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Key challenges for the MW formation in CDM

•Survival of the MW disk: the 
CDM theory predicts 95% of MW-type halos 
have experienced mergers of 5*1010 M☉in 
the last 10Gyr, 70% have merger of object 
>1011M☉  

•Missing satellite problem: 
CDM predicts hundreds sats, but less 
than 50 sats are observed 
•Great plane of the Satellites: 

satellites are not randomly 
distributed, but in a thin plane 

•Too-big-to-Fail: CDM predicts 
sats which are too compact than 
observed

For review of MW satellite problem

Bullock & Boylan-Kolchin 
2017, ARA&A



Too-big-to-Fail problem

Observed sats have circular 
velocity lower than the (massive) 
subhalos from simulation 
(massive subhalos fail to form 
stars ? this violates TBTF) 

  

Too big to fail?  -- a central density problem

Boylan-Kolchin et al 2012

The estimated mass densities within r1/2 for the 9 brightest MW dSph's

(excluding Sag.) are lower than those predicted for the most massive 

subhalos in a DM-only simulation of a ΛCDM halo with  Mvir  = 1012M
⊙

 

How to connect the observed sats with  
subhalos from Simulation?



TBTF also exists for M31 and field dwarf galaxies

Tollerud + 2014

M31 satellites Field dwarfs



solutions for the TBTF problem 
!
• nature or nurture?  
• baryonic process (feedback), environmental (tides) 
• alternative dark matter (WDM, Self-interacting DM…)



Another view of the Velocity distribution of MW satellites

Jiang & vd Bosch 2015

A big gap in Vmax between SMC 
and Sagittarius 
!
!
IF TBTF is nature, What’s the 
chance of such a velocity gap in 
MW size galaxy in CDM? 
— Jiang & vd Bosch 2015 for 
theoretical study of MW-type halo  
 —Observational Sample size of 
MW scale is limited



Milky Way Satellite-III:  Too-big-to-Fail problem

Alternatively, we use galaxy group catalog from SDSS to see 
the gap in stellar mass (trying to find MW analogs…)

group id 22265�obviously, the central is a spiral, 
0.81Mpc->44arcmin,z=0.0302

MW analog:  
Δ12 >1, central 
galaxy is a spiral

two satellites 
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Figure 1. The distribution of the gap in stellar mass between the first and second massive satellite galaxies in the group. The left panels are the gap as a
function as the halo mass, and the right for the distribution of the gap ∆12 and the gap in ∆01. The upper panels are results from the group catalogue (Yang
et al. 2012) of the SDSS DR7, and lower panels are from the model. Inserted panel in the lower left is the cumulative fraction of groups as a function of∆12.
The model predictions are very similar with the data.

3 RESULTS

In this part we present the gap distribution in the data and in the
simulation, and check if the model galaxies reproduce the gap dis-
tribution seen in the group catalogue from the SDSS. Only in the
case the model is able to describe the gap distribution or gap-halo
properties correlation, we are able to use the simulated galaxies to
investigate the origin of the ’big gap’ groups.

Fig.1 shows the scatter between ∆12 and the halo proper-
ties. The upper panels are from the group catalogue of Yang et al.
(2012), and the lower panels are results from our semi-analytical
model. The left panel show the distribution between ∆12 and the
virial mass of the group. It is seen that the distribution from the
data and the model is very similar: the gap distribution is depen-
dent on group mass. In massive groups the gap is much narrow and
lower, that the difference in stellar mass of the first, second massive
satellite galaxies is smaller. In low-mass groups, the distribution of
∆12 is wider, with a tail up to 1.5. The vertical dashed line in the
upper left panel show the gap in the MW, and the groups to the
right of the line are called as ’big gap’ groups. As the distribution
of ∆12 is a function of halo mass, we select a narrow mass bin
with logMvir = [13, 13.5]M⊙ , and plot the cumulative distribu-
tion of ∆12 in these haloes in the inserted panel in the left lower
panel, where the solid line is for the SDSS data and dotted line is

our model. It is seen that the distribution is very similar. There are
1% ’big gap’ groups in the data (solid line with Poisson error bar)
and 2% in the model.

The right panels further test if the gap distribution is simi-
lar in the data and the model by showing the scatter between ∆12

and ∆01, where ∆01 is the gap in stellar mass between the cen-
tral galaxy and the most massive satellite. Usually ∆01 > 1.0 is
an indication of a fossil group (Ponman et al. 1994) and a fossil
group is believed to has formed early and being relaxed for a longer
time, so most massive satellite galaxies have merged with the cen-
tral galaxy (e.g., Jone et al. 2003; D’Onghia et al. 2005; von Benda-
Beckmann et al. 2008; Kundert et al. 2015). Firstly seen is that the
scatter distribution between the data and the model is again very
similar, indicating the model well reproduce the properties of ob-
served galaxies. It is also seen that in either fossil groups (∆01 > 1)
or ’big gap’ groups (∆12 > 1), the distributions of ∆01 and ∆12

are not strongly correlated, indicating that the formation of fossil
groups and ’big gap’ groups are not related. The formation of a
fossil group is not due to the selective mergers of satellite galaxies,
ie, those satellite with mass between the first and second massive
satellites.

The above comparison shows that our model is able to repro-
duce the distribution of the gap seen in the data, and now we use the
model galaxies to investigate the origin of the ’big gap’ groups in
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Figure 1. The distribution of the gap in stellar mass between the first and second massive satellite galaxies in the group. The left-hand panels are the gap as
a function of the halo mass, and the right for the distribution of the gap !12 and the gap in !01. The upper panels are results from the group catalogue (Yang
et al. 2012) of the SDSS DR7, and lower panels are from the model. Inserted panel in the lower left is the cumulative fraction of groups as a function of !12.
The model predictions are very similar with the data.

3 R ESULTS

In this section, we present the gap distribution in the data and in
the simulation, and check if the model galaxies reproduce the gap
distribution seen in the group catalogue from the SDSS. Only in the
case, the model is able to describe the gap distribution or gap-halo
properties correlation, and we are able to use the simulated galaxies
to investigate the origin of the ‘big gap’ groups.

Fig. 1 shows the scatter between !12 and the halo properties. The
upper panels are from the group catalogue of Yang et al. (2012), and
the lower panels are results from our semi-analytical model. The
left-hand panels show the distribution between !12 and the virial
mass of the group. It is seen that the distributions from the data
and the model are very similar: the gap distribution is dependent on
group mass. In massive groups, the gap is much narrow and lower
that the difference in stellar mass of the first and second massive
satellite galaxies is smaller. In low-mass groups, the distribution of
!12 is wider, with a tail up to 1.5. The vertical dashed line in the
upper-left panel shows the gap in the MW, and the groups to the
right of the line are called as ‘big gap’ groups. As the distribution
of !12 is a function of halo mass, we select a narrow mass bin with
log Mvir = [13, 13.5] M⊙, and plot the cumulative distribution of
!12 in these haloes in the inserted panel in the lower-left panel,
where the solid line is for the SDSS data and dotted line is our
model. It is seen that the distribution is very similar. There are

1 per cent ‘big gap’ groups in the data (solid line with Poisson error
bar) and 2 per cent in the model.

The right-hand panels further test if the gap distribution is similar
in the data and the model by showing the scatter between !12 and
!01, where !01 is the gap in stellar mass between the central galaxy
and the most massive satellite. Usually !01 > 1.0 is an indication
of a fossil group (Ponman et al. 1994) and a fossil group is believed
to have formed early and being relaxed for a longer time, so most
massive satellite galaxies have merged with the central galaxy (e.g.
Jones et al. 2003; D’Onghia et al. 2005; von Benda-Beckmann et al.
2008; Kundert et al. 2015). First we see that the scatter distribution
between the data and the model is again very similar, indicating
that the model well reproduces the properties of observed galaxies.
It is also seen that in either fossil groups (!01 > 1) or ‘big gap’
groups (!12 > 1), the distributions of !01 and !12 are not strongly
correlated, indicating that the formation of fossil groups and that
of ‘big gap’ groups are not related. The formation of a fossil group
is not due to the selective mergers of satellite galaxies, i.e. those
satellite with mass between the first and second massive satellites.

The above comparison shows that our model is able to reproduce
the distribution of the gap seen in the data, and now we use the
model galaxies to investigate the origin of the ‘big gap’ groups in
our simulation. As to the TBTF problem in the MW, one possible
solution is that most massive subhaloes are dark due to their stochas-
tic star formation efficiency (e.g. Guo et al. 2015). Here we check if

MNRAS 460, 2152–2156 (2016)

SDSS group SAM prediction
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Figure 2. The relation between the stellar mass and accretion halo mass.
Black dots are for all galaxies and red squares are for galaxies in the ‘big
gap’ groups (stellar mass differs by a factor of 10 between the most and
second massive satellites). The distribution of galaxies in ‘big gap’ groups
is indistinguishable with galaxies in other normal groups.

the ‘big gap’ groups in our model are from the stochasticity in star
formation. In Fig. 2, we show the stellar mass versus the accretion
halo mass, Macc, for galaxies in all groups (black dots) and in ‘big
gap’ groups (red squares). For satellite galaxies, the accretion halo
mass is the dark matter halo mass at the time of accretion, and it is
the current halo mass for central galaxy. It is seen that there is a good
correlation between halo mass and stellar mass. The galaxies in ‘big
gap’ groups have a similar distribution as other galaxies. Thus, we
conclude that these ‘big gap’ groups are not from the stochasticity
of star formation in their satellites.

In Fig. 3, we show the distribution of the accretion halo mass
for satellite galaxies in groups with virial mass log Mvir = [13,
13.5] M⊙. The red lines are for the ‘big gap’ groups, and black
lines are for other groups. The left-hand panel shows the distribution
of the accretion halo mass (normalized by the group virial mass)
of the most massive satellite galaxies (solid lines) and the second
massive satellites (dashed lines). It is found that in normal groups
the accretion masses between the first and second massive satellites
are closer, while the peak masses differ by about 0.4 dex. But for
the ‘big gap’ groups, the second massive satellites have a peak
accretion mass at about 1 per cent of the group virial mass. The
difference between the first and second massive is about 1.5 dex.

Note that the peak accretion mass of the first massive satellites in
‘big gap’ groups is slightly higher than that in the normal groups.
The right-hand panel of Fig. 3 shows the halo mass function of
accreted satellite galaxies per group. The black solid line shows
that in normal groups, the number of accreted low-mass haloes
increases with decreasing mass, consistent with the expectation
from the CDM model. However, in the ‘big gap’ groups, there is a
dip at around Macc/Mvir ∼ 0.1 (seen in the left-hand panel), which
happens to be between the first and second massive satellites. The
lack of accreted haloes with Macc/Mvir ∼ 0.1 well explains why
there is a big gap in the stellar mass of satellites in the ‘big gap’
groups.

4 C O N C L U S I O N A N D D I S C U S S I O N

Using the group catalogue from the SDSS DR7 and the galaxies
from a semi-analytical model, we study the gap in stellar mass
between the most massive and the second massive satellite galaxies
in groups. We have obtained the following results.

(i) The data and the model have similar distributions on the gap in
stellar mass between the most and second massive satellite galaxies
in groups. The gap distribution is dependent on group mass and is
wider in low-mass groups. For groups with virial mass log Mvir =
[13, 13.5] M⊙, there are 1 per cent of groups with a larger gap with
!12 > 1 (a factor of 10) in the data, and it is about 2 per cent in the
model.

(ii) Using model galaxies from the simulation, it is found that
there is a good correlation between stellar mass and accretion halo
mass, and the lower stellar mass in the second massive satellites
is from their lower halo mass at accretion. The gap in the ‘big
gap’ groups is from the lack of accreted haloes with Macc/Mvir ∼
0.1 compared to other normal groups. The formation of ‘big gap’
groups is purely due to their formation history.

We note that in our analysis we use the gap in stellar mass as an
analogue of the TBTF problem in the MW. The often termed TBTF
in the MW is expressed using the maximum circular velocity which
is a more reliable estimator of the halo mass at accretion. However,
on groups scales it is expected that stellar mass is more strongly
correlated with the accretion mass as the stochasticity in star forma-
tion is only expected in low-mass haloes. If the extrapolation of our
results to the MW is appropriate, it implies that the TBTF problem

Figure 3. The distribution of the accretion halo mass for satellite galaxies. Left-hand panel: the accretion mass distribution for the first and second massive
satellite galaxies using solid and dashed lines. Right-hand panel: the number of accreted haloes as a function of the accretion mass. In both panels, red colour is
for the ‘big gap’ groups and black for other groups. The lack of accreted galaxies with accretion mass Macc/Mvir ∼ 0.1 is clearly seen in the ‘big gap’ groups.

MNRAS 460, 2152–2156 (2016)

The groups with big gap are from their 
formation history  
—->MW may have not accreted enough 
massive subhalos (with Vcir between 
SMC and Sagts), so the TBTF problem 
can be avoided, although with only 1% 
chance.

Kang et al. 2016, MNRAS



State-of-the-art hydro-sims: baryonic feedback
+tidal process can solve the TBTF 

NIHAO-XV: Buck+ 2019

APOSTLE: Sawala+ 2016
FIRE: Wetzel+ 2016



Warm dark matter ？

3.5Kev line in X-ray cluster
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FIG. 4. Portraits of the simulated Milky Way halo at z = 0 in the set B high resolution simulations. Structure within 500 kpc
of the MW centers is shown.

the low end of their distribution. This is likely due to the
different cosmology used in the Ishiyama et al. simulation
(discussed below).

Figure 7 also plots the cumulative velocity functions
but includes all subhalos within R50 and the subhalo ve-
locities have been normalized by the circular velocity at
R50 of their host MW. The Ishiyama et al. halos are
again plotted as in Figure 6 as well as Via Lactea II.
The solid straight line is the result from the Aquarius
simulations [77]. Again there is good agreement between
our simulations and Via Lactea II but an offset between
our simulations and those of Ishiyama et al. and Aquar-
ius. To first order, the abundance of halos of any size
depends on the power spectrum of density perturbations
which depends on the normalization, σ8, and the tilt of
the power spectrum, ns. Larger values of either param-
eter increases the power on small scales and leads to a
larger number of satellies for a given mass and vmax of
the host. The values (σ8 = 0.9, ns = 1) were used in the
Aquarius simulations and (0.8, 1) were used by Ishiyama

et al. Both are significantly greater than our adopted
values of (0.74, 0.951), and this is the likely cause of the
abundance offset.

We adopted a WMAP3 cosmology to facilitate com-
parison to the Via Lactea II simulation. The WMAP3
values of ns, σ8, and Ωm are 1.0, 2.9, and 2.5 standard
deviations below the latest WMAP7 values [80]. The
Bolshoi simulation used parameters in agreement with
WMAP7 and constraints from other cosmology projects.
A comparison of the subhalo abundances of 4960 Bolshoi
halos with circular velocities and masses comparable to
the Via Lactea II halo indicated Bolshoi has more sub-
halos by about 10%. Although Via Lactea II is just one
halo and may not be representative of the average for a
WMAP3 cosmology, this agrees with expectations from
the 10% smaller value of σ8 used by Via Lactea II. We
used the same value of σ8 as Via Lactea II but the Bolshoi
fitting formula applied to our high resolution simulations
in Figure 6 provides an excellent fit with no indication
of an offset. This could be because, as we show in the

Maccio+12

halo concentration is lower in WDM
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Figure 5. Circular velocity curves for the 12 CDM (left) and
WDM (right) subhaloes that had the most massive progenitors.
The 3 red curves represent subhaloes with the most massive pro-
genitors, which could correspond to those currently hosting coun-
terparts of the LMC, SMC and the Sagittarius dwarf. The 9 black
curves might more fairly be compared with the data for the 9
bright dwarf spheroidal galaxies of the Milky Way considered by
Wolf et al. (2010). Deprojected half-light radii and their corre-
sponding half-light masses, as determined by Wolf et al. (2010)
from line-of-sight velocity measurements, are used to derive the
half-light circular velocities of each dwarf spheroidal. These veloc-
ities and radii are shown as coloured points. The legend indicates
the colour coding of the different galaxies.

ies, while the CDM subhaloes are almost all too massive at
the corresponding radii. The CDM subhaloes have central
masses that are typically 2-3 times larger than the Milky
Way satellites. There is one CDM subhalo that lies at lower
masses than all 9 dwarf spheroidals, but this had one of the
three most massive progenitors and has been almost com-
pletely destroyed by tidal forces.

Fig. 4 and 5 show that the WDM subhaloes are less
centrally concentrated than those in the corresponding CDM
halo. Concentrations typically reflect the epoch at which the
halo formed (Navarro et al. 1996b, 1997; Eke et al. 2001).
To investigate systematic differences in the formation epoch
of the WDM and CDM subhaloes in our sample, we must
choose a suitable definition of formation time. Since we are
considering only the central mass, and we do not wish to
introduce scatter in any correlation by using subhaloes that
may have been stripped, we define the formation time as
the first time at which the total progenitor mass exceeds the
mass within 1 kpc at infall. The correlation of this redshift
with the mass within 1 kpc at infall is shown in Fig. 6 for the
12 most massive WDM and CDM progenitors that survive to
z = 0 as distinct subhaloes. Evidently, the proto subhaloes
that form later, which are generally WDM not CDM ones,
have the lowest central masses. The mean difference between
the top 12 WDM and CDM proto-subhalo masses within 1
kpc is approximately a factor 2.

Because of their later formation time, the infalling
WDM subhaloes already have lower central masses than
those falling into the corresponding CDM haloes. As their
mass is less centrally concentrated, the WDM subhaloes are
more susceptible to stripping. While this is most impor-
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Figure 6. The correlation between subhalo central mass at infall
and the redshift of formation, zform, defined as the redshift at
which the total mass of each proto subhalo first exceeded this
value. Central mass is defined within 1 kpc, and CDM and WDM
results are shown with blue and red symbols respectively.

tant in the outer regions of the subhaloes, the mass profiles
in Fig. 5 show that the inner regions of some of the sub-
haloes have also endured significant depletion since infall.
Fig. 7 shows, for both WDM and CDM subhaloes, the ra-
tio, Mz=0(< r)/Minfall, of the present day mass contained
within r = 0.5, 1 and 2 kpc to the mass at infall, as a
function of the central mass at infall at the chosen radius.
On average, the median mass at infall for WDM is lower
by ∼ 0.15 dex than the corresponding mass for CDM. One
subhalo gains mass between infall and z = 0 because it ac-
cretes another subhalo. While there is a large scatter among
the different subhaloes, with some having lost the majority
of their central mass since infall, no significant systematic
difference between WDM and CDM subhaloes is apparent.
This implies that the reason why the WDM subhaloes pro-
vide a better fit to the half-light masses of the 9 Milky Way
dwarf spheroidals studied by Wolf et al. (2010) is not excess
stripping but the later formation time, and correspondingly
typical lower concentration, of the WDM proto subhaloes
compared to their CDM counterparts.

4 DISCUSSION AND CONCLUSIONS

The properties of the satellite galaxies of the Milky Way
have posed a longstanding puzzle for CDM theories of galaxy
formation. Two aspects of this puzzle have reportedly been
separately and independently solved. One is the luminos-
ity function of the satellites. The basic idea - the suppres-
sion of galaxy formation in small haloes by a combination
of feedback effects produced by the reionization of gas at
high redshift and supernova heating - was suggested by
Kauffmann, White, & Guiderdoni (1993) and explored thor-
oughly in the early 2000s (Bullock et al. 2000; Benson et al.
2002; Somerville 2002) and has been revisited many times
since then (see Font et al. 2011, and references therein for
the most recent discussion). The other aspect concerns the
dynamical state of the satellites. Strigari et al. (2010) have
shown that there exist subhaloes in the Aquarius CDM sim-

c⃝ 2011 RAS, MNRAS 000, ??–8

mwdm=2kev

Lovell etal. 2012

Milky Way Satellite-II:  Too-big-to-Fail problem

Effefcts of WDM on satellite count and TBTF

They ignored baryonic effect

satellite luminosity function

Kennedy+14



Why do we need analytical model?

Limits of current hydro-simulation 
•Just a few galaxies, may not capture formation history of MW 
•Most simulation have too-low resolutions (can not resolve to 
r~0.2 Kpc) 

•High computational cost

MW is just one normal galaxy



The model includes: 
!

•Monte-Carlo merger tree  
•star formation in dark matter halo (Semi-analytical 
model) 

•NFW for CDM and WDM, but different c-M relation 
•Supernova feedback induced core 
•After infall, tidal stripping and tidal heating modify 
satellite DM density profile 

•The model can be applied to merger tree from any 
cosmology and any dark matter model

Analytical model for satellite galaxy evolution

with above procedure, we can predict the circular 
velocity for each satellites, and compared with data

Kang 2019, submitted



How to plant Merger trees?

We use the Parkinson etal (2008) EPS code to produce 
5000 MW-type halos (with mass around 10^12 solar 
mass) for CDM and WDM with m_v=1.0, 2.0, 3.5, 10 keV 

From simulations (accurate)
From EPS based Monte-Carlo method 

(fast, high resolution )

conditional mass function
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Kang+05,12,14

Two methods we use: 
!
•Using SAM to populate DM halo with galaxy 
•Similar to Abundance matching, we selecting the most 

massive subhalo (at accretion) to host satellites, assign 
observed stellar mass (of satellites) to those subhaloes

SAM ingredients and outputs

Model component: populate DM subhalo with satellite galaxy



•There is no universal DM density profile 
•The inner slope depends on Mstar/Mhalo 
•Core can be created and destructed, 

depending on star formation history

halo expansion or contraction? 

Figure 13

The impact of baryonic feedback on the inner profiles of dark matter halos. Plotted is the inner
dark matter density slope ↵ at r = 0.015R

vir

as a function of M?/M
vir

for simulated galaxies at z
= 0. Larger values of ↵ ⇡ 0 imply core profiles, while lower values of ↵ . 0.8 imply cusps. The
shaded gray band shows the expected range of dark matter profile slopes for NFW profiles as
derived from dark-matter-only simulations (including concentration scatter). The filled magenta
stars and shaded purple band (to guide the eye) show the predicted inner density slopes from the
NIHAO cosmological hydrodynamic simulations by Tollet et al. (2016). The cyan stars are a
similar prediction from an entirely di↵erent suite of simulations from the FIRE-2 simulations
(Fitts et al. 2016; Hopkins et al. 2017, Chan et al., in preparation). Note that at dark matter core
formation peaks in e�ciency at M?/M

vir

⇡ 0.005, in the regime of the brightest dwarfs. Both
simulations find that for M?/M

vir

. 10�4, the impact of baryonic feedback is negligible. This
critical ratio below which core formation via stellar feedback is di�cult corresponds to the regime
of classical dwarfs and ultra-faint dwarfs.

the mass in stars formed (Governato et al. 2012; Di Cintio et al. 2014). If galaxies form

enough stars, there will be enough supernovae energy to redistribute dark matter and create

significant cores. If too many baryons end up in stars, however, the excess central mass

can compensate and drag dark matter back in. At the other extreme, if too few stars are

formed, there will not be enough energy in supernovae to alter halo density structure and

the resultant dark matter distribution will resemble dark-matter-only simulations. While

the possible importance of supernova-driven blowouts for the central dark matter structure

of dwarf galaxies was already appreciated by Navarro, Eke & Frenk (1996) and Gnedin &

Zhao (2002), an important recent development is the understanding that even low-level star

formation over an extended period can drive gravitational potential fluctuations that lead

to dark matter core formation.

This general behavior is illustrated in Figure 13, which shows the impact of baryonic

28 Bullock • Boylan-Kolchin

Better agreement between different 
simulations (but see Bose+19) 
Bullock, Boylan-kolchin, 2017 ARA&A

Milky Way Satellite-III:  Too-big-to-Fail problem

Di Cintio+ 2014



Tidal stripping and heating:  reduce the DM mass of satellite and re-distribute its 
inner mass 

Penarrubia et al. 2010

They found: the effects on V_max an 
r_max depend solely on total stripped 
DM mass and initial density profile Ƴ

We also use the Giocoli+ 2008 
model for subhalo mass loss



We now apply our model to both CDM and WDM 
and compare model predictions to the data: 
!
•Investigate which effect (feedback or tidal) is important 
•Constraints on WDM mass

by tuning free parameters, 
WDM>2 keV gives better 
LF of MW satellites 
!
WDM ~ 1 keV can be 
excluded using LF



Model predictions on satellite DM mass (at accretion), 
density profile and accretion redshift

KX, 2019, submitted



circular velocities of satellites at half-light radii

No fd, no tides, model 
Vcir too high 
!
Only fd, agreement is 
not improved much 
!
tidal heating seems to 
work better 
!
with both (fd, tidal), 
model predictions are 
lower than the data 
systematically

for CDM+SAM



Both fd and tidal 
effects are weaker 
!
fd alone can not solve 
the problem 
!
with fd and tidal, 
agreement is OK

circular velocities of satellites at half-light radii

for CDM+AM (satellites 
form in most massive 
subhalo at accretion)



WDM = 2.0 Kev

Velocity is too low 
!

2.0 Kev ✕



3.5 keV

10 keV

3.5 keV model predictions still lower than data with (fd, tides) 
10 keV model is acceptable, close to CDM predictions

Two other WDM mass



If MW has higher halo mass than 10^12 solar mass

CDM: halo mass around 1.5*10^12 Msun is favored ! 
WDM=2.0 kev can be safely excluded  
if WDM=3.5 keV, requires MW >= 1.5*10^12 solar mass

MW=1.5*10^12

MW=2*10^12



Summary

•Our model can apply to any cosmological and dark matter 
model (given a power spectrum) 

!

•Too-big-to-fail:  can be solved by stellar feedback and tidal 
process, seems tidal process is more important to get a flat 
distribution, in agreement with most hydro-dynamical 
simulations 
•New constraints on Warm dark matter mass using MW sats 
     —-> 2 keV can be safely excluded, even MW=2*10^12 
     —-> 3.5 keV WDM requires MW>1.5*10^12 
     —> 10 keV: OK with current data and model

Thanks !


