets compacts ? Astres morts ? Poussière ? Gaz ? 

Beaucoup d’incertitudes observationnelles 
- on ne voit pas tous les baryons dans l’optique (poussières, gaz chaud, …)  détermination de M baryonique très incertaine
- distances mal connues  incertitude sur la détermination de la luminosité L
- le rapport M/L des populations stellaires était incertain
- …
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Masse manquante – Amas de galaxies
Virgo

Partie centrale de Virgo
Crédit: C.Mihos (Case Western Reserve University) & ESO

Sinclair Smith
« The mass of the Virgo cluster » (1936)
Mesures: Humason – Slipher
Théorème du Viriel

Détermination de la masse de l’amas avec le théorème du Viriel
→ Masse totale dynamique ~ 5 x 1014 M⦿ > 100 fois la masse visible des galaxies de l’amas
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Masse manquante – Amas de galaxies
L’apport de l’astronomie des rayons X

1962: Naissance de l’astronomie des rayons X
2002: Riccardo Giacconi Prix Nobel de Physique 

 Longueur d’onde  Fréquence  Energie    

Satellite: XMM-Newton + image optique (SDSS)
Depicts: Coma galaxy cluster
Copyright: ESA/XMM-Newton/SDSS/J. Sanders et al. (2019)



Gaz très chaud dans les amas de galaxies
Coma

Satellite: XMM-Newton + image optique (SDSS)
Depicts: Coma galaxy cluster
Copyright: ESA/XMM-Newton/SDSS/J. Sanders et al. (2019)

Premiers satellites en rayons X 
 Très forte émission diffuse dans l’amas de Coma
       (Bold et al. 1966)
 Rayonnement thermique émis par le gaz intergalactique 
 très chaud (10 à 100 millions K)
 de faible densité (~ 1000 particules.m-3)
      (Felten et al. 1966)

Masse de gaz chaud dans les amas riches
~ 10 x masse  « visible » des galaxies 
 La plupart de la matière ne rayonne pas dans l’optique 
 Matière noire encore « nécessaire » pour expliquer 
      le fait que le gaz chaud reste lié gravitationnellement 
      ainsi que la dynamique des galaxies au sein de l’amas.

C.Charbonnel – Cours UniGe 1051 – 20231107

Distribution du gaz assez régulière 
  Amas ~ dynamiquement stable
Equilibre hydrostatique: 
 Pression du gaz (expansion)
 balance l’effet de la gravité
  M(gaz) / M(totale dynamique) ~ 14 %

Masse totale dynamique de l’amas ~ 1015 M⦿
Dominée par la matière noire non baryonique 



Crédit: Rieke
ROSAT X-ray image

Gaz très chaud dans les amas de galaxies
Coma

Les galaxies baignent dans un plasma à très haute température.

Structure en train de « tomber » sur l’amas.
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L’essentiel de l’émission X se trouve autour des amas de galaxies, 
à l’intersection des filaments de la toile cosmique.
Matière intergalactique chauffée par les galaxies qui « tombent » 
dans l’amas (bremsstrahlung: rayonnement de freinage des électrons 
dont la trajectoire est déviée par les protons).

http://heasarc.gsfc.nasa.gov/docs/rosat/gallery/clusters_galaxies.html


M87 supergéante elliptique
Centre gravitationnel de l’amas 

Distribution irrégulière du gaz chaud, l’essentiel est centré autour de M87
 Amas encore en formation, dynamiquement instable,
      composé de sous-systèmes en interaction/fusion (M86 sur M87) 
 Choc augmente la température du gaz

M86

Jet relativiste entretenu par le trou noir supermassif
(3 à 7 x 109 M⦿ )
AGN : Noyau actif de galaxieBöhringer et al. (1994)

Emission radio de M87 à diverses échelles

Gaz très chaud dans les amas de galaxies
Virgo
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X-ray and optical view of the Perseus galaxy cluster. 
Credit: ESA/XMM-Newton/DSS-II/J. Sanders et al. (2019)

Gaz très chaud dans les amas de galaxies
Perseus

Simulations: Courtesy of J. Zuhone, Harvard-Smithsonian Center for Astrophysics

Mouvements du gaz (observations)

Surface brightness of the cluster gas
in X-rays (brighter: yellow)

Temperature of the cluster gas:
Hottest – Coolest

Velocity of the cluster gas
(fastest: lime and yellow)

Agitation du gaz probablement due à la collision et à la 
fusion de petits sous-amas avec l’amas principal
 Evènements assez énergétiques pour perturber le
champ gravitationnel de Persée et déclencher un
mouvement de ballotement et de chauffage du gaz 
pendant plusieurs millions d’années.
Multiples flux de matière au sein de l'amas de Coma qui 
ne se sont pas encore rassemblés pour former un seul 
"blob" cohérent.
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https://sci.esa.int/s/wQkpbl8
https://sci.esa.int/web/xmm-newton/-/first-sighting-of-hot-gas-sloshing-in-galaxy-cluster


Le plus long filament de gaz intergalactique  
observé en rayons X

The Abell 3391/95 galaxy cluster system (3 amas de galaxies)
A 15 Mpc intergalactic medium emission filament, a warm gas bridge, infalling
matter clumps, and (re-) accelerated plasma discovered by combining
SRG/eROSITA data with ASKAP/EMU and DECam data
Reiprich et al. (2020)

Distribution de la densité du gaz chaud
Simulation numérique cube de 20 Mpc/h de coté
Les amas tombent le long des filaments à grande échelle

Observation par eROSITA de l’émission X 
du gaz chaud 

Idem eROSITA mais couleurs permettant 
de faire ressortir les régions moins denses.
Filaments reliant plusieurs systèmes

Idem simulations

« Matter highway »
Les amas de galaxies sont à la croisée des filaments

T.H. Reiprich et al.: A3391/95

Fig. 5. Wavelet-filtered eROSITA image (TM0) of the A3391/95 system. The main clusters are marked. Most of the point-like sources are back-
ground AGNs. A small selection of brighter “clumps” and background clusters in the field are marked with circles, some of which have spectro-
scopic redshifts compiled from NED galaxies. The redshifts of the two ACT clusters with z > 0.7 are based on photometric cluster redshifts. We
also note the galaxy group ESO 161-IG 006 at z = 0.0516 in the bridge region and the “Little Southern Clump” that coincides with a galaxy at
z = 0.0562. The large white circle at the bottom indicates r200 of the cluster MCXC J0631.3-5610. One deg corresponds to ⇠3.9 Mpc at the redshift
of A3391.

ulations5, a set of state-of-the-art cosmological hydrodynami-
cal simulations comprising boxes of di↵erent volumes and reso-
lution. The simulations were performed with an extended ver-
sion of the TreePM/SPH code Gadget-2 (Springel 2005), in-
cluding the treatment of a large variety of baryonic processes.
These are comprised of, among others, metal-dependent gas
cooling (Wiersma et al. 2009) and star formation (Springel &
Hernquist 2003), metal enrichment from SNIa, SNII, and AGB

5
http://www.magneticum.org

stars following stellar evolution models (Tornatore et al. 2004,
2007), energy feedback from stellar sources (Springel & Hern-
quist 2003) and from AGNs due to gas accretion onto super
massive black holes (Springel et al. 2005; Fabjan et al. 2010).
In particular, we consider the “Box2” cosmological volume of
(500 Mpc)3 at high resolution (i.e., mDM = 6.9 ⇥ 108 M�/h and
mgas = 1.4 ⇥ 108M�/h, for dark matter and gas particles re-
spectively; see Bi� et al. 2018, for more details), which con-
tains ⇠450 cluster-size haloes with M500 > 1014 M� at redshift

Article number, page 9 of 34

T.H. Reiprich et al.: A3391/95

Fig. 14. Left: Total NH map taking into account the contribution from both neutral and molecular hydrogen. The maximum variation in the field is
from 3 ⇥ 1020 cm�2 to 1 ⇥ 1021 cm�2. Right: NH contours overlaid onto the wavelet-filtered eROSITA image.

Fig. 15. Wavelet-filtered absorption-corrected eROSITA surface bright-
ness image restricted to areas with at least 1 ks exposure. Point sources
have been excised. We note the apparent very long (⇠15 Mpc) con-
tinuous emission filament running from the Northern Clump through
A3391 and A3395 down beyond the Little Southern Clump where clus-
ter MCXC J0631.3-5610 lies outside the eROSITA FoV (its r200 just
visible at the bottom). There is an indication for an additional, weaker
eastern filament. We also note the steep surface brightness gradients to
the east and west of the 3 Mpc-wide emission bridge between A3391
and A3395. Emission from a few unrelated background clusters is also
marked.

Fig. 16. Left: Large-scale DECam galaxy density map of the A3391/95
system. Right/top: Zoom into the DECam galaxy density map. Overlaid
are contours from the eROSITA wavelet-filtered image. Right/bottom:
Planck y-map on the same spatial scale as in the top image, also with
eROSITA contours.

will hopefully allow robust statistical inferences as to the physi-
cal properties of the general population of such systems.
Acknowledgements. We would like to thank the referee for suggestions that
helped improve the presentation of the paper. We thank H. Andernach for com-
ments on the manuscript. NO acknowledges support by a Fund for the Promotion
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Cartographie de la masse manquante – Lentilles gravitationnelles

(leçon 20231010 SP) 

Abel 370
(Soucail et al. 1987) 
HST
Crédit: NASA, ESA, J.Lotz
and HFF team

Statistique des déformations des images
des galaxies se trouvant en arrière plan 
de l’amas
 Cartographie de la matière noire
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Galaxies visibles de Abel 370 : 
moins de 5 % de la matière

https://hubblesite.org/contents/media/images/2017/20/4024-Image.html?news=true
https://hubblesite.org/contents/media/images/2017/20/4024-Image.html?news=true


Credit for the Hubble images: NASA, ESA, Heymans, Gray, Barden, and the STAGES collaboration
Credit for the ground-based image: ESO, Wolf  and the COMBO-17 collaboration

Reconstruction de la distribution de matière noire 
dans les amas de galaxiesAbel 901/902 (centaines de galaxies) – Weak gravitational lensing  

A partir de la distorsion de la « forme » des ~ 60’000 galaxies en arrière plan du superamas 
 Cartographie de la matière noire: 4 « clumps » de matière noire autour des amas de galaxies principaux

Superamas dans son intégralité
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Formation des grandes structures 
Matière noire
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Conséquences pour la cosmologie



Des anisotropies dans le fonds diffus cosmologique

Formation des structures

CMB

Planck

380 000 ans après le Big-Bang                 13.8 milliards d’années
Conditions initiales d=dr/r~10-5 Structures  d ~10-106

2MASS

A quelle vitesse se forment les structures?  Gravité modifiée? 
Le biais des galaxies (δg = b δm)  par rapport à la matière noire
 fonction de Wm, L et de leur évolution

Formation des structures

CMB

Planck

380 000 ans après le Big-Bang                 13.8 milliards d’années
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2MASS

A quelle vitesse se forment les structures?  Gravité modifiée? 
Le biais des galaxies (δg = b δm)  par rapport à la matière noire
 fonction de Wm, L et de leur évolution

à la formation des grandes structures
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7Cosmology II: Inhomogeneities in the Universe

7.1 Introduction

In Chap. 4, we discussed homogeneous world models and
introduced the standard model of cosmology. It is based on
the cosmological principle, the assumption of a (spatially)
homogeneous and isotropic universe. Of course, the assump-
tion of homogeneity is justified only on large scales because
observations show us that our Universe is inhomogeneous on
small scales—otherwise no galaxies or stars would exist.

The distribution of galaxies on the sky is not uniform or
random (see Fig. 6.1), rather they form clusters and groups
of galaxies. Also clusters of galaxies are not distributed uni-
formly, but their positions are correlated, grouped together in

Fig. 7.1 The distribution of galaxies in the complete 2dF Galaxy
Redshift Survey. In the radial direction, the escape velocity, or redshift,
is plotted, and the polar angle is the right ascension. According the
Hubble law, the redshift is directly related to the distance of an object, so
that redshift surveys map the three-dimensional distribution of galaxies,

with our Galaxy at the center of the figure. In the 2dFGRS, more
than 350 000 spectra were taken between 1997 and 2002; plotted
here is the distribution of more than 200 000 galaxies with reliable
redshift measurements. The data from the complete survey are publicly
available. Credit: M. Colless and the 2dF Galaxy Redshift Survey team

superclusters. The three-dimensional distribution of galaxies,
obtained from redshift surveys, shows an interesting large-
scale structure, as can be seen in Fig. 7.1 which shows
the spatial distribution of galaxies in the two-degree-Field
Galaxy Redshift Survey (2dFGRS).

Even larger structures have been discovered. The Great
Wall is a galaxy structure with an extent of ! 100h!1 Mpc,
which was found in a redshift survey of galaxies (Fig. 7.2).
The largest structure discovered up to now is the Sloan Great
Wall, also shown in Fig. 7.2. Such surveys also led to the
discovery of the so-called voids, nearly spherical regions
which contain virtually no (bright) galaxies, and which have
a diameter of typically 30h!1 Mpc. The discovery of these
large-scale inhomogeneities raises the question of whether

P. Schneider, Extragalactic Astronomy and Cosmology, DOI 10.1007/978-3-642-54083-7__7,
© Springer-Verlag Berlin Heidelberg 2015
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t=380’000yr 
density fluctuations 

in baryons: ~10-5

Local Universe 
density contrast δ up to 200  

on scales of 1.5 Mpc

“large scale structure” (LSS) = conglomerations of galaxies, galaxy clusters and 
superclusters which, to first order, can be treated with just gravitational physics.
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even larger structures might exist in the Universe, or more
precisely: does a scale exist, averaged over which the Uni-
verse appears homogeneous? The existence of such a scale is
a requirement for the homogeneous world models to provide
a realistic description of the mean cosmic behavior.

To date, no evidence of structures with linear dimension
well above 100h!1 Mpc have been found, as can also be
seen from Fig. 7.1. Hence, the Universe seems to be basically
homogeneous if averaged over scales of R ! 200h!1 Mpc.
This ‘homogeneity scale’ needs to be compared to the
Hubble radius RH " c=H0 # 3000h!1 Mpc. This implies
R $ RH, so that after averaging, .RH=R/3 ! .15/3 ! 3000

independent volume elements exist per Hubble volume. This
justifies the approximation of a homogeneous world model
when considering the mean cosmic history.

On small scales, the Universe is inhomogeneous. Evi-
dence for this is the galaxy distribution projected on the
sky, the three-dimensional galaxy distribution determined by
redshift surveys, and the existence of clusters of galaxies,
superclusters, ‘Great Walls’, and voids. In addition, the
anisotropy of the cosmic microwave background (CMB),
with relative fluctuations of !T=T ! 10!5, indicates that
the Universe already contained small inhomogeneities at
redshift z ! 1000, which we will discuss more thoroughly
in Sect. 8.6. In this chapter, we will examine the evolution of
such density inhomogeneities and their description.

7.2 Gravitational instability

7.2.1 Overview

The smallness of the CMB anisotropy suggests that the
density inhomogeneities at redshift z ! 1000—this is the
epoch where most of the CMB photons interacted with
matter for the last time—must have had very small ampli-
tudes. Today, the amplitudes of the density inhomogeneities
are considerably larger; for example, a massive cluster of
galaxies contains within a radius of ! 1:5h!1 Mpc more than
200 times more mass than an average sphere of this radius
in the Universe. Thus, these are no longer small density
fluctuations.

Obviously, the Universe became more inhomogeneous
in the course of its evolution; as we will see, density per-
turbations grow over time. One defines the relative density
contrast

ı.r; t/ WD ".r ; t/ % N".t/

N".t/
; (7.1)

where N".t/ denotes the mean cosmic matter density at time
t . From the definition of ı, one can immediately see that ı &
%1, because " & 0. The smallness of the CMB anisotropy

suggests that at z ! 1000, jıj $ 1. The dynamics of the
cosmic Hubble expansion is controlled by the gravitational
field of the average matter density N".t/, whereas the density
fluctuations !".r; t/ D ".r ; t/ % N".t/ generate an additional
gravitational field.

We shall here be interested only in very weak gravitational
fields, for which the Newtonian description of gravity can
be applied. Since the Poisson equation, which specifies
the relation between matter density and the gravitational
potential, is linear, the effects of the homogeneous matter
distribution and of density fluctuations can be considered
separately. The gravitational field of the total matter
distribution is then the sum of the average matter distribution
and that of the density fluctuations.

We consider a region in which !" > 0, hence ı >

0, so that the gravitational field in this region is stronger
than the cosmic average. An overdense region produces a
stronger gravitational field than that corresponding to the
mean Hubble expansion. By this additional self-gravity, the
overdense region will expand more slowly than the average
Hubble expansion. Because of the delayed expansion, the
density in this region will also decrease more slowly than
in the cosmic mean, N".t/ D .1 C z/3"0 D a!3.t/"0, and
hence the density contrast in this region will increase. As a
consequence, the relative density will increase, which again
produces an even stronger gravitational field. . . . It is obvious
that this situation is unstable. Of course, the argument also
works the other way round: in an underdense region with
ı < 0, the gravitational field generated is weaker than in the
cosmic mean, therefore the self-gravity is weaker than that
which corresponds to the Hubble expansion. This implies
that the expansion is decelerated less than in the cosmic
mean, the underdense region expands faster than the Hubble
expansion, and thus the local density will decrease more
quickly than the mean density of the Universe. In this way,
the absolute value of the density contrast increases, i.e., ı

becomes more negative over the course of time.

Density fluctuations grow over time due to their self-
gravity; overdense regions increase their density con-
trast over the course of time, while underdense regions
decrease their density contrast. In both cases, jıj
increases. Hence, this effect of gravitational instabil-
ity leads to an increase of density fluctuations with
increasing time. The evolution of structure in the
Universe is described by this effect of gravitational
instability.

Structure growth in the Universe can be understood in the
framework of this model. In this chapter we will describe
structure formation quantitatively. This includes the analysis
of the time evolution of density perturbations, as well as a
statistical description of such density fluctuations. We will

δ >−1Note: 

Anisotropies de température et de densité
Contraste en densité 𝛿

Les grandes structures (filaments) dans l’univers croissent à partir de fluctuations aléatoires initiales.
Dépend du « contenu » de l’univers qui dicte la géométrie de l’Univers, impossible sans matière noire ni énergie noire.

(leçon 20231031 CC)

(leçon 20231114 CB) 

Physique et simulations numériques: Formation hiérarchique
La matière noire forme des halos à z ~ 4000 (car elle n’interagit pas avec les photons) dont la masse croît avec le temps (essentiellement par fusion).
Les baryons ne peuvent se condenser qu’à la recombinaison à z ~ 1000 et « suivent » les halos de matière noire.

C.Charbonnel – Cours UniGe 1051 – 20231107



Formation hiérarchique
Cold Dark Matter

Matière noire « froide »: 
- se déplace lentement par rapport à la vitesse de la lumière 
        (particules plus massives, non relativistes)
 Formation hiérarchique des plus petites aux plus grandes structures
- interagit faiblement avec la matière baryonique et le rayonnement électromagnétique
Peebles (1982), Bond et al. (1982), Blumenthal et al. (1982, 1984)
Candidats : WIMPS (Weakly Interacting Massive Particles)

(leçon 20231114 CB) 

𝛬 CDM
~ 75 % de la densité d’énergie : Dark Energy
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z=3

z=1

z=0

ΛCDM SCDM !CDM OCDM

Virgo simulaton suite

The Large Scale Structure (LSS) evolves quite differently for different model universes: 
can be used to constrain the cosmology!

Prédictions de différents modèles d’univers



The Millenium Simulation Project

Conditions initiales: Fluctuations de densité du fonds diffus cosmologique
Evolution suivant les lois de la physique pour Lambda Cold Dark Matter Model.

 Distribution de la matière noire à z = 18.3 (0.21 milliard d’années après Big Bang)

10 milliards de particules dans un cube de 2 x 2 x 2 milliards d’années lumière
Simulations à N-corps
Springel et al. (2005 Simulations of the formation, evolution and clustering of galaxies and quasars) https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

C.Charbonnel – Cours UniGe 1051 – 20231107

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/


The Millenium Simulation Project

Distribution de la matière noire à z = 5.7 (1 milliard d’années après Big Bang)
Chacun des grumeaux initiaux attire la matière autour de lui.
La matière subit en même temps l’attraction de tous les grumeaux qui l’entourent; plus forte attraction
avec les plus proches  Tiraillements  Concentration de la matière dans des plans formant les 
contours des grands vides de la toile cosmique. À l’intersection de ces plans, la matière se concentre
plus et forme les filaments de la toile cosmique.

10 milliards de particules dans un cube de 2 x 2 x 2 milliards d’années lumière
Simulations à N-corps
Springel et al. (2005 Simulations of the formation, evolution and clustering of galaxies and quasars) https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

C.Charbonnel – Cours UniGe 1051 – 20231107

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/


The Millenium Simulation Project

Distribution de la matière noire à z = 4.7 (1 milliard d’années après Big Bang)

10 milliards de particules dans un cube de 2 x 2 x 2 milliards d’années lumière 
Simulations à N-corps
Springel et al. (2005 Simulations of the formation, evolution and clustering of galaxies and quasars) https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

C.Charbonnel – Cours UniGe 1051 – 20231107

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/


The Millenium Simulation Project

Distribution de la matière noire à z = 0 (13.6 milliard d’années après Big Bang)

10 milliards de particules dans un cube de 2 x 2 x 2 milliards d’années lumière
Simulations à N-corps
Springel et al. (2005 Simulations of the formation, evolution and clustering of galaxies and quasars) https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

C.Charbonnel – Cours UniGe 1051 – 20231107

Les filaments cosmiques et les grands vides émergent naturellement sous l’effet de la gravité.

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
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The Millenium Simulation Project

Distribution de la densité matière noire à z = 0 pour une  « tranche » d’univers épaisse de 15 Mpc/h
Chaque coupe suivante réduit la taille d’un facteur 4. 

C.Charbonnel – Cours UniGe 1051 – 20231107

Les filaments cosmiques et les grands vides émergent naturellement sous l’effet de la gravité.

Distribution non-homogène et
 non-aléatoire des galaxies
le long de filaments/feuillets 
entourant des vides cosmiques
de taille typique ~ 100Mpc.

Un univers dominé par la matière noire (froide) 
reproduit les structures observées

Un petit détour: la matière noire 

Un Univers dominé par la matière noire 
(froide) reproduit les structures observées 

Springel	-- Millenium	simulation

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

Grandes structures

C.Charbonnel – Cours UniGe 1051 – 2018-12-18



The Millenium Simulation ProjectDistribution de la matière noire à z = 0 (13.6 milliard d’années après Big Bang) 
de plusieurs Gpc à ~ 10 kpc

10 milliards de particules dans un cube de 2 x 2 x 2 milliards d’années lumière) 
Simulations à N-corps
Springel et al. (2005 Simulations of the formation, evolution and clustering of galaxies and quasars) https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

C.Charbonnel – Cours UniGe 1051 – 20231107

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/


The Millenium Simulation Project

10 milliards de particules dans un cube de 2 x 2 x 2 milliards d’années lumière 
Simulations à N-corps
Springel et al. (2005 Simulations of the formation, evolution and clustering of galaxies and quasars) https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

Voyage à travers la portion d’univers simulée, distance parcourue ~ 2.4 milliards d’années lumière 

C.Charbonnel – Cours UniGe 1051 – 20231107

https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/


The Millenium Simulation ProjectDistribution de la matière noire

Distribution des galaxies La matière baryonique suit le potentiel dominé
par la matière sombre. 

C.Charbonnel – Cours UniGe 1051 – 20231107



Galaxy Formation in a Nutshell

4

As dark matter coalesces into 
halos, the gravitational 
potential wells will draw in 
baryons (i.e., hydrogen gas) 
which will then cool to 
eventually form stars.

DM
DM+gas

DM+gas+stars

DM halos will grow through merging and 
accretion and so will the galaxies that 
reside within them. (bottom up, hierarchical 
structure formation) 


DM merger trees (shown on the left) are 
relatively straightforward to compute. 
 
Galaxy formation within them is much more 
complicated due to baryonic physics.

DM merger tree

ti 

Formation hiérarchique
Cold Dark Matter

Toile cosmique
Description statistique de l’histoire de l’évolution des halos de matière noire  DM Halo Merger Tree
Les petites structures (mini halos de matière noire) se forment en premier 
 (z ~ 4000 car la matière noire froide n’interagit pas avec les photons), 
puis les plus grandes (halos de matière noire) se forment par fusions successives et accrétion.
 Germes pour la formation des premières étoiles et des premières galaxies
«  Facile » à modéliser : seulement la gravitation
Régions découplées de l’expansion lorsque la densité de la structure est 2 x > densité moyenne
Croissance trop lente sans la matière noire: Nécessite ~ 30 % de matière noire

Anisotropies du fluide primordial révélées 
par les anisotropies du fonds diffus cosmologique
 Germes pour la formation des grandes structures de matière noire non baryonique

Lacey & Cole (1993)
La taille des « racines/branches » est 
proportionnelle à la masse des halos qui fusionnent
Simulations Monte-Carlo

C.Charbonnel – Cours UniGe 1051 – 20231107

« Two stage theory » pour la formation des galaxies (White & Rees 1978)
1) Les halos de matière noire se forment en premier (toile cosmique)
2) Les propriétés des galaxies sont déterminées par le refroidissement et la condensation du gaz 
       dans le puits de potentiel des halos. 



Formation hiérarchique des galaxiesMerger tree d’un halo de la taille d’un amas de galaxies
Simulations N-corps

The hierarchical formation of BCGs 5

where the mean H column density is given by

〈NH〉 = Mcold

1.4mpπ(a r1/2)2
atoms cm−2.

In the previous equation, r1/2 is the half-mass radius of the disc
and a = 1.68 is such that the column density represents the mass-
weighted average column density of the disc, which is assumed to be
exponential. As in Hatton et al. (2003) – see Guiderdoni & Rocca-
Volmerange (1987) for details – the extinction curve depends on the
gas metallicity Zg and is based on an interpolation between the solar
neighbourhood and the Large and Small Magellanic Clouds (s =
1.35 for λ < 2000 Å and s = 1.6 for λ > 2000 Å). The adopted
extinction curve for solar metallicity is that of Mathis, Mezger &
Panagia (1983). Finally, we assign a random inclination to each
galaxy and apply the dust correction to its disc component using a
‘slab’ geometry (see Devriendt et al. 1999).

In addition to this extinction from a diffuse ISM component,
we have also implemented a simple model to take into account
the attenuation of young stars within their birth clouds, based on
Charlot & Fall (2000). Stars younger than the finite lifetime of stel-
lar birth clouds (which we assume to be equal to 107 yr) are sub-
ject to a differential attenuation with mean perpendicular optical
depth:

τBC
λ = τBC

V

(
λ

5500 Å

)−0.7

and

τBC
V = τ z

λ

(
1
µ

− 1

)
,

where µ is drawn randomly from a Gaussian distribution with
centre 0.3 and width 0.2, truncated at 0.1 and 1 (see Kong et al.
2004).

4 A C A S E S T U DY

In the framework of a hierarchical scenario, the history of a galaxy
is fully described by its complete merger tree. Whereas in the mono-
lithic approximation the history of a galaxy can be described by a set
a functions of time, hierarchical histories are difficult to summarize
in a simple form, because even the identity of a galaxy is sometimes

Figure 1. BCG merger tree. Symbols are colour-coded as a function of B − V colour and their area scales with the stellar mass. Only progenitors more massive
than 1010 M$ h−1 are shown with symbols. Circles are used for galaxies that reside in the FOF group inhabited by the main branch. Triangles show galaxies
that have not yet joined this FOF group.

ill defined. In hierarchical models, ‘a galaxy’ should not be viewed
as a single object evolving in time, but rather as the ensemble of its
progenitors at each given time. In this section, we focus on a single
model BCG and describe the formation and assembly history of its
stars in detail. This allows us to define and illustrate the behaviour of
quantities that capture different aspects of BCG evolution. We will
use these quantities later (in Section 5) to describe BCG formation
in a statistical fashion.

4.1 Trees and branches – definitions

Fig. 1 shows the full merger tree of the central galaxy of a dark
matter halo of mass M200 = 8.9 × 1014 M$ at z = 0. The BCG
itself lies at the top of the plot (at z = 0), and all its progenitors (and
their histories) are plotted downwards going back in time recur-
sively. Galaxies with stellar mass larger (respectively smaller) than
1010 h−1 M$ are shown as symbols (respectively lines), and are
colour-coded as a function of their rest-frame B − V colour. The
left-most branch in Fig. 1 represents what we will hereafter refer to
as the main branch. This particular branch is obtained by connecting
the galaxy at each time-step to the progenitor with the largest stellar
mass (the main progenitor) at the immediately preceding time-step.
It is tempting to consider this branch as the BCG itself, and the ob-
jects that merge on to it as other progenitors of the BCG. A clear
distinction between ‘main’ and ‘other’ progenitors is indeed often
quite appropriate – typically for late-type galaxies – and it is satisfac-
tory as long as galaxies merging on to the main branch have stellar
masses that are much smaller than the current mass of the main pro-
genitor. In this case, the evolution of the BCG can be characterized
by a series of accretion events (of much smaller objects) that do not
introduce major changes in the stellar population or identity of the
BCG itself.

This simple summary of a merger tree is however not sufficient to
describe histories as complex as those of BCGs (see also Neistein,
van den Bosch & Dekel 2006). Fig. 1 shows that in our case study,
the main branch captures the evolution of the BCG itself for the
last ∼8 Gyr. Before that time, the main progenitor of the BCG is
only marginally more massive than progenitors in other branches.
At this point, choosing one branch or another becomes arbitrary and
a single branch is certainly a poor proxy for describing the evolution
of the BCG and of its stellar population. In the following, we will

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 375, 2–14
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relatively straightforward to compute. 
 
Galaxy formation within them is much more 
complicated due to baryonic physics.

DM merger tree
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Fleuves cosmiques
Au fur et à mesure de la croissance des halos de matière noire et après la recombinaison à z ~ 1000,
les puits de potentiel des halos de matière noire croissent et attirent les baryons (gaz hydrogène)
à partir duquel vont se former les premières étoiles à z ~ 20 – 30 (~ 100 à 200 millions d’années)
puis les premières galaxies (~ 200 à 500 millions d’années).
Difficile à modéliser, feedback et nombreux autres processus physiques 

Anisotropies du fluide primordial révélées 
par les anisotropies du fonds diffus cosmologique
 Germes pour la formation des grandes structures de matière noire non baryonique

Lacey & Cole (1993)
La taille des « racines/branches » est 
proportionnelle à la masse des halos qui fusionnent
Simulations Monte-Carlo
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« Two stage theory » pour la formation des galaxies (White & Rees 1978)
1) Les halos de matière noire se forment en premier (toile cosmique)
2) Les propriétés des galaxies sont déterminées par le refroidissement et la condensation du gaz 
       dans le puits de potentiel des halos. 



De la toile cosmique aux fleuves cosmiques 
engendrant les galaxies 

C.Charbonnel – Cours UniGe 1051 – 2018-12-18https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

Distribution des galaxies

Distribution de la matière noire

Grandes structures 
Millennium simulation

La matière baryonique
suit le potentiel dominé
par la matière sombre
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Apport continu de gaz
à Formation d’étoiles 

intense 
à Croissance des galaxies
par le réseau cosmique
Rôle relatif des fusions de 
galaxies?

Filaments dans la toile cosmique:
- centaines de millions d’années lumière
- alignements de galaxies

Fleuves cosmiques:
- quelques centaines de milliers d’années lumière
- matière diffuse qui « nourrit » les galaxies individuelles 

C.Charbonnel – Cours UniGe 1051 – 20231107

Les galaxies se forment au sein de la toile cosmique

Un des filaments d’hydrogène froid (en bleu) découverts 
par MUSE@VLT dans le champ ultra-profond de 
Hubble. Le rayonnement diffus est probablement dû à une 
population de très nombreuses galaxies naines, trop 
faiblement lumineuses pour être observées 
individuellement. Il est situé à 11,5 milliards d’années-
lumière et s’étend sur plus de 15 millions d’années-
lumière. L’image en arrière plan est celle de HST.
Discovery of diffuse extended Lyα emission from redshift 3.1 to 
4.5, tracing cosmic web filaments on scales of 2.5−4 cMpc. 
Crédit: Bacon et al. (2021)

Des cocons d’hydrogène entourent les galaxies

https://www.unige.ch/sciences/astro/fr/news/filaments-cosmiques/


De la toile cosmique aux fleuves cosmiques 
engendrant les galaxies 

Simulation Horizon-AGN – Modeling galaxy formation in a cosmological framework

« Dancing in the dark »
L’histoire et la propriété des galaxies dépend 
de la position initiale de leurs grumeaux originels

C.Charbonnel – Cours UniGe 1051 – 20231107

https://www.horizon-simulation.org/about.html


Physique des baryons

Gaz froid
(ISM)

Gaz chaud
(amas)

Vents, 
outflow

(SN feedback)

Etoiles

Recyclage du gaz

Formation d’étoiles refroiddissem
ent

ré-incorporation

C
hauffage , chocsTrou noir

Crédit: F.Combes (Collège de France) C.Charbonnel – Cours UniGe 1051 – 20231107

Complexité de la physique baryonique
à différentes échelles



The SPHINX project
Cosmological radiation-hydrodynamical simulations of reionization

https://sphinx.univ-lyon1.fr/

Gros plan sur un groupe de galaxies en évolution. 
La fraction d'hydrogène neutre est représentée 
par une couleur grise, la densité du gaz est en 
violet, le rayonnement ionisant en jaune-rouge, 
et les populations stellaires en blanc, 
le tout dans le même cadre.

C.Charbonnel – Cours UniGe 1051 – 20231107

https://sphinx.univ-lyon1.fr/


Modèle cosmologique
Fluctuations (Planck)

Evolution MN
Millennium
Par exemple

Simulation N-corps

FOF “Friend of Friend

Arbre de fusion des 
halos

Evolution des galaxies

Modèle de formation des 
galaxies

Catalogues de galaxies:
Comparaison avec les 

galaxies observées

Synthèse de populations
stellaires, extinction etc

Méthode semi-analytique

Crédit: F.Combes (Collège de France)
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Distribution des galaxies

Distribution de la matière noire

Grandes structures 
Millennium simulation

La matière baryonique
suit le potentiel dominé
par la matière sombre
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Apport continu de gaz
à Formation d’étoiles 

intense 
à Croissance des galaxies
par le réseau cosmique
Rôle relatif des fusions de 
galaxies?

Simulations 
hydrodynamiques
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http://www.illustris-project.org/
http://www.sciencemag.org/news/2018/05/galaxy-simulations-are-
last-matching-reality-and-producing-surprising-insights-cosmic

Illustris simulation Matière noire, gaz, étoiles 
Gravité, magnéto-hydrodynamique, rayonnement, 
interactions gaz-étoiles, évolution chimique
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http://www.illustris-project.org/

Illustris simulation Film 1 
Continuous zoom-in from the scale of the entire simulation volume (~100 Mpc) to the scale
of an individual spiral galaxy (~10 kpc), highlighting the diversity of structure across spatial 
scale, the large dynamic range of the simulation (106 per dimension), and the relationship
between dark matter, gas, and stars.
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Film 2 
Time evolution from high redshift to z=0, demonstrating the formation of a massive 
elliptical 'red-and-dead' galaxy as a result of a multiple merger around z~1. 
Panels show stellar light (left) and gas density (right) in a region of 1 Mpc on a side.

Film 3
Time evolution of a 10Mpc (comoving) region within Illustris from the start of the 
simulation to z=0. The movie transitions between the dark matter density field, gas
temperature (blue: cold, green: warm: white: hot), and gas metallicity.



Loeb, Science 2006

400’000 ans:  
Fonds cosmologique diffus

Pendant 13 milliards ans:  
Formation des galaxies actuelles

Le premier milliard d’années de l’Univers
(z~1100)

100-200 millions ans:  
Les premières étoiles se forment

(z~20-30)

200-500 millions ans:  
Les premières galaxies se forment

(z~10-20)

“Ages sombres”

Crédit: D.Schaerer (UniGe)

Pas de « théorie » complète 
Nombreux processus physiques
Simulations 
Observations (HST, JWST) (leçon 20231128 CC) 
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Cours 8 – 14 novembre 2023
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Energie noire
Prof.e Camille Bonvin

Cours 9 – 21 novembre 2023

Sondes cosmologiques
Prof. Stéphane Paltani

Cours 10 – 28 novembre 2023
Les premières galaxies vues par JWST

CC


