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-	La	gravité	modiYiée



M33

M. De Leo/Corbelli & Salucci (2000)

V2 =
GMvisible

d

Fritz Zwicky, Vera Rubin & Albert Bosma

Cours	2
Indications en faveur de la matière noire : 

les courbes de rotation des galaxies 



M33

Correspondance courbe de rotation/profil de densité
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where � � � �dr g r rI { �³  is the gravitational potential. Note that � �2 2rv rI�  is 
conserved. So, within the observational uncertainties of the galaxy rotation 
curves, dark matter satisfies the Boltzmann distribution (10). This is a non-trivial  

 

 
Figure 7. Top figure: Observed rotation curve � �obsv r  (dots) and the baryon contribu-
tion � �bv r  (triangles) of galaxy NGC 3621 obtained by the THINGS collaboration [1]. 
The “ISO, free” fit obtains � �hv r  (dash-dotted line) [1]. The solid lines are obtained by 
numerical integration as explained in the text. The fitted parameters are given in Table 1. 
Bottom figure: Mass densities of baryons and of dark matter of galaxy NGC 3621 ob-
tained by numerical integration as explained in the text. 
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Figure 1. Top figure: Observed rotation curve � �obsv r  (dots) and the baryon contribu-
tion � �bv r  (triangles) of galaxy NGC 3198 obtained by the THINGS collaboration [1]. 
The “ISO, free” fit obtains � �hv r  (dash-dotted line) [1]. The solid lines are obtained by 
numerical integration as explained in the text. The fitted parameters are given in Table 1. 
Bottom figure: Mass densities of baryons and of dark matter of galaxy NGC 3198 ob-
tained by numerical integration as explained in the text. 

 
and � �b rU  are insensitive to whether or not the dark matter is rotating. 

In the present analysis we would like to go further, i.e. constrain the equation 
of state of dark matter. To this end we compare the measured rotation curves 
with the following simplified model of a mixture of two self-gravitating 
non-relativistic ideal gases: “baryons” and “dark matter”. We assume that the 
interactions between baryons and dark matter can be neglected. 
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Indications en faveur de la matière noire : 
les dispersions de vitesse des galaxies  

Equilibre pression/gravité

force de gravitation 
force de pression due aux vitesses bulbe 

disque 

L.E. Strigari / Physics Reports 531 (2013) 1–88 15

Fig. 1. Radial velocity dispersion (�r ) versus Galactocentric radius from the data of Xue et al. [122], Brown et al. [126], and Battaglia et al. [127]. The dot-
dashed curve is the velocity dispersion from the bulge potential, the dashed curve is from the disk potential, and the dotted curve is from the dark matter
halo. The solid curve is the sum of all three components. The dark matter halo potential is calculated from an NFW profile with ⇢0 = 6.5 ⇥ 106 M� kpc�3

and r0 = 22 kpc in Eq. (16). The velocity dispersion is assumed to be isotropic.

Table 2
Compilation of the measurements of the mass of the Milky Way dark matter halo. The third column gives the direct measurements within the radius R
in the second column using kinematic data. The fourth column gives measurements of the model-dependent total Milky Way mass; in this column, all
except theWatkins et al. [120] results rely on an extrapolation using data from smaller radii. The fifth column gives the types of tracers that are used: halo
stars (S), globular clusters (GC), and/or dwarf spheroidals (dSph). The sixth column gives the statistics of the orbits of the tracers that are implied from the
best-fitting masses, either isotropic (I), circular (C), or radial (R). The final column indicates the most closely-resembled method used to obtain the results,
either the distribution function method (DF) or the moment-based method (M).

Authors R Mass (< R) Total mass Tracers Orbits Method
(kpc) (1011 M�) (1012 M�)

Wilkinson and Evans [118] 50 5.4+0.2
�3.6 1.9+3.6

�1.7 GC, dSph R DF
Sakamoto et al. [119] 50 5.3+0.1

�0.4 – S C DF
Xue et al. [122] 60 4.0+0.7

�0.7 1.0+0.3
�0.2 S I M

Gnedin et al. [128] 80 6.9+3.0
�1.2 – S R M

Watkins et al. [120] 100 3.3+1.1
�1.1 0.9+0.3

�0.3 S, GC, dSph I M
Deason et al. [121] 50 4.2+0.4

�0.4 – S R M
Battaglia et al. [127]a – – 0.50+0.25

�0.17 S R M
Dehnen et al. [125]a – – 1.5 S R M
Li and White [129] – – 2.43+0.66

�0.65 – –
Busha et al. [130] – – 1.2+1.0

�0.7 – –
a The Dehnen et al. [125] results are from a reanalysis of the Battaglia et al. [127] data. The quoted result from Battaglia et al. [127] is the truncated flat

model that gives the best fit.

These equations show that for stars local to the Sun, there is an important correction factor to the measured line-of-
sight velocity that must be accounted for. For large distances, which in this case means r � R�, the correction factor is
insignificant, so that �GSR ' �r .

From the above formalism, Fig. 1 shows the velocity dispersion versus radius in comparison to three recent observational
samples. Shown is the velocity dispersion due to the three primary dynamical components of the Galaxy, the bulge, disk, and
dark matter halo. The dark matter halo clearly becomes the most relevant in the outer regions of the Galaxy. The potential
is determined assuming that ⇢s / r�3.5 and that the orbits of the tracers are isotropic.

Table 2 shows a compilation of recent measurements of the Milky Way mass using both distribution function and
moment-basedmethods described above. In nearly all of the analyses reported, there is a ‘‘direct’’ measurement of themass
on a scale that is directly probed by the tracer population. Nearly all of the measurements of the total halo mass require an
extrapolation beyond the radius of the visible tracer population.

For the measurements that use the dSphs as the tracers, there are two systematics that are particularly important: first
is the unknown density law ⇢s due to the small number of objects that are measured, and second is the issue of whether or
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Indications en faveur de la matière noire : 
les courants d’étoiles autour de la Voie Lactée 

Malhan & Ibata (2019)
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Indications en faveur de la matière noire : 
les lentilles gravitationnelles 

ALMA (ESO/NRAO/NAOJ), L. Calçada (ESO), Y. Hezaveh et al.
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Indications en faveur de la matière noire : 
le gaz chaud des amas de galaxies

XMM-Newton Space Telescope

Gaz chaud émettant des 
rayons X

Une solution au problème de la masse manquante ?
Non, car il faut justement de la matière noire pour le retenir ! 
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La nature de la matière noire :
les quasars lointains montrent qu’elle doit être exotique !   

lien video : https://www.eso.org/public/videos/eso1122c/

Nucléosynthèse primordiale : l’abondance des 
éléments dépend de la quantité de matière 
baryonique dans l’Univers.

Cours	3

https://www.eso.org/public/videos/eso1122c/


La nature de la matière noire :
le fond diffus cosmologique fixe la composition de l’Univers 

COBE (1989-1993) WMAP (2003-2012) Planck (2009-2013)
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La nature de la matière noire :
le fond diffus cosmologique fixe la composition de l’Univers 

Spectre de puissance du fond diffus cosmologique

Amplitude des fluctuations à différentes échelles : 

Influence de la quantité 
de matière :

Influence des baryons :

lien animations : http://background.uchicago.edu/~whu/metaanim.html
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http://background.uchicago.edu/~whu/metaanim.html


La nature de la matière noire :
les WIMPs ? 

Particules connues du modèle 
standard de la physique des particules 

Particules supersymétriques 
hypothétiques

WIMPs: Weakly Interactive Massive Particles

Cours	3



Les modèles cosmologiques issus de la relativité générale

Les équations d’Einstein

Gμν = Eμν + ΛgμνGμν Eμν Λ
Gμν :
Eμν :
Λ :

tenseur décrivant la matière 
tenseur décrivant l’espace-temps 

constante cosmologique 

Les équations de Friedmann

Le facteur d’échelle a décri t 
l’expansion de l’Univers Big Bang Big Crunch
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Univers ouvert

Univers plat

Univers fermé

(Λ > 0)

Univers ouvert : ressemble 
à une selle de cheval

Univers plat Univers fermé : semblable 
à la surface d’une sphère

?

fonds diffus cosmologique 
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La composition de l’Univers dans le modèle ΛCDM

énergie noire (Λ)

baryons 

matière noire froide 
(CDM)

matière
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Des	questions	?
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Tout commence par un univers très homogène,  
il y a 13.7 milliards d’années…

Planck Space TelescopeInhomogénéités de l’ordre de 105 = 1/100 000



…pour aboutir à une grande diversité de galaxies aujourd’hui

The	Hubble	Sequence

Credits:	NASA	&	ESA,	adapted	by	Anaelle	Halle

✦	E:	ellipticals	
✦	S:	spirals	(possibly	with	bars	and	bulges)	
✦	S0:	lenticulars	
✦	Irregulars M87	(giant	elliptical)

M51(spiral)

NGC	6861	(lenticular)

LMC	(irregular)





Aquarius simulation (matière noire)
(1 kpc ≃ 3 × 1016 km ≃ 3000 A . L.)

Supercalculateur COBRA (Allemagne)lien video : https://www.youtube.com/watch?v=2qeT4DkEX-w

https://www.youtube.com/watch?v=2qeT4DkEX-w


Illustris simulation
Supercalculateur Curie (France)lien video : https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4

https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4
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Gμν = Eμν + ΛgμνGμν Eμν Λ

+

Ingrédients des simulations numériques
Pourquoi	des	simulations	numériques	?	
- DifYicile	de	rendre	compte	de	toute	la	complexité	de	l’Univers	juste	avec	des	calculs	analytiques	
- Un	problème	multi-échelles	:	des	sites	de	formation	d’étoiles	(1016	m)	aux	grandes	structures	(2022	m)	
(comme	si	on	voulait	simuler	le	corps	human	en	suivant	chacune	de	ses	cellules	!)	

- Différents	 types	de	phénomènes	physiques	 :	 gravité,	dynamique	des	gaz,	 couplage	entre	 le	gaz	et	 le	
rayonnement,	 dynamique	 des	 poussières,	 réactions	 chimiques,	 champs	magnétiques,	 rayons	 cosmique,	
formation	et	évolution	des	étoiles,	etc.		

Conditions initiales modèle cosmologique

+

Amas de galaxies

1022 m

La matière visible (« ordinaire »)

tout ce qui n’est pas la 
matière noire : 

essentiellement du gaz

Soleil

Supernova

Milieu interstellaireVent galactique

Jet de trou noir supermassif

109 m

1017 m

1018 m
1020 m

1021 m

Matière noire Matière ordinaire
Energie noire

Supernova

1017 m

Amas de galaxies

1022 m

La matière visible (« ordinaire »)

tout ce qui n’est pas la 
matière noire : 

essentiellement du gaz

Soleil

Supernova

Milieu interstellaireVent galactique

Jet de trou noir supermassif

109 m

1017 m

1018 m
1020 m

1021 m

Matière noire Matière ordinaire
Energie noire

+ phénomènes baryoniques : la matière visible et en particulier le gaz 

Credits:	Y.	Dubois



La toile cosmique : simulations

3.86 × 1024 m !

Millenium simulation



La toile cosmique : observations

Sloane	Digital	Sky	Survey	



La toile cosmique : simulations et observations

Version July 30, 2019 submitted to Galaxies 10 of 55

emergence of the cosmic web, the result of gravitational clustering, is apparent, with its now familiar
pattern of filaments over a range of scales surrounding voids. The right panel shows the evolution of
the power spectrum at the same snapshots (solid lines). The hierarchical onset of non-linear structure,
from small to large scales is clearly apparent by reference to the linear power spectrum (grey lines).

The first CDM cosmological N�body simulations in the 1980s [14,78] already contained all
the relevant physical processes of gravitational clustering for collisionless dark matter, but were
computationally limited; they could follow the evolution of only O(104) particles. In the decades since
then, the tremendous improvement in computational capabilities has been such that cosmological
(L & 100 Mpc/h) simulations with O(109) particles are routinely performed19, and the most expensive
simulations to date have reached the one trillion particle milestone [80].

Figure 4. The galaxy distribution in various redshift surveys and in mock catalogues constructed from
the Millennium simulation [4]. The small slice at the top shows the CfA2 “Great Wall” [81], with the
Coma cluster at the centre. Just above is a section of the Sloan Sigital Sky Survey in which the “Sloan
Great Wall” [82] is visible. The wedge on the left shows one-half of the 2-degree-field galaxy redshift
survey [83]. At the bottom and on the right, mock galaxy surveys constructed using a semi-analytic
model applied to the simulation [84] are shown, selected to have geometry and magnitude limits
matching the corresponding real surveys. Adapted from [85].

To compare the simulations to astronomical data it is necessary to make a correspondence between
dark matter haloes and the galaxies that would form within them. In the earliest simulations, galaxies
were identified with high peaks of the suitably filtered density field, an assumption known as “biased
galaxy formation” [14,86]. Physically based models of galaxy formation that could be grafted onto
N-body simulations were developed in the early 1990s [87]. These are known as “semi-analytic models”
because they encapsulate the relevant physical models in a set of coupled differential equations that
are solved numerically. These equations assume spherical symmetry and describe the cooling of gas,

19 For a review on the state of cosmological simulations circa 2012 see [79].

Zavala	&	Frenck	(2019)

observations

simulations



Galaxies : simulations et observations

  MV+ 2014 (Nature)

HST simulation

Mock HUDF

Vogelsberger	et	al.	(2014)

Hubble	Space	Telescope Illustris	simulation	



Galaxies : observations



Galaxies : simulations

Vogelsberger	et	al.	(2014)

Figure  1: Mock  images  of  the  simulated  galaxy  population. a, Stellar  light

distributions (g,r,i bands) for a sample of galaxies at z = 0 arranged along the classical

Hubble sequence for morphological classification. Our simulation produces a variety of

galaxy types ranging from ellipticals to disk galaxies to irregular systems, the latter

mostly resulting from interactions and mergers.  b, HST UDF image (2.8 arcmin on a

side) in B, Z, H bands convolved with Gaussian point-spread functions of σ = 0.04,

0.08, and 0.16 arcsec, respectively. c, HST mock observation from Illustris.

21

Illustris	simulation	



La croissance des galaxies : les fusions

lien video: https://svs.gsfc.nasa.gov/vis/a010000/a010600/a010687/index.html

https://svs.gsfc.nasa.gov/vis/a010000/a010600/a010687/index.html


La croissance des galaxies : les fusions

lien video: https://www.tng-project.org/movies/tng/tng100_sb0_latetype_formation.mp4

https://www.tng-project.org/movies/tng/tng100_sb0_latetype_formation.mp4


La croissance des galaxies : les fusions

Wechsler	et	al.	(2002)

temps



Dekel	et	al.,	incl.	Freundlich	(2009)

La croissance des galaxies : les filaments issus de la toile cosmique



Le gaz dans les galaxies

Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk

·Mgaz = ·Mgaz,in − ·M⋆ − η ·M⋆ + R ·M⋆

Tumlinson,	Peebles	&	Werk	(2017)

Halo

·Mgaz,in

Gas	accretion

·M⋆

✦ Star	formation

η ·M⋆

✦ 	Gas	ejection	(feedback)

R ·M⋆

✦ Recycling



Les défis du modèle ΛCDM :
la non-détection des WIMPS 

lien video : https://home.cern/resources/video/cern/cern-overview-animation

https://home.cern/resources/video/cern/cern-overview-animation


Les défis du modèle ΛCDM :
la corrélation entre masse baryonique et cinématique

Masse baryonique (étoiles et gaz)

Vitesse (liée à la masse totale)

Relation	de	Tully-Fisher	baryonique	:	tout	se	passe	comme	si	la	quantité	de	baryons	était	Yixée	par	la	quantité	de	
matière	noire	du	halo,	 alors	même	que	 le	halo	 s’étend	bien	au-delà	de	 la	 galaxie	et	que	 les	processus	d’évolution	
comprennent	des	fusions	violentes	et	aléatoires	qui	devraient	apporter	une	certaine	variabilité…		

Famaey	&	McGaugh	(2012)

Mb ∝ V4Mb ∝ V4
f



Les défis du modèle ΛCDM :
l’accélération radiale 

Relation	de	Tully-Fisher	baryonique	:	tout	se	passe	comme	si	la	quantité	de	baryons	était	Yixée	par	la	quantité	de	
matière	noire	du	halo,	 alors	même	que	 le	halo	 s’étend	bien	au-delà	de	 la	 galaxie	et	que	 les	processus	d’évolution	
comprennent	des	fusions	violentes	et	aléatoires	qui	devraient	apporter	une	certaine	variabilité…		

McGaugh	(2016) gobs obtenue à partir de la vitesse observée  
(liée à la masse totale) 

gbar obtenue à partir de la distribution des 
baryons (gaz et étoiles) 

x̂

ŷ

̂z
̂r

̂θ

ϕ̂

θ gN

gNe

Relation	de	l’accélération	radiale	:

gobs = gbar s’il	n’y	avait	pas	de	matière	noire



Les défis du modèle ΛCDM :
la diversité de la forme des halos de matière noire 

Oh+2011:	observations

Governato+2012:	simulations

cuspides (NFW)

coeurs

Densité de la matière noire

Rayon



Les défis du modèle ΛCDM :
la diversité de la forme des halos de matière noire 

ρ

Les	mouvements	de	gaz	dus	au	feedback	peuvent	aboutir	à	la	formation	d’un	coeur	:	

Pontzen	&	Governato	(2012),	El-Zant,	Freundlich	&	Combes	(2016),	Freundlich	et	al.	(2020)

	-	soit	par	l’effet	cumulatif	des	petites	Yluctuations	du	milieu	interstellaire	

	-	soit	par	l’ejection	brutale	d’une	grande	quantité	de	gaz

lien video : https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4

lien video : https://hera.ph1.uni-koeln.de/~silcc/

https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4


Les défis du modèle ΛCDM :
la diversité de la forme des halos de matière noire 

-1.5

-2.5

-0.5
NIHAO
FIRE

Auriga
APOSTLE

Bose	et	al.	(2019)

Mais	non	seulement	les	simulations	ne	s’accordent	pas	sur	l’intensité	du	feedback	et	leur	effet	sur	
la	répartition	de	la	matière	noire,	mais	on	observe	une	grande	diversité	de	courbes	de	rotation	à	
masse	totale	donnée

Pente au centre du halo de matière noire

α cuspides

coeurs



Les défis du modèle ΛCDM :
les plans de satellites 

February 9, 2018 1:17 WSPC/INSTRUCTION FILE review

4 Marcel S. Pawlowski

Fig. 1. The three most prominent known planes of satellite galaxies in approximately edge-on
orientations. Panel 1: the VPOS of the MW as seen from a position in which both the Galaxy
(black line) and the satellite plane are seen edge-on. Panel 2: the GPoA around M31 (black ellipse)
as seen from the Sun. Panel 3: the satellite structure around CentaurusA (grey circle) as seen from
the Sun. The orientations and widths of the best-fit satellite planes in these views are indicated
with dashed and dotted lines, respectively. Satellite galaxies with measured velocities are color-
coded according to whether they are approaching (blue, downward triangles) or receding (red,
upward triangles) relative to their host in these views, indicating coherent kinematics consistent
with satellites co-orbiting in the planes. Satellites for which no proper motions (MW) or line-of-
sight velocities (CenA) are known are plotted as crosses, M31 satellites that are not part of the
GPoA are plotted as open triangles whose orientation indicates the line-of-sight velocity direction.
The grey areas denote regions with substantial observational limitations: the region ±12� from the
MW disk plane that is considered obscured by Galactic foreground5 (panel 1), the region outside
of the PAndAS survey around M316 (panel 2), and the region outside of the DEC survey around
CentaurusA7 (panel 3).
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Voie	Lactée Andromède Centaurus	A

Pawlowski	(2018)
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The Planes of Satellite Galaxies Problem 15

filaments contribute to the accretion, or if their orientation changes over time.45

Pawlowski (2018)

Filamentary Accretion Group Infall Tidal Dwarf Galaxies

Fig. 3. Illustrations of the three major scenarios that were suggested to explain the correlation
of satellite galaxies in rotating planes around a central galaxy (yellow, edge-on disk). Left: the
preferential accretion of dwarf galaxies along a small number of cosmic filaments onto the halo of
a central host galaxy (Sect. 4.1); Middle: the accretion of dwarf galaxies in a group (Sect. 4.2);
Right: the formation of second-generation Tidal Dwarf Galaxies out of material in the tidal tails
of interacting galaxies (Sect. 4.4). Three subsequent positions for each of the three sketched dwarf
galaxies are shown, connected by dotted lines. The dwarf galaxies in the first two scenarios are
embedded in dark-matter (sub-)halos, whereas TDGs are expected to be dark matter free.

4.2. Infall of satellite galaxies in groups

Another suggested origin of the coherence of satellite galaxy positions and the sim-
ilarity of their orbital directions is the accretion as members of a common group
(middle panel in Fig. 3). If satellites are confined to a group, then upon accretion
of this group onto a host galaxy they would share similar orbital orientation, en-
ergy, and specific angular momentum.13 After the initial accretion, tidal forces by
the host will disrupt the initially bound group of satellites, which will then disperse
along their common orbital plane. To result in the formation of a su�ciently narrow
satellite plane (heights of 15 to 30 kpc), the infalling groups would have to be com-
pact. This allows to test the validity of the group infall hypotesis by determining
whether observed dwarf galaxy associations are su�ciently compact. This is not
the case. Dwarf galaxy associations in the local Universe are much more spatially
extended (150 to 210 kpc) than the observed planes of satellite galaxies and thus do
not support the group infall hypothesis.62

Nevertheless, motivated by the tight alingment of the LMC and the Magellanic
Stream with the VPOS in position and orbital orientation, it has been suggested that
this plane of satellites was build by the infall of a group of dwarf galaxies dominated
by the LMC.63 The idea that the LMC has brought along a number of satellite
galaxies of its own has been further fueled by discoveries of dwarf satellite galaxies in
its vicinity. While it is well possible, if not even expected, that massive satellites like

Filaments	issus	de	la	toile	cosmique	?	Accrétion	groupée	?	Naines	de	marrées	?
Les	simulations	ΛCDM	indiquent	un	très	faible	nombre	de	tels	plans…	
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Les défis du modèle ΛCDM :
les différentes valeurs de la constante de Hubble 

Fond diffus cosmologique Univers local
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Matière	noire	:	mirage	ou	réalité	?

Physique	pour	Tous	!Jonathan	Freundlich	 jfreundlich@unistra.fr

Cours	2	(17/01/23)	:	Le	problème	de	la	masse	manquante	:	la	matière	noire	
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