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-	La	gravité	modiYiée



Robert Gendler 2002 Telescope (réflecteur)

La galaxie d’Andromède : le visible et « l’invisible »
Etoiles,  amas d’étoiles, 
absorption due aux 
poussières

Cours	2



Swift space Observatory

La galaxie d’Andromède : le visible et « l’invisible »

Etoiles jeunes et chaudes, amas d’étoiles

Cours	2



Robert Gendler 2002 Chandra X-ray observatory

La galaxie d’Andromède : le visible et « l’invisible »
Etoiles massives en fin 
de vie (étoiles binaires, 
débris d’explosions de 
supernovae)

Cours	2
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Radiotélescope de 30m

La galaxie d’Andromède : le visible et « l’invisible »

Gaz moléculaire froid (CO)

Cours	2



Robert Gendler 2002 Herschel Space Telescope

La galaxie d’Andromède : le visible et « l’invisible »
Poussières chauffées par 
les étoiles

Cours	2



Un halo de matière noire ?
Cours	2
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Indications	en	faveur	de	la	matière	noire



Courbe de rotation des galaxies
M33

M. De Leo/Corbelli & Salucci (2000)

V2 =
GMvisible

d

Fritz Zwicky, Vera Rubin & Albert Bosma

Cours	2



14 1.1 Island worlds in the cosmos

Figure 1.5 – A schematic side view of the Milky Way, from Sparke & Gallagher (2007).
Courtesy of Linda Sparke and Jay Gallagher.

is further embedded in an invisible dark matter halo whose mass would be about 1012 M§
and which would extend beyond 100 kpc of the Galactic center (e.g., McMillan, 2011).
This dominant dark matter component is inferred from the rotation curves of stars in the
periphery of the Milky Way, but has not yet been observed directly.

The Milky Way is not limited to a disk of stars, gas and dust embedded in a dark
matter halo. Not all stars belong to the disk. In particular, numerous globular clusters
of stars such as those shown on Fig. 1.5 scatter the Galactic halo (Harris, 1996). Those
tightly gravitationally bound ensembles of stars have spherical shapes and orbit around
the center of the Milky Way. But while open stellar clusters such as the Pleiades lie
close to the plane of the disk, most globular clusters are high above it. They also contain
more stars and are denser and older than their disk counterparts. Old metal-poor globular
clusters are further away than the metal-rich ones, and while the latter have orbits similar
to those of stars in the thick disk, the orbits of distant globular clusters are more eccentric
and almost randomly oriented (e.g., Dauphole et al., 1996; Sparke & Gallagher, 2007).

Satellites of the Milky Way

Further away from the disk of the Milky Way lie smaller galaxies orbiting around it. These
satellite galaxies are about a dozen and are approximately situated on a plane (Lynden-
Bell, 1976; Kroupa et al., 2005; Metz et al., 2007), which suggests that they could stem

Vue schématique d’une galaxie

Sparke & Gallagher (2007)

matière noire (partout) 
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Autres indications en faveur de la matière noire : 
la stabilité des disques galactiques 
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NUMERICAL EXPERIMENTS 347 

of the disk, the value of crr/<Tr,min remains near unity for r less than 5 kpc. These results 
show that any troubles the disk may have are basically not axisymmetric in nature. 

The disk in Figure 1 at ¿ = 8 should now be very close to a stationary state of the 
collisionless Boltzmann equation. If we continue the evolution of the disk without the 
constraint of keeping the gravitational field radial, the evolution shown in Figure 3 is 
obtained. In less than two rotations the disk assumes a bar-shaped structure—an indica- 
tion that the newly made equilibrium is unstable in a nonaxisymmetric sense. 

IV. FULLY NONAXISYMMETRIC EVOLUTION 
To study these instabilities, we return to the smooth but slightly nonequilibrium disk 

that was the starting point for Figure 1. Those initial conditions, by the way, are such 
that the virial theorm is satisfied—that is, the negative of the calculated potential energy 
equals twice the kinetic energy with an accuracy of about 0.5 percent. This small 
discrepancy is meaningless because of the approximate method used for calculating the 
potential energy (Hohl and Hockney 1969). Also, the maximum change in the calculated 
total energy of the system during its evolution is near 1 percent, and the variation in the 
total angular momentum is even less. 

The totally unconstrained evolution of this disk is displayed in Figure 4. It shows that 
the disk is indeed stabilized against small-scale disturbances which would completely 
disrupt a cold disk in less than one rotation (Hohl 1970a). However, we again find that 
the disk is not stabilized against relatively slowly growing large-scale disturbances which 
cause the system to assume a very pronounced bar-shaped structure after two rotations. 
After about four rotations the disk population of stars constitutes a nearly axisymmetric 
distribution surrounding a dense central oval or bar-shaped core. The oval contains 

t = 8.0 t = 8.5 t = 9.0 

t = 9.5 t = 10.0 t = 10.5 
Fig. 3.—Nonaxisymmetric evolution of the disk with an initial condition taken as the disk in Fig. 1 

at ¿ = 8. 
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Les premières simulations numériques de disques 
galactiques n’étaient pas stables.

Entourer les disques d’un halo sphérique de matière 
invisible permettait de les stabiliser



Autres 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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Pour la Voie Lactée : 

matière noire 

total



Autres indications en faveur de la matière noire : 
les dispersions de vitesse des galaxies  

NASA/SSU/Aurore Simonnet Fritz Zwicky (1933)



Autres indications en faveur de la matière noire : 
les courants d’étoiles autour de la Voie Lactée 

Malhan & Ibata (2019)



Autres indications en faveur de la matière noire : 
les lentilles gravitationnelles 

ALMA (ESO/NRAO/NAOJ), L. Calçada (ESO), Y. Hezaveh et al.



Autres indications en faveur de la matière noire : 
les lentilles gravitationnelles 

lien video: https://esahubble.org/videos/hubblecast70c/

https://esahubble.org/videos/hubblecast70c/


L

Autres indications en faveur de la matière noire : 
les lentilles gravitationnelles 

NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)

Un	amas	de	galaxie	(Cl	0024+17) La	matière	noire	nécessaire



Autres indications en faveur de la matière noire : 
les lentilles gravitationnelles 

NASA/ESA
Hubble Space Telescope



Autres 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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Quelle	est	la	nature	de	la	matière	noire	?



La nature de la matière noire :
des objets compacts massifs ? 

Massive astrophysical compact halo objects (MACHOS): trous noirs, étoiles à neutrons, 
naines brunes, planètes errantes

Des millions d’étoiles ont été observées dans l’espoir de voir l’effet de micro-lentille 
gravitationnelle des MACHOS du halo de la Voie Lactée, sans succès…  

Ils ne pourraient constituer plus de 10% de la masse du halo de la Voie Lactée (EROS), mais 
des experiences sont toujours en cours (SuperMACHO, POINT-AGAPE, MEGA, WeCapp)… 



La nature de la matière noire :
des trous noirs de taille stellaire ? 

NASA/ESA and G. Bacon (STScI)



La nature de la matière noire :

Planck Space Telescope

des nuages de gaz froid ? 

Gaz moléculaire (monoxyde de carbone CO)



La nature de la matière noire :
des neutrinos ? 

13 novembre 1970 : première 
détection d’un neutrino dans une 
chambre à bulle d’hydrogène

un neutrino invisible entre 
en collision avec le proton

proton

neutrino transformé en méson µ  

méson π

Mais la masse des neutrinos est insuffisante et 
empêcherait la formation des structures de l’Univers…  



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.

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


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



La nature de la matière noire :
les WIMPS ? 

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

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


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)



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

http://background.uchicago.edu/~whu/metaanim.html
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Le	modèle	cosmologique



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

temps
ta

ill
e 

de
 l’

U
ni

ve
rs

 (a
) expansion accélérée 

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 



Un univers en expansion 

distance
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(1	parsec	=	3.09	1016	m)

Hubble (1929)



Un univers en expansion accélérée !

distance

Riess et al. (1998)

décalage vers le rouge (vitesse) 

Le décalage vers le 
rouge de ces points 
distants est plus petit 
qu’attendu vu les points 
les plus proches…

Leur vitesse est donc 
plus petite qu’attendu.

L’ e x p a n s i o n s ’ e s t 
accélérée depuis. 
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FIG. 4.ÈMLCS SNe Ia Hubble diagram. The upper panel shows the
Hubble diagram for the low-redshift and high-redshift SNe Ia samples with
distances measured from the MLCS method (Riess et al. 1995, 1996a ;
Appendix of this paper). Overplotted are three cosmologies : ““ low ÏÏ and
““ high ÏÏ with and the best Ðt for a Ñat cosmology,)
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The product in front is a constant, so combining with
the PDF for the cosmological parametersequation (6)

yields the standard expression (Lupton 1993)
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Table 9. Values of �coh used in the cosmological fits.

Sample �coh

low-z 0.134
SDSS-II 0.108
SNLS 0.080
HST 0.100

Notes. Those values correspond to the weighted mean per survey of the
values shown in Fig. 7, except for HST sample for which we use the
average value of all samples. They do not depend on a specific choice
of cosmological model (see the discussion in Sect. 5.5).

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density⌦m.
However, SNe alone can only measure ratios of distances, which
are independent of the value of the Hubble constant today (H0 =
100 h km s�1 Mpc�1). In this section we discuss ⇤CDM param-
eter constraints from SNe Ia alone. We also detail the relative in-
fluence of each incremental change relative to the C11 analysis.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10 pc) computed for a fixed
fiducial value13 of H0 = 70 km s�1 Mpc�1, assuming an unper-
turbed Friedmann-Lematre-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The

13 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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H0 = 70 km s�1 Mpc�1 is shown as the black line. Bottom: residu-
als from the best-fit ⇤CDM cosmology as a function of redshift. The
weighted average of the residuals in logarithmic redshift bins of width
�z/z ⇠ 0.24 are shown as black dots.
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Fig. 9. 68% and 95% confidence contours for the ⇤CDM fit parame-
ters. Filled gray contours result from the fit of the full JLA sample; red
dashed contours from the fit of a subsample excluding SDSS-II data
(lowz+SNLS).

free parameters in the fit are ⌦m and the four nuisance param-
eters ↵, �, M1

B and �M from Eq. (4). The Hubble diagram for
the JLA sample and the ⇤CDM fit are shown in Fig. 8. We find
a best fit value for ⌦m of 0.295 ± 0.034. The fit parameters are
given in the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data
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