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Trous noirs  
primordiaux

Sous-structures  
de matière noire

Substructure and Tidal Streams in the Andromeda Galaxy and its Satellites 9

Fig. 2: The PAndAS map of metal-rich RGB stars in the inner halo of M31, upon
which a typical textbook image of M31 is superposed. The map is constructed from
stars with i0 ≤ 23.5, having −1 ≤ [Fe/H] ≤ 0. The large white ellipse has a semi-
major axis of 27 kpc and delineates the full extent of the bright disk; the dashed
blue circle has a radius of 50 kpc. Prominent inner halo substructure is outlined and
labelled, as are the dwarf satellites M32 and NGC 205.

5.1 The Giant Stellar Stream

Over the last decade, the GSS has been the subject of intense study. On the observa-
tional side, efforts have concentrated on deriving quantities (e.g. distance, velocity)
that can be used to model the orbit of the progenitor and on stellar populations con-
straints that can be used to establish its nature. On the theoretical side, work has
focused on reconstructing the orbital history of the progenitor and using this knowl-
edge to measure the halo mass of M31.
Line-of-sight distances to the stream are one of the key inputs for GSS orbit

models. McConnachie et al. (2003) used measurements of the TRGB in a series of
CFHT12K pointings to show that the GSS lies∼> 100 kpc behindM31 at a projected
radial distance of 60 kpc and moves progressively closer to galaxy at smaller radii,
with their distances being indistinguishable (within the uncertainties) at ≤ 10 kpc.
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Simulations numériques

Code N-corps 
sans collisions +

Carte 
Graphique

Gravitational

Oct-

Tree code accelerated by

Hierarchical time step

Controlling

Miki et al. (2017)

=

• Simulations N-corps avec GPUs de dernière génération

Réduire considérablement le temps de calcul

Simuler à très haute résolution  
(100 Millions de particules)
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NGC 6397
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• Absence de bras de marées 
dans NGC 6397

NGC 6397

Boldrini & Vitral (2021)

Travaux récents
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• Absence de bras de marées 
dans NGC 6397

• Galaxies naines comme progéniteurs 
des amas globulaires

NGC 6397

Boldrini & Vitral (2021) Boldrini (2020)

Travaux récents
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Projet de recherche

Les amas globulaires se sont-ils formés  
dans des halos de matière noire?
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Projet de recherche

Les amas globulaires se sont-ils formés  
dans des halos de matière noire?

Décembre 2019

Janvier 2020

• Communiqués de presse de l’INSU du CNRS

R. Ibata

P. Boldrini
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Formation des amas globulaires: 2 scénarios

• Nuages de gaz gravitationnellement liés après la recombinaison 
et se sont formés dans leur galaxie hôte actuelle

• Formés dans des halos de matière noire qui sont accrétés 
plus tard par leur galaxie hôte actuelle

L’origine des amas globulaires
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Formation des amas globulaires: 2 scénarios

• Nuages de gaz gravitationnellement liés dans l’Univers précoce 
et se sont formés dans leur galaxie hôte actuelle

• Formés dans des halos de matière noire qui sont accrétés 
plus tard par leur galaxie hôte actuelle

• Pas détectée

La matière noire dans les amas:

• Rapport (matière noire / étoiles) < 1

L’origine des amas globulaires
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Formation des amas globulaires: 2 scénarios

• Nuages de gaz gravitationnellement liés dans l’Univers précoce 
et se sont formés dans leur galaxie hôte actuelle

• Formés dans des halos de matière noire qui sont accrétés 
plus tard par leur galaxie hôte actuelle

L'absence de preuve n'est pas une preuve d'absence

• Pas détectée

La matière noire dans les amas:

L’origine des amas globulaires

• Rapport (matière noire / étoiles) < 1
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Les amas globulaires baignant dans la matière noire

T = 0 Gyr T = 4 Gyr
5 kpc

• Une grande fraction de leur matière noire est perdue 
au cours de leur décroissance orbitale
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Signatures observationnelles de la matière noire 
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• Absence de bras de marées stellaires 
Mashchenko & Sills (2005);  Odenkirchen et al.  (2003)

Odenkirchen et al.  (2002)

4°

Signatures observationnelles de la matière noire 
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Signatures observationnelles de la matière noire 

• Absence de bras de marées stellaires 

• Distribution sphérique des étoiles 
dans la région centrale de l’amas 

Mashchenko & Sills (2005);  Odenkirchen et al.  (2003)

Mashchenko & Sills (2005)

Odenkirchen et al.  (2002)

4°
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Signatures de la matière noire 

• Absence de bras de marées stellaires 

• Inflation de la dispersion de vitesses 
dans les régions extérieures de l’amas

• Distribution sphérique des étoiles 
dans la région centrale de l’amas 

The rotation of Galactic GCs 11

Figure 4. Best fit model of NGC 104 (the entire set of models for the 15 GCs with positive detection of rotation is available in the online
version of the paper). Top-left panel: projected density profile, Black points represent the profile of Trager, King, & Djorgovski (1995).
Bottom-left panel: rotation (solid line) and velocity dispersion (dashed line) profiles. Filled and open dots represent the corresponding
observed profiles. The location of the half-mass and tidal radii are marked by arrows. Right panels: distributions of velocities in the
three components as a function of the distance along (∆Y ) and from (∆X) the rotation axis. Red shaded area indicate the 1, 2 and 3σ
intervals. Grey points mark observational data. For clarity, only velocities with errors smaller than 5 km/s are plotted.

∆X = −R sin(θ − θ0)

∆Y = R cos(θ − θ0)

From Fig. 4 and 5 it is apparent that while the con-

sidered models provide a good fit to the density and rota-
tional/dispersion velocity profiles in most GCs of our sam-
ple, significant discrepancies are noticeable for a few clusters
(e.g. NGC 6656 and Ter 5). Note however that in these GCs
the mismatch between models and data is confined to the
outer bins containing only a few stars. Instead, the model
parameters are fitted using individual velocities so that the

MNRAS 000, 1–19 (2018)

Vitral & Mamon: Does NGC 6397 contain an IMBH or a more di↵use inner subcluster?
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Fig. 6. Radial profiles of mean plane of sky velocity (top) and velocity
dispersion (bottom) of NGC 6397 from cleaned Gaia DR2. The POS
motions are split between radial (POSr, blue triangles) and tangential
(POSt, red circles) components. The dashed green vertical line displays
the 80 limit for use in MAMPOSSt-PM.

5.2.2. Maximum projected radius

NGC 6397 likely su↵ers from tidal heating every time it passes
through the Milky Way’s disk, in particular during its last pas-
sage less than 4 Myr ago (Sect. 2.2). The tidal forces felt by
GC stars during passages through the disk will produce velocity
impulses that are e↵ective in perturbing the least bound orbits,
which typically are those of the stars in the outer envelope of the
GC. The Gaia data can trace the e↵ects of such tidal disturbances
on the GC kinematics.

We searched for anomalous kinematics in NGC 6397 using
Gaia DR2 out to a maximum projected radius of 1 degree with
respect to NGC 6397’s center. The top panel of Figure 6 indi-
cates that the mean POS velocities in the radial and tangential
directions di↵er beyond 80.7 We also checked the concordance
of the radial and tangential components of the radial profiles of
POS velocity dispersion (or equivalently PM dispersion). The
bottom panel of Figure 6 shows excellent agreement between the
two components of the velocity dispersion from 20 to 200, sug-
gesting that the velocity ellipsoid is nearly isotropic in this range
of projected radii. We conservatively adopted a maximum pro-
jected radius of 80 as set by the divergence of the mean velocity
profiles beyond that radius.

5.2.3. Gaia proper motion filtering and the bulk proper motion
of NGC 6397

As for HST, we filtered Gaia stars in PM space to later filter
them in CMD space. Since Gaia data extends to much greater
projected radii from the GC center, thus to lower GC surface
densities, the GC stands out less prominently from the field stars
(FS) in PM space. We therefore first estimated the bulk PM of
the GC and we assigned a first-order probability of membership
using a GC+FS mixture model.

7 Drukier et al. (1998) had noticed a similar e↵ect in the M15 GC.

We were tempted to assign two-dimensional (2D) Gaussian
distributions for both GC stars and interlopers. However, the FS
PM distribution has wider tails than a Gaussian. This means that
stars on the other side of the GC, relative to the center of the
field star component (i.e., its bulk motion) in PM space are more
likely to be field stars than assumed by the Gaussian model. We
found that the PM-modulus “surface density” profile (the veloc-
ity analog of the surface density profile) is well fit by a Pearson
type VII distribution (Pearson 1916), as explained in detail in
Appendix B.1. This distribution relies on two free parameters, a
scale radius a and an outer slope �, and can be written as:

fµ(µ) = � � + 2
2 ⇡ a2

"
1 +

✓µ
a

◆2
#�/2
, (18)

where µ = (µ↵,⇤, µ�) and

µi =

q
(µ↵,⇤i � µ↵,⇤i)2 + (µ�,i � µ�,i)2 , (19)

where the su�x i stands for the component analyzed, which in
the case of Eq. (18) is the interlopers (i.e., field stars, hereafter
FS). The reader can verify that, indeed,

R
fµ(µ) dµ = 1, with

dµ = 2 ⇡ µ dµ.
With the respective Gaussian and Pearson VII distributions

of PMs of GC stars and FS, we performed a joint fit to the two-
dimensional distribution of PMs, which provided us with a pre-
cise bulk PM of the GC. For this, we considered the convolved
expressions of the PM distributions of both GC and interlopers
with the errors provided by the Gaia archive (✏µ↵,⇤ , ✏µ� and ⇢µ↵,⇤µ� ).
When passing onto polar coordinates, the uncertainty propaga-
tion of Eq. (19) produces

✏2µ,i =

 
µ↵,⇤i � µ↵,⇤i
µi

!2

✏2µ↵,⇤i +

 
µ�,i � µ�,i
µi

!2

✏2µ�,i

+ 2
�
µ↵,⇤i � µ↵,⇤i

� �
µ�,i � µ�,i

�

µ2
i

✏µ↵,⇤µ�,i , (20)

where ✏µ↵,⇤µ� = ✏µ↵,⇤ ✏µ� ⇢µ↵,⇤µ� . The convolution with Gaussian er-
rors was straightforward in the case of GC stars since their PM
distribution was also modeled as a Gaussian, and thus we just
added the errors to the dispersions in quadrature:

�2
GC,new = �

2
GC + ✏

2
µ,GC . (21)

However, the convolution of the field star distribution with
Gaussian errors cannot be reduced to an analytic function; nu-
merical evaluation of the convolution integrals for each star
would dramatically increase the calculation time. We therefore
used the analytical approximation for the ratio of convolved to
raw probability distribution functions of PM moduli, (which is
also incorporated in MAMPOSSt-PM), as briefly described in
Sect. B.2 (details are given in Mamon & Vitral in prep.). This al-
lowed us to perform our mixture model fit to the PM data, using
Markov Chain Monte Carlo (MCMC)8 to estimate bulk motions
of both the GC and the field stars and assign probabilities of GC
membership for each star.

Table 2 displays our estimates of µ↵,⇤ and µ�, which show
a good agreement with the literature values for the GCs mean
PMs. In the same table, we display the overall average of the lit-
erature plus our estimates, with its respective uncertainty ✏, cal-
culated as ✏2 = h✏ii2 + �2, where ✏i stands for the uncertainties
8 For all MCMC analyses except the one in MAMPOSSt-PM, we used
the Python package emcee, (Foreman-Mackey et al. 2013).

Article number, page 9 of 27

Vitral & Mamon (2021)

NGC 6397

NGC 104

Sollima et al. (2019)

Mashchenko & Sills (2005);  Odenkirchen et al.  (2003)

Mashchenko & Sills (2005)

Peñarrubia et al. (2017)

Odenkirchen et al.  (2002)
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150 amas globulaires

La mission Gaia: opérationnelle
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150 amas globulaires

La mission Gaia: opérationnelle

GAIA DATA RELEASE 3  
Printemps 2022

• Amélioration significative de l’astrométrie et la photométrie

• Plus grand nombre d’étoiles par amas (inclusion étoiles binaires et multiples)

• Plus grand nombre de vitesses radiales des étoiles
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La détection de la signature de matière noire avec Gaia
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La détection de la signature de matière noire avec Gaia
• 1. Prédictions théoriques

L34 J. Peñarrubia et al.

Figure 2. Density profile of centrally ejected stars in the cluster potential. Symbols denote test-particle models with different DM halo masses. Black-dashed
lines show the density and velocity dispersion profiles given by equations (6) and (7), respectively. Upper panels indicate that ρ ∼ r−4 at r # a = 2 pc
independently of the shape of the velocity distribution (α). Note that the presence of a DM halo inflates the velocity dispersion profile at large distances.

Direct measurement of 6D phase-space coordinates is currently
unfeasible in the majority of clusters owing to their large heliocen-
tric distances. To investigate whether the projected spatial and kine-
matical distributions contain information on the amount of DM in
GCs, we plot in the upper panel of Fig. 3 the line-of-sight velocity
dispersion σ 2

p (R) = 2$−1(R)
∫ ∞

R
drρ(r)σ 2

r (r)
√

1 − R2/r2. Here,
$(R) = 2

∫ ∞
R

drrρ(r)/
√

r2 − R2 is the surface density, while
σ t = 0 by construction. For the sake of clarity we show models
with α = 1, noting that our conclusions do not depend on this par-
ticular choice. Note also that the outer dispersion profile of centrally
ejected stars in models devoid of DM (red symbols) is very similar
to the velocity dispersion of a self-gravitating, isotropic Plummer
sphere (blue-solid line). At small distances, the shape of σ p(R) de-
pends on the parameter α. In general, we find that centrally ejected
stars tend to be colder than the self-gravitating stellar component.

The presence of an extended DM halo yields two clear-cut ob-
servational signatures. First, at large radii the velocity dispersion
flattens out, or rises slightly, instead of decaying as σ p ∼ R−1/2,
as observed in models with no DM. For example at R = 100 pc,
we find that the velocity dispersion increases from σ p(100 pc) &
0.16 km s−1 in clusters with MDM = 0, up to 0.46 and 1.14 km s−1

for models with DM halo masses MDM = 105 and 106 M', respec-
tively.

A second tell-tale of a DM halo envelope can be found
in a relatively shallow power-law index of the outer profile,
γ = &ln $/&ln R, shown in the lower panel of Fig. 3. Recall
that at very large radii the density profile of centrally ejected stars
scales as ρ ∼ r−4, hence we expect $ ∼ R−3 at R # rc. Indeed,
we find that models with no DM (red symbols) have γ & −3 at R
! 10 pc. In contrast, models with DM haloes exhibit considerably
shallower slopes. For example at R = 100 pc, the slope of cluster
models with MDM/M' = 10 and 100 is γ (100 pc) & −2.6 and −2.3,
respectively.

Figure 3. Upper panel: Projected velocity dispersion profiles of stars
ejected from the centre of cluster models with α = 1 for different DM
halo masses. For ease of reference, we plot the dispersion of an isotropic
Plummer sphere with M' = 104 M' and scale radius a = 2 pc (blue-solid
line). Dashed solid lines show the velocities derived from the distribution
function (5). Note that the velocity dispersion of centrally ejected stars fol-
low a Keplerian decay at σ p(R) ∼ R−1/2 at R # a. In contrast, the presence of
a DM envelope systematically inflates the outer velocity dispersion profile.
Lower panel: power-law index of the surface density profile as a function of
projected radius. Adding a DM component leads to outer profiles that are
systematically shallower than in models with no DM.

MNRASL 471, L31–L35 (2017)
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niversité user on 22 M

arch 2021

log10 R/kpc

Peñarrubia et al. (2017)

0 1 2



27

La détection de la signature de matière noire avec Gaia

GAIA DATA RELEASE 3  
Printemps 2022

• 2. Observations

• 1. Prédictions théoriques

L34 J. Peñarrubia et al.

Figure 2. Density profile of centrally ejected stars in the cluster potential. Symbols denote test-particle models with different DM halo masses. Black-dashed
lines show the density and velocity dispersion profiles given by equations (6) and (7), respectively. Upper panels indicate that ρ ∼ r−4 at r # a = 2 pc
independently of the shape of the velocity distribution (α). Note that the presence of a DM halo inflates the velocity dispersion profile at large distances.

Direct measurement of 6D phase-space coordinates is currently
unfeasible in the majority of clusters owing to their large heliocen-
tric distances. To investigate whether the projected spatial and kine-
matical distributions contain information on the amount of DM in
GCs, we plot in the upper panel of Fig. 3 the line-of-sight velocity
dispersion σ 2

p (R) = 2$−1(R)
∫ ∞

R
drρ(r)σ 2

r (r)
√

1 − R2/r2. Here,
$(R) = 2

∫ ∞
R

drrρ(r)/
√

r2 − R2 is the surface density, while
σ t = 0 by construction. For the sake of clarity we show models
with α = 1, noting that our conclusions do not depend on this par-
ticular choice. Note also that the outer dispersion profile of centrally
ejected stars in models devoid of DM (red symbols) is very similar
to the velocity dispersion of a self-gravitating, isotropic Plummer
sphere (blue-solid line). At small distances, the shape of σ p(R) de-
pends on the parameter α. In general, we find that centrally ejected
stars tend to be colder than the self-gravitating stellar component.

The presence of an extended DM halo yields two clear-cut ob-
servational signatures. First, at large radii the velocity dispersion
flattens out, or rises slightly, instead of decaying as σ p ∼ R−1/2,
as observed in models with no DM. For example at R = 100 pc,
we find that the velocity dispersion increases from σ p(100 pc) &
0.16 km s−1 in clusters with MDM = 0, up to 0.46 and 1.14 km s−1

for models with DM halo masses MDM = 105 and 106 M', respec-
tively.

A second tell-tale of a DM halo envelope can be found
in a relatively shallow power-law index of the outer profile,
γ = &ln $/&ln R, shown in the lower panel of Fig. 3. Recall
that at very large radii the density profile of centrally ejected stars
scales as ρ ∼ r−4, hence we expect $ ∼ R−3 at R # rc. Indeed,
we find that models with no DM (red symbols) have γ & −3 at R
! 10 pc. In contrast, models with DM haloes exhibit considerably
shallower slopes. For example at R = 100 pc, the slope of cluster
models with MDM/M' = 10 and 100 is γ (100 pc) & −2.6 and −2.3,
respectively.

Figure 3. Upper panel: Projected velocity dispersion profiles of stars
ejected from the centre of cluster models with α = 1 for different DM
halo masses. For ease of reference, we plot the dispersion of an isotropic
Plummer sphere with M' = 104 M' and scale radius a = 2 pc (blue-solid
line). Dashed solid lines show the velocities derived from the distribution
function (5). Note that the velocity dispersion of centrally ejected stars fol-
low a Keplerian decay at σ p(R) ∼ R−1/2 at R # a. In contrast, the presence of
a DM envelope systematically inflates the outer velocity dispersion profile.
Lower panel: power-law index of the surface density profile as a function of
projected radius. Adding a DM component leads to outer profiles that are
systematically shallower than in models with no DM.
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La détection de la signature de matière noire avec Gaia

GAIA DATA RELEASE 3  
Printemps 2022
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• 2. Observations

• 1. Prédictions théoriques

L34 J. Peñarrubia et al.

Figure 2. Density profile of centrally ejected stars in the cluster potential. Symbols denote test-particle models with different DM halo masses. Black-dashed
lines show the density and velocity dispersion profiles given by equations (6) and (7), respectively. Upper panels indicate that ρ ∼ r−4 at r # a = 2 pc
independently of the shape of the velocity distribution (α). Note that the presence of a DM halo inflates the velocity dispersion profile at large distances.

Direct measurement of 6D phase-space coordinates is currently
unfeasible in the majority of clusters owing to their large heliocen-
tric distances. To investigate whether the projected spatial and kine-
matical distributions contain information on the amount of DM in
GCs, we plot in the upper panel of Fig. 3 the line-of-sight velocity
dispersion σ 2

p (R) = 2$−1(R)
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R
drρ(r)σ 2

r (r)
√

1 − R2/r2. Here,
$(R) = 2

∫ ∞
R

drrρ(r)/
√

r2 − R2 is the surface density, while
σ t = 0 by construction. For the sake of clarity we show models
with α = 1, noting that our conclusions do not depend on this par-
ticular choice. Note also that the outer dispersion profile of centrally
ejected stars in models devoid of DM (red symbols) is very similar
to the velocity dispersion of a self-gravitating, isotropic Plummer
sphere (blue-solid line). At small distances, the shape of σ p(R) de-
pends on the parameter α. In general, we find that centrally ejected
stars tend to be colder than the self-gravitating stellar component.

The presence of an extended DM halo yields two clear-cut ob-
servational signatures. First, at large radii the velocity dispersion
flattens out, or rises slightly, instead of decaying as σ p ∼ R−1/2,
as observed in models with no DM. For example at R = 100 pc,
we find that the velocity dispersion increases from σ p(100 pc) &
0.16 km s−1 in clusters with MDM = 0, up to 0.46 and 1.14 km s−1

for models with DM halo masses MDM = 105 and 106 M', respec-
tively.

A second tell-tale of a DM halo envelope can be found
in a relatively shallow power-law index of the outer profile,
γ = &ln $/&ln R, shown in the lower panel of Fig. 3. Recall
that at very large radii the density profile of centrally ejected stars
scales as ρ ∼ r−4, hence we expect $ ∼ R−3 at R # rc. Indeed,
we find that models with no DM (red symbols) have γ & −3 at R
! 10 pc. In contrast, models with DM haloes exhibit considerably
shallower slopes. For example at R = 100 pc, the slope of cluster
models with MDM/M' = 10 and 100 is γ (100 pc) & −2.6 and −2.3,
respectively.

Figure 3. Upper panel: Projected velocity dispersion profiles of stars
ejected from the centre of cluster models with α = 1 for different DM
halo masses. For ease of reference, we plot the dispersion of an isotropic
Plummer sphere with M' = 104 M' and scale radius a = 2 pc (blue-solid
line). Dashed solid lines show the velocities derived from the distribution
function (5). Note that the velocity dispersion of centrally ejected stars fol-
low a Keplerian decay at σ p(R) ∼ R−1/2 at R # a. In contrast, the presence of
a DM envelope systematically inflates the outer velocity dispersion profile.
Lower panel: power-law index of the surface density profile as a function of
projected radius. Adding a DM component leads to outer profiles that are
systematically shallower than in models with no DM.
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• 3. Simulations N-corps avec GPUs de dernière génération
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Conséquences cosmologiques

JWST



35

JWST

GALAXIES NAINES• Formation et évolution des 
sous-halos de matière noire
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JWST
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JWST

GALAXIES NAINES

GALAXIES A HAUT REDSHIFT

• Formation et évolution des 
sous-halos de matière noire

• Fossiles de l’univers primordial

• Problème d’abondances de 
galaxies naines dans le modèle 
matière noire froide

AMAS GLOBULAIRES 

Conséquences cosmologiques
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JWST

Conclusion

Merci de votre attention

• Objectif: Détecter la matière noire dans les amas globulaires de la Voie Lactée

• Retour scientifique: Première détection de la matière noire dans les amas 
par un groupe de recherche français avec des conséquences majeures en 
cosmologie 

• Méthode: Allier les données de mission européenne Gaia, les prédictions 
théoriques et des simulations numériques inégalées
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Les amas globulaires baignant dans la matière noire

T = 0 Gyr T = 4 Gyr
5 kpc

• Perdu une large fraction de leur matière noire au cours du temps

• Pas nécessairement un mécanisme de formation unique

• désintégration de la matière noire

Mécanismes pour éjecter la matière noire

• Processus de feedback

• Effets de marées



• Inflation de la dispersion de vitesses 
dans les régions extérieures de l’amas

NGC 3201

Bianchini et al. (2019)

Signatures de la matière noire 


