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Formation des grandes structures 
Galaxies, amas de galaxies et matière noire

(I)
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De l’univers local aux grandes structures
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Image: P.Wilson (NZ)

La Voie Lactée
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Les satellites de la Voie Lactée

Grand nuage (LMC diamètre ~ 30’000 a.l)
À ~ 52 kpc (~ 160’000 al)
Masse dynamique ~ 2 à 6 x 1010 M⦿
Masse baryonique 5 – 15 % (étoiles ~ 3 x 109 M⦿ , gaz ~ 5 x 108 M⦿) 

Petit nuage (SMC)
À ~ 66 kpc (~ 240’000 al)

Masse dynamique ~ 1.5 à 5 x 109 M⦿
(étoiles ~ 3 x 108 M⦿ , gaz ~ 4 x 108 M⦿)

Nuages de Magellan
Galaxies naines irrégulières

Dominées par population d’étoiles jeunes
Plusieurs sites de formation stellaire (30 Doradus) 

Source masses (Besla 2015)

Les satellites de la Voie Lactée
Nuages de Magellan
Galaxies naines irrégulières
Dominées par des populations d’étoiles jeunes
Plusieurs sites de formation stellaire (30 Doradus)
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Credit: J. T. A. de Jong
https://lg-inventory.strw.leidenuniv.nl/images.html#

Naines sphéroïdales
Dominées par des populations stellaires vieilles,
peu de gaz

Fornax
À 140 kpc (~ 4 x 107 M⦿)

Sculptor

Draco
À 80+/-10 kpc

Les satellites (sous-groupe) de la Voie Lactée
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https://courses.lumenlearning.com/suny-astronomy/chapter/the-distribution-of-galaxies-in-space/

~ 35 galaxies (20 elliptiques naines, 10 irrégulières,
3 grandes galaxies spirales – MW, M31, M33)

Rayon ~ 1.2 Mpc
Masse ~ 4 x 1012M⦿
Masse volumique ~ 10-23 kg.m-3

M31

M33

Le Groupe Local
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M31

M33

Fusion dans ~ 6 milliards d’années
 Mylkomeda

Le Groupe LocalLe Groupe Local

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

Pont d’hydrogène ( ~200 kpc) 
entre M31 et M33

Interaction récente entre les deux galaxies (effet de marée) ? 

Image credit: Alan McConnachie and the PAndAS survey team
Raie d’émission HI à 21cm

Pont d’hydrogène ( ~ 200 kpc) entre M31 et M33
Interaction « récente » entre les deux galaxies (effets de marée) (?)
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Fusion dans ~ 6 milliards d’années
 Mylkomeda

Le Groupe Local
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A cette échelle, la gravité lie les galaxies entre elles et domine par rapport à l’expansion de l’univers 
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Amas de galaxies: quelques centaines
à quelques milliers de galaxies.
Diamètre moyen ~ 3 Mpc
Masse volumique ~ 10-24 kg.m-3 

À ~ 17 Mpc (50 millions a.l.) – Diamètre ~ 15 millions a.l.
~ 2000 galaxies (~ 90 % naines)  ~ 120’000 milliards de M⦿
Amas riche  Dominé au centre par elliptiques et lenticulaires
En formation Nombre important de spirales et irrégulières 

Attraction gravitationnelle 
sur le Groupe Local (~ 200 km.sec-1)

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

Virgo – Amas de la Vierge
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A cette échelle, la gravité lie les galaxies 
entre elles et domine par rapport à 
l’expansion de l’univers 
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Origin of the brightest cluster galaxies - Dubinski (1998) C.Charbonnel – Cours UniGe 1051 – 2018-12-18

Evolution morphologique et cannibalisme galactique
à Formation de galaxies géantes elliptiques
Modèle cosmologique hiérarchique

Cannibalisme 
au sein des amas de galaxies

C.Charbonnel – Cours UniGe 1051 – 20231031



Fritz Zwicky 
Mise en évidence de la présence de matière noire 
dans les amas de galaxies (1933 – amas de Coma)

Leçon 20231107 CC
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es Coma – Abel 1656

Credit: NASA/JPL-Caltech/L. Jenkins (GSFC)
Spitzer (IR) and SLOAN (visible) 

~3000 galaxies
Diamètre ~ 20 millions d’a.l.
À ~ 90 Mpc ~ 300 millions d’a.l.
Galaxies visibles (mouvement): 
moins de 5 % de la matière  Matière noire 
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À ~ 1.2 Mpc 
Taille ~ 350 millions d’a.l.
Galaxies visibles : moins de 5 % de la matière
 Matière noire 

Abel 2755 – Pandora’s cluster
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Superamas de galaxies: 
quelques dizaines à centaines
de milliers de galaxies.
Diamètre ~ 100 Mpc
Masse volumique ~ 10-26 à 10-26 kg.m-3 
        (~ 1 atome d’hydrogène par m3)
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Les galaxies ne sont pas réparties de 
manière uniforme.

C’est à l’échelle du superamas que 
l’expansion de l’univers commence à 
se faire sentir par rapport à la force gravitationnelle 
qui lie les amas entre eux.
e.g. Virgo s’éloigne du Groupe Local à 1250 km.sec-1, l’amas Coma à 6700 km.sec-1

Les amas s’éloignent les uns des autres et la taille des superamas augmente dans le temps

Superamas (local) de la Vierge
Diamètre ~ 100 - 200 millions d’a.l.

~ 100 groupes et amas de galaxies (~10’000 galaxies)
Centre de gravité près de Virgo

Appartient au Complexe (filament) de super amas Poisson-Baleine
~ 150 millions a.l. x 1 milliard a.l.

Crédit: Andrew Z. Colvin/Wikimedia Commons

Diamètre ~ 100 – 200 millions a.l.
~ 100 groupes et amas de galaxies (~ 10000 galaxies)

Centre de gravité près de l’amas de la Vierge 

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

Appartient au complexe de super amas Poisson-Baleine
150 millions al x 1 milliard al

Super Amas de la Vierge

Credit: Andrew Z. Colvin / Wikimedia commons
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Superamas Laniakea

Image by  Andrew Z. Colvin - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=71065242

Diamètre ~ 160 Mpc (h-1 = 67.8, H0 Planck 2013)
Groupe de superamas de galaxies 

(~100’000 à 150’000 galaxies)

Faiblement (non?) 
lié gravitationnellement

C.Charbonnel – Cours UniGe 1051 – 20231031



Crédit: Brent Tully et al. (Nature 2014) C.Charbonnel – Cours UniGe 1051 – 2018-12-18

Laniakea supercluster Diamètre ~ 160 Mpc ~ 500 millions a.l.
~ 1017 M⦿

~ 100’000 galaxies
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Appartient au Complexe (filament) de super amas Poisson-Baleine
~ 150 millions a.l. x 1 milliard a.l.
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Superamas Laniakea

C.Charbonnel – Cours UniGe 1051 – 20231031Nature vidéo – https://www.youtube.com/watch?v=rENyyRwxpHo



Complexes (filaments) de superamas
Carte des filaments et vides 

Dans un rayon de ~1 milliard d’a.l.

En jaune: Laniakea

C.Charbonnel – Cours UniGe 1051 – 20231031
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Tully (1986)

Les galaxies ne sont pas distribuées de manière aléatoire.
Structures les plus visibles: Superamas et vides

Superamas: 
- Contient un ou plusieurs amas de galaxies
- Objet en train de s’effondrer sous l’effet de sa propre gravité
- Structure aplaties (~ planes) ou allongées (~ linéaires)

Vides (bulles cosmiques): 
- Sous-dense
- ~ sphériques

Distribution « bulleuse », « spongieuse », « écumeuse », 
    « mousseuse »

Complexes (filaments) de superamas

C.Charbonnel – Cours UniGe 1051 – 20231031



Grandes structures
Structures à grandes échelles de l'univers : caractéristiques de la
distribution de matière et de lumière dans l’univers observable sur de
très grandes échelles ( ~ milliard d’années lumière).
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L2 DE LAPPARENT, GELLER, AND HUCHRA Vol. 302 

17 

b) 

c) 

Fig. 1.—(a) Map of the observed velocity plotted vs. right ascension in the dechnation wedge 26°.5 < 8 < 32°.5. The 1061 objects plotted have 
mB < 15.5 and V < 15,000 km s-1. (b) Same as Fig. la for mB < 14.5 and K < 10,000 km s-1. The plot contains 182 galaxies, (c) Projected map of the 
7031 objects with mB < 15.5, listed by Zwicky et al. in the region bounded by 8h < a < 17h and 8?5 < 5 < 50?5. 

with the depth of the earlier survey. Thus undersampling 
explains the difference in the appearance of the surveys. 

In order to compare the redshift-space distribution with the 
distribution projected on the sky, Figure Ic shows the posi- 
tions of all the galaxies from the Zwicky et al. catalog which 
satisfy mB < 15.5, 8h < a < 17h and 8°5 < 8 < 50?5. The 
grid is Cartesian in R.A. and decl. The deficiency of galaxies 
west of 9h and east of 16h is caused by Galactic obscuration. 
The tick marks show the 6° dechnation region of the redshift 
survey in Figure la. The Coma cluster is the dense region at 
13h in the 6° strip. 

III. ANALYSIS 
The cellular pattern of Figure la and the smoothness of 

Figure 1c can be simply understood if the galaxies are distrib- 
uted on the surfaces of shells tightly packed next to each 
other. If shell-like structures are common in the universe, any 
sufficiently deep wedge-shaped redshift survey will show a 
pattern of voids surrounded by connected filaments of gal- 
axies similar to that in Figure la. 

One impressive feature of the new data in Figure la is the 
presence of several large regions almost devoid of galaxies. 
The galaxies appear to be distributed in elongated structures 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

« A slice of the Universe »
de Lapparent, Geller & Huchra (1986 ApJ 302, L1)
Center for Astrophysics redshift survey
centré sur le pôle galactique
1100 galaxies de l’univers proche 
jusqu’à l’amas de Coma

Les galaxies ne sont pas réparties de 
manière uniforme.
Mesure du redshift  structure 3D

Structure en éponge

Les galaxies se distribuent selon des 
«filaments cosmiques» (1D) ou des «feuillets» (2D) 
 toile cosmique (cosmic web).
CfA Great Wall: 
~ 500 x 200 millions a.l., épaisseur ~ 15 millions a.l.

Les amas de galaxies sont situés à l’intersection des 
filaments cosmiques.

L’espace est principalement fait de déserts galactiques, 
gigantesques bulles cosmiques quasiment vides de 
galaxies qui mesurent ~ 300 millions d’a.l.

CfA Great Wall 

C.Charbonnel – Cours UniGe 1051 – 20231031



SLOAN SDSS
https://www.sdss.org/

Apache Point Observatory 
T2.5m wide-angle
Sacramento Mountains
New Mexico
¼ du ciel, catalogue de 100 millions d’astres
Spectre et redshift de 1 million de galaxies et quasars
Plusieurs grands relevés depuis 2000, du système solaire 
aux galaxies (z ≤ 0.1) et quasars (z ~ 2)

Distribution 3D des galaxies proches 
(z < 0.15, ~ 2 milliards a.l.)
Tranches de la carte tridimensionnelle du SDSS de la distribution des galaxies.
La Terre est au centre, et chaque point représente une galaxie, contenant généralement   
environ 100 milliards d'étoiles. 
Les galaxies sont colorées en fonction de l'âge de leurs étoiles, les points les plus rouges et les plus 
fortement regroupés représentant des galaxies massives composées d'étoiles plus anciennes. Les points 
bleus et verts sont des galaxies en train de former des étoiles massives et bleues.
Le cercle extérieur se trouve à une distance de deux milliards d'années-lumière (taille d’~7 bulles 
cosmiques). 
La région située entre les coins n'a pas été cartographiée par le SDSS car la poussière de notre galaxie 
obscurcit la vue de l'univers lointain dans ces directions. Les deux tranches contiennent toutes les galaxies 
situées entre -1,25 et 1,25 degrés de déclinaison.
Crédit : M. Blanton et Sloan Digital Sky Survey.

SDSS Legacy Survey (2000 – 2008)

Relevés cosmologiques
Cartographie de l’univers à grande échelle

C.Charbonnel – Cours UniGe 1051 – 20231031
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SDSS Legacy Survey (2000 – 2008)
http://www.sdss3.org/press/dr9.php

~ 400’000 galaxies « proches » 
z max ~ 0.1 – ~ 1.3 milliards a.l.

Relevés cosmologiques
Cartographie de l’univers à grande échelle

C.Charbonnel – Cours UniGe 1051 – 20231031



Contraste en densité 𝛿 jusqu’à 200 aux échelles de ~1.5Mpc

2

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

341

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.


342 7 Cosmology II: Inhomogeneities in the Universe

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: 

Relevés cosmologiques
Cartographie de l’univers à grande échelle

2dF Galaxy Redshift survey
(2003) 2 degree Field – Anglo-Australian T3.9m 

Position des galaxies  (~ 75’000) en fonction de leur redshift  (~ distance)  dans une tranche d’univers 
(position angulaire des galaxies  dans une longue et étroite bande du ciel.)

Les galaxies ne sont pas distribuées de manière aléatoire.
Structures les plus visibles: Superamas et vides

Superamas: 
- Contient un ou plusieurs amas de galaxies
- Objet en train de s’effondrer sous l’effet de sa propre gravité
- Structure aplaties (~ planes) ou allongées (~ linéaires)

Vides (bulles cosmiques): 
- Sous-dense
- ~ sphériques

 Distribution « bulleuse », « spongieuse », « écumeuse », « mousseuse »

C.Charbonnel – Cours UniGe 1051 – 20231031
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Cartographie de l’univers à grande échelle

2dF Galaxy Redshift survey
(2003)

Position des galaxies  (~ 75’000)
en fonction de leur redshift (~ distance) 
dans une tranche d’univers 
(position angulaire des galaxies 
dans une longue et étroite bande du ciel).

C.Charbonnel – Cours UniGe 1051 – 20231031

http://www.2dfgrs.net/


A comparison of the extent of the South Pole Wall with two other nearby structures: the CfA
Great Wall (bottom left) and the Sloan Great Wall (top left). The South Pole Wall (right) is 
represented by isodensity contour levels derived from the peculiar velocity field. The linear 
scales are the same. The South Pole Wall is roughly intermediate in distance from us compared 
with the other two.

Sloan Great Wall (Gott et al. 2005) and CfA Great Wall (de Laparrent et al. 1986)                                                  South Pole Wole (Pomarède et al. 2020)

Un filament de matière (des centaines de milliers de galaxies) 
long d’environ 1.4 milliards d’années lumière, 
à seulement 500 millions d’années de la Voie Lactée

Mur du Pôle Sud
Filament géant de la toile cosmique

C.Charbonnel – Cours UniGe 1051 – 20231031
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https://iopscience.iop.org/article/10.3847/1538-4357/ab9952


La carte de notre univers local. Elle couvre une région d’un milliard d’années-lumière. En bleu, notre superamas 
de galaxies, Laniakea. En gris et en rouge, la structure de la toile cosmique et le Mur du Pôle Sud. En vert sombre 
semi-transparent sont représentés les vides cosmiques. © Daniel Pomarède, Irfu - 18.000 mesures de vitesses de galaxies

Mur du Pôle Sud
Filament géant de la toile cosmique
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Représentation en perspective 3D du relevé 2dF, montrant la structure fractale imbriquée des galaxies (site 2dF)

Structures fractales

Les galaxies ne sont pas distribuées de façon homogène, 
mais selon une hiérarchie de structures (groupes, amas, superamas)

densité  ∝ taille-𝛼

𝛼   = 1.7  (de Vaucouleurs 1970)
Fractal (loi indépendante d’échelle; Mandelbrot 1975)

Densité des structures dans l’univers
Système solaire – 10-12 g.cm-3

Voie Lactée – 10-24 g.cm-3

Groupe Local – 10-28 g.cm-3

Amas de galaxies – 10-29 g.cm-3

Superamas – 10-30 g.cm-3

Densité des photons (3K) – 10-34 g.cm-3

Densité critique (Ω=1) – 10-29 g.cm-3

Ω

C.Charbonnel – Cours UniGe 1051 – 20231031



10-43 sec, 1032K, 1019Gev
Redshift ~ 1032

Histoire thermique de l’univers
Modèle du Big Bang chaud

Nucléosynthèse primordiale (3 à 30 minutes après le Big Bang)

Univers primordial ionisé (neutrons et protons « libres »)
Température comparable à celle des noyaux d’étoiles: 

entre le million et le milliard de Kelvin
Neutrons et protons fusionnent  Éléments légers

10-38 sec, 1028K, 1015Gev

3min, 109K, 10-4Gev

C.Charbonnel – Cours UniGe 1051 – 20231024

(leçon 20231024 CC) 



10-43 sec, 1032K, 1019Gev
Redshift ~ 1032

Histoire thermique de l’univers
Modèle du Big Bang chaud

Plasma primordial – Le tambour

10-38 sec, 1028K, 1015Gev

3min, 109K, 10-4Gev

380’000 ans, 3000K, 10-10Gev
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Après la nucléosynthèse, milieu composé de protons, quelques noyaux d’He,
électrons libres, photons
Composante dominante, photons
Interactions entre photons et électrons/protons
Les photons résistent à une compression
Milieu presque isotrope

Le plasma primordial (le tambour)

milieu composé de protons (+ qq noyaux He,...), d’électrons
(“libres”) et de photons
composante dominante = les photons
interaction entre photons et électrons/protons
les photons résistent à une compression
milieu “presque” isotrope

position,direction

densite Anisotropies

temperature,

O. Perdereau ( ) Cosmologie 11/08 - Fréjus 63 / 140- Il existe des régions plus denses dans lesquelles la matière « tombe » 
sous l’effet de la gravitation 
- La contraction réchauffe la matière dans la région de surdensité
- Augmentation de la pression de radiation
- La pression « lutte contre » la gravité, forçant la surdensité à se dilater
- La dilatation entraine une baisse de température et de pression
- La gravité redevient plus forte 
- Le cycle recommence
 Équation d’un oscillateur harmonique amorti

Des ondes acoustiques

Il existe des zones plus denses et moins denses
la matière “tombe” là où c’est plus dense (gravitation)
... mais la pression réagit

) apparition d’oscillations (ondes acoustiques) ds le plasma
primordial

Vitesse des ondes $ composition, densité du milieu, ...

O. Perdereau ( ) Cosmologie 11/08 - Fréjus 65 / 140

Début de l’attraction gravitationnelle autour des 
régions de surdensité 

C.Charbonnel – Cours UniGe 1051 – 20231031



10-43 sec, 1032K, 1019Gev
Redshift ~ 1032

Histoire thermique de l’univers
Modèle du Big Bang chaud

Découplage rayonnement-matière (380’000 ans après le Big Bang)

“Libération” des photons
 Émission du fonds diffus cosmologique (CMB)

10-38 sec, 1028K, 1015Gev

3min, 109K, 10-4Gev

380’000 ans, 3000K, 10-10Gev

(leçon 20231017 SP) 

Température est suffisamment basse (< 3000K) 
pour ne plus pouvoir ioniser les atomes  
 Capture des électrons par les noyaux, cad recombinaison
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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

Anisotropies de température (qq dizaines de millionième de kelvin) et de densité
Contraste en densité 𝛿

2

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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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: 

Infimes fluctuations de température du fonds diffus cosmologique: 
Empreintes des fluctuations de densité existantes à l’époque du découplage

C.Charbonnel – Cours UniGe 1051 – 20231031



10-43 sec, 1032K, 1019Gev
Redshift ~ 1032

Histoire thermique de l’univers
Modèle du Big Bang chaud

Ère de la matière (106 à 1010 ans)

10-38 sec, 1028K, 1015Gev

3min, 109K, 10-4Gev

380’000 ans, 3000K, 10-10Gev
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ce13.7 x 109 ans, 2.7K, 2.3 x 10-13Gev

Les régions sur-denses 
s’étendent plus lentement que l’expansion moyenne de Hubble, à cause de la 
gravité locale
 Dans ces régions, la densité va diminuer plus lentement que la moyenne

cosmique
 Le contraste en densité augmente
 Localement, le champ gravitationnel va continuer d’augmenter
 Les zones de surdensité attirent gravitationnellement la matière 

environnante – Dans un univers en expansion, les structures ne collapsent 
       pas de façon exponentielle, mais se développent de façon linéaire.
 Formation des grandes structures (galaxies, étoiles) par la gravitation

Importance de la matière noire

La matière évolue indépendamment du rayonnement, la gravitation domine.
La dynamique de l’expansion est contrôlée par le champ gravitationnel
de la densité de matière moyenne

Gravitational Instabilities
‣ The dynamics of the cosmic expansion is controlled by the 

gravitational field of the average matter density    
   


‣ On top of that, an additional gravitational field is generated by a 
density fluctuation


‣ An overdense region              will expand more slowly than the 
average Hubble expansion, due to self-gravity 


‣ In an overdense region, the density will decrease more slowly than 
in the cosmic average, and the density contrast will increase, 
which again produces an even stronger gravitational field


‣ Similar arguments hold for underdense regions

5

ρ(t)= 1
V ρ(!r ,t)d 3r

V∫

Δρ(!r ,t)= ρ(!r ,t)−ρ(t)

Δρ > 0

The density contrast increases with time!

Gravitational Instabilities
‣ The dynamics of the cosmic expansion is controlled by the 

gravitational field of the average matter density    
   


‣ On top of that, an additional gravitational field is generated by a 
density fluctuation


‣ An overdense region              will expand more slowly than the 
average Hubble expansion, due to self-gravity 


‣ In an overdense region, the density will decrease more slowly than 
in the cosmic average, and the density contrast will increase, 
which again produces an even stronger gravitational field


‣ Similar arguments hold for underdense regions

5

ρ(t)= 1
V ρ(!r ,t)d 3r

V∫

Δρ(!r ,t)= ρ(!r ,t)−ρ(t)

Δρ > 0

The density contrast increases with time!

Localement, un champ gravitationnel est généré par une fluctuation de 
densité

Gravitational Instabilities
‣ The dynamics of the cosmic expansion is controlled by the 

gravitational field of the average matter density    
   


‣ On top of that, an additional gravitational field is generated by a 
density fluctuation


‣ An overdense region              will expand more slowly than the 
average Hubble expansion, due to self-gravity 


‣ In an overdense region, the density will decrease more slowly than 
in the cosmic average, and the density contrast will increase, 
which again produces an even stronger gravitational field


‣ Similar arguments hold for underdense regions

5

ρ(t)= 1
V ρ(!r ,t)d 3r

V∫

Δρ(!r ,t)= ρ(!r ,t)−ρ(t)

Δρ > 0

The density contrast increases with time!

  

Mesure de la taille des fluctuations

La taille des fluctuations contient l’histoire de ρM et de ρR

Univers homogène et isotrope à l’échelle de centaines de
Megaparsec (Métrique de Robertson-Walker et éq. de Friedmann)
Aux plus petites échelles (~ 50 Mpc), fluctuations de densité

C.Charbonnel – Cours UniGe 1051 – 20231031



10-43 sec, 1032K, 1019Gev
Redshift ~ 1032

Histoire thermique de l’univers
Modèle du Big Bang chaud

Plasma primordial – Le tambour

10-38 sec, 1028K, 1015Gev

3min, 109K, 10-4Gev

380’000 ans, 3000K, 10-10Gev
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Le gonflement / dégonflement périodique de la surdensité crée des ondes
de compression / décompression qui se propagent dans le plasma primordial
Apparition d’oscillations, ou ondes sonores primordiales, ou

oscillations acoustiques des baryons (BAO)
James Peebles (1970, prix Nobel physique 2019)

  

Vitesse du son
● Avant la recombinaison, l’Univers est rempli de photons et d’électrons, 

qui interagissent fortement entre eux

– Pression

– Donc, ondes de pression (son) et vitesse du son

● On peut montrer que la vitesse du son vaut:

●  CS < √3 ¹ c ≈ 0.56 c, dépend de la cosmologie⁻

  

Taille des fluctuations

Horizon sonore : Taille de la zone causalement reliée de la surdensité

 Taille correspond à une compression

 Ordre de grandeur:  En 370’000 ans, la distance parcourue par le son est 56 Mpc Leçon 20231017 SP

Découplage rayonnement-matière (380’000 ans après le Big Bang)
- Les ondes sont «figées», les photons n’agissant plus sur la matière

Des fluctuations aux anisotropies

Dans l’univers “quantique” ) fluctuations de densité
(d = f (x , t))
Inflation ) dilatation très rapide

) “gel” des fluctuations ! anisotropies de densité
graines des grandes structures

"Rides" 

Accumulation dans les creux

O. Perdereau ( ) Cosmologie 11/08 - Fréjus 64 / 140

C.Charbonnel – Cours UniGe 1051 – 20231031



Ho’oilana super-amas
Une immense bulle de galaxies 
témoin de l’univers primordial 

Daniel Pomarède et al. (20123) IRFU, CEA Université Paris-Saclay. Crédits image : Frédéric Durillon, Animea Studio 

BAO (Baryon Acoustic Oscillation) Diamètre ~ 1 milliard d’années lumière
Distance de son centre  ~ 820 millions d’années lumière de la Voie Lactée
Empreinte laissée par une onde acoustique baryonique (BAO), oscillations qui trouvent leur origine dans 
l’opposition entre la gravitation et la pression du plasma, exacerbée dans les régions de plus haute densité;
a grandi avec l’expansion de l’univers depuis le moment où l’onde a été figée ~ 380’000 ans après le Big Bang 
(au moment de la recombinaison) 

Cosmic web en 
bleu

C.Charbonnel – Cours UniGe 1051 – 20231031



Tully et al. (2023)

Ho’oilana super-amas
Une immense bulle de galaxies 
témoin de l’univers primordial 

C.Charbonnel – Cours UniGe 1051 – 20231031

https://iopscience.iop.org/article/10.3847/1538-4357/aceaf3


BAO
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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
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

… à la formation des grandes structures

2

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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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 ni énergie noire. (leçon 20231107 CC)

(leçon 20231114 CB) 
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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!
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Amplitude des fluctuations de densité
de quelques millions à 40 milliards d’a.l.

Mesures par diverses méthodes
versus modèle de concordance comprenant 
5% de baryons, 25 % de matière noire, 70 % d’énergie noire
Tegmark (2004) 
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Simulations à N-corps 
(10 millions de particules dans un cube de 2 milliards d’al)
https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

Grandes structures 
Millennium simulation

Distribution de la matière noire
à z = 18.3 (t = 0.21 milliards d’années après le Big Bang)
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Grandes structures 
Millennium simulation

Distribution de la matière noire
à z = 5.7 (t = 1 milliard d’années après le Big Bang)

Simulations à N-corps 
(10 millions de particules dans un cube de 2 milliards d’al)
https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
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Distribution de la matière noire
à z = 1.4 (t = 4.7 milliards d’années après le Big Bang)

Grandes structures 
Millennium simulation

Simulations à N-corps 
(10 millions de particules dans un cube de 2 milliards d’al)
https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
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Distribution de la matière noire
à z = 0 (t = 13.6 milliards d’années après le Big Bang)
à Formation de 20 millions de galaxies

Grandes structures 
Millennium simulation

Simulations à N-corps 
(10 millions de particules dans un cube de 2 milliards d’al)
https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/

28 jours de calcul, 200 milliards d’opérations par seconde
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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
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Distribution non-homogène et non-aléatoire des galaxies
le long de filaments/feuillets entourant des vides cosmiques
de taille typique ~ 100Mpc

Modèle
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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?
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Formation des grandes structures 
Galaxies, amas de galaxies et matière noire

(II)


