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[abstract] 
CDM理論における重大問題として too-big-to-fail 問題がある。この問題の解決を試みて、2つの効果を考慮したモデルを構築した。バリオンフィードバック効果
と潮汐ストリッピング効果である。これらの効果を含んだMW衛星銀河モデルを、CDMの場合とWDMの場合のそれぞれで構築した。その結果、CDMの場合は
観測によく合うモデルを構築することができた。一方でWDMは、観測と一致させるという条件から、質量に制約をかけることができた。 
 
[goal] TBTF問題を解決できるDMの正体を特定する。 [originality] 実際のMWを想定し、かつフィードバック効果を含んだ銀河モデルを構築した。 

図 9：衛星銀河の観測データとCDMモデルの分布を比較している。 
バリオンフィードバックのみ働くモデルよりも、潮汐加熱のみ働くモデルの方が観測に近い分布を得られる。 
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Figure 10. As in Fig. 9, but for the WDM model with mν = 2.0 keV. Here in the upper left panel, we show additional predictions
using the triangles in which the c − M relation is the same as the CDM. So the comparison between triangles and squares directly
shows the effect of halo concentration on circular velocity. The value of (χ2

red, δ) in each panel indicates that the model predictions are
systematically lower than the data.

parently, this plot shows that the WDM model with mν = 2
keV can be safely ruled out. It indicates that in the 2 keV
WDM model, any baryonic feedback effect and tidal heating
is not tolerated, which is apparently implausible in reality.

We further show the results for two other WDM models
with mν = 3.5, 10 keV in Fig. 11.For the 3.5 keV model one
can find the upper middle panel that with only tidal effect,
the agreement between the model and the data is acceptable
(χ2

red = 2.2, δ = −0.48). With both feedback and tidal in-
cluded, the model predictions are systematically lower than
the data, seen from the upper right panel. For WDM model
with mν = 10 keV, the model can match the data with in-
clusion of both baryonic feedback and tidal process, as seen
from the lower right panel. This plot shows that for host halo
mass of Mvir = 1012M! the WDM model with mν ≤ 3.5
keV can be excluded if baryonic feedback and tidal heat-

ing are effective. Our model can not exclude the model with
mν = 10 keV.

3.5 The effects of host halo mass

For all results above we assume the MW has a halo mass
of 1012M!. Although most observational constraints on the
MW mass are around this value, there is still uncertainty
of a factor of 2 (Li et al. 2017; Callingham et al. 2019). For
the WDM model with mass around a few keV, it is found
from the satellite number count that the MW should have a
mass larger than 1012M! (e.g., Kennedy et al. 2014). Here
we test if the constraints from satellite kinematics in WDM
model are consistent with previous conclusions.

In Fig. 12 we show the results for two MW mass, one
is 1.5× 1012M! in the upper panels and one is 2× 1012M!

in the lower panels. We do not test a MW halo mass lower
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[comment] 
・観測とモデルが合致する条件が適切かどうかが不明確。 
・CDM/WDM以外のDMタイプでの検証も気になる。 
 

図 10,11：観測データとWDM(質量がそれぞれ2,3.5,10keV)モデルの比較。 
2keVまたは3.5keVの場合、2つの効果を合わせても観測データを再現できない。 
ただし、MWハロー質量が現在知られている値の1.5倍であれば、再現可能。 
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Figure 9. As in Fig. 8 for the CDM mode, but here the satellite galaxies are selected based on their halo mass at accretion. Compared
to the predictions from the SAM in Fig. 8, it is seen that the baryonic feedback and tidal heating effects are both weaker. This is because
satellites are now living in more massive subhaloes, thus both the star formation efficiency and accretion redshifts are also lower.

panels (no errorbar). In the upper right panel only bary-
onic feedback, or equally the new profile given from Eq. 6,
is included. In the lower left panel, only the effect of tidal
stripping and heating from Eq. 7 is included. Note that here
no bayonic feedback included, so each subhalo has a NFW
profile (α = 1). In the lower right panel, both effects are in-
cluded. In this case, we firstly consider the effect of baryonic
feedback, obtaining a star-formation dependent α, and then
include the tidal heating. This is reasonable as star forma-
tion in satellites is often strongly suppressed after infall. As
shown in Peñarrubia et al. (2010), the tidal effect on satel-
lites inner structure depends on the initial profile α, with
more strong effect for lower α, thus the predictions in the
lower right panel is not the sum of the two effects in the
upper right and lower left panel, but being slightly stronger.

Fig. 8 shows that in the CDMmodel the predicted circu-
lar velocities of model satellites with neither baryonic feed-
back nor tidal heating are systematically higher than ob-

served (upper left panel). In particular, the disagreement is
more server for the satellite Carina, CVnI, Fornax and Sex-
tans. This was already clearly shown by many previous stud-
ies (e.g., Boylan-Kolchin et al. 2011; Wetzel et al. 2016). In
fact these four satellite galaxies are the main drivers of the
TBTF problem, as they contribute mostly to the relative flat
distribution of the circular velocities. With only baryonic
feedback included (red squares in the upper right panel), it
is seen that the feedback does reduce the circular velocities
by creating shallow profiles in some satellite galaxies. The
degree of decrease varies among the satellites. For example,
it is prominent in Leo I, but weak in UrsMin and CVnI.
This is due to the relation between density profile α and
the star formation efficiency in the satellites, as can be seen
from Fig. 6. For some satellites, such as Carina and Fornax,
the baryonic feedback leads to better agreement between the
model and the data. However, for other satellites, the bary-
onic feedback is too strong, leading to the circular velocity
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Figure 11. As in Fig. 10, but for two other WDM models with mν = 3.5, 10 keV. It is seen that if both baryonic feedback and tidal
heating are ineffective, the 3.5 keV WDM model is marginally acceptable. If both effects are in act, the 3.5 keV model can be excluded
(for MW halo mass of 1012M!), and the 10 keV model can not be excluded.

than 1012M! as it is seen from previous results that with a
halo mass of 1012M!, the CDM predictions is slightly lower
than the data even in the AM method. The left, middle and
right panels are for CDM, WDM with mν = 2.0, 3.5 keV
respectively. Here we do not show the 10 keV model as it
predictions are close to the CDM results, and we only plot
the model predictions with both baryonic feedback and tidal
heating included.

We firstly investigate the effects of host halo mass in
the CDM. By comparing the lower right panel of Fig. 9 with
the left panels in Fig. 12, it is seen that MW with a slightly
larger mass around 1.5 × 1012M! agrees better with the
data, with smaller χ2

red and a δ close to 0. However, a more
massive MW with mass of 2× 1012M! gives slighter higher
circular velocity for satellites, beginning to depart from the
data. It shows that, with inclusion of baryonic feedback and
tidal heating, a MW with mass around 1.5× 1012M! agrees
better with the MW satellite kinematics in the CDM model.

For the WDM models as shown in the middle and right
panels, it is seen that for WDM with mν = 2 keV, a larger
MW halo with mass of 2 × 1012M! still predicts circular
velocities systematically lower than the data. Using satellite
number count as a constrain, Kennedy et al. (2014) found
that the lower limit of MW mass is 1.7×1012M!. Our results
show that the mass limit can be pushed to a higher value.
For WDM model with mν = 3.5 keV, the right panels show
that a MW with mass of 1.5 × 1012M! is acceptable, while
a higher mass of 2×1012M! gives slightly better agreement
with the data. We do not test higher values of the MW
mass, as 2 × 1012M! is almost the upper limit from most

observational constraints. Also the work of Kennedy et al.
(2014) shows that a higher MW mass larger than 2×1012M!

will produce more bright satellites than observed.

4 CONCLUSION AND DISCUSSION

In this paper, we present an analytical model to study the lu-
minosity and kinematic properties of the Milky Way satellite
galaxies. We use a Monte-Carlo method to produce forma-
tion history for a large sample of Milky Way type haloes with
mass around 1012M!, and use analytical models to assign
stellar mass to the subhaloes. Our model includes two key
process to describe the evolution of the satellite density pro-
file. One is the baryonic feedback which can induce a shallow
density profile depending on the star formation efficiency, as
suggested by recent state-of-the-art hydrodynamical simu-
lations. The other is the tidal stripping process which will
gradually strip the dark matter mass of the satellite galaxy
and the associated tidal heating will redistribute the inner
mass of the satellite. With these descriptions, one is able to
predict the circular velocity of the satellites and compare the
model with the data. By applying the analytical model to
both CDM and WDM models with different mass, we have
obtained the following main results,

• In the CDM model, galaxy formation model including
cosmic re-ionization effect to suppress the baryonic content
in low-mass haloes can fit the luminosity function of the
satellite galaxies in the Milky Way. By tuning the model pa-
rameters for star formation and feedback, the WDM models
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galaxies and the modification of their inner slopes by super-
nova feedback and tidal effect. We present the comparison
with the data in Sec. 3 and conclude with short discussion
in Sec. 4.

2 ANALYTICAL METHODS

Modelling the properties of observed satellite galaxies in
the MW requires accurate information of the formation his-
tory of the MW, such as the mass growth of the host halo,
the infall time and orbits of the satellite galaxies. Current
studies have been trying to derive these information (e.g.,
Rocha et al. 2012; Simon 2018), but accurate recovery of the
infall history of the satellites is still challenging. So we pro-
duce a large sample of MW-mass halo around 1012M! using
Monte-Carlo based method. We then model the formation
and evolution of luminous satellite galaxy using an analyti-
cal model or using a simple abundance matching method to
assign stellar mass to the subhalo. For each observed satel-
lite galaxy, we select its counterparts from our model with
similar luminosity or stellar mass, and compare the observed
properties of the satellite galaxy to the statistical distribu-
tion of these model satellites.

2.1 merger tree of MW type halo

We use the Monte-Carlo merger tree code from
Parkinson et al. (2008) to produce the formation his-
tory of MW-type halo with mass of 1012M! in both the
CDM and WDM models. This algorithm is based on
the extended Press-Schechter formalism and revised to
match the halo merger tree from Millennium Simulation
(Springel et al. 2005). Cole et al. (2008) have shown the
improvement from this Monte-Carlo algorithm. The basic
input of this method is the analytical power spectrum
(e.g., Bardeen et al. 1986) and the cosmological parameter
for which we use the WMAP9 cosmology (Hinshaw et al.
2013). We produce 5000 realizations of the merger tree for
the MW-type halo.

In the WDM case, the velocity dispersion of DM par-
ticles produces a characteristic free-streaming scale below
which the structure is suppressed. The lighter the particle
mass is, the larger the free-streaming scale. The impact of
free streaming on the power spectrum is to modify the trans-
fer function in WDM as suggested in Bode et al. (2001),

T (k) = (
PWDM
Lin

PCDM
Lin

)1/2 = (1 + (αk)2µ)−5/µ (1)

where PWDM
Lin and PCDM

Lin are the linear power spectrums in
WDM and CDM model. Viel et al. (2005) obtained µ = 1.2
and found that α is related to the WDM mass, mν , as the
following,

α = 0.049(
mν

1keV
)−1.11(

Ων

0.25
)0.11(

h
0.7

)1.22h−1Mpc, (2)

We use the above equations to derive the initial power spec-
trum for the WDM model. As noted by Kennedy et al.
(2014), also see Benson et al. (2013), the usually adopted
top-hat filter is not applicable in the presence of a cutoff
in the power spectrum, as was in the WDM case, and a
sharp filter in k-space is used instead. We refer the readers

Figure 1. The mass function of accreted subhaloes by a Milky
Type host halo with mass around 1012M!. The black line is for
CDM and color lines are for the WDM models using the transfer
function (Eq. 1 and Eq. 2) with different mass. The hatched gray
regions show the results from CDM simulations.

to the Kennedy et al. (2014) paper for detail. In this work,
we consider a few WDM mass, with mν = 1, 2, 3.5, 10 keV.
For each WDM mass, we also generate 5000 merger trees for
the MW-type host halo with Mvir = 1012M!.

To see the effect of suppressed power spectrum at small
scales on the satellite galaxy population in the WDM model,
it is firstly useful to see on which scale the formation of
low-mass haloes is reduced. In Fig. 1, we show the mass
functions of accreted subhaloes by the host halo during its
formation history in the CDM and WDM models using the
power spectrum from Eq. 1 and Eq. 2. The hatched gray
region shows the simulation results from Gao et al. (2004)
and Stewart et al. (2008) for CDM model. It is seen that
in the WDM model, the formation of low-mass haloes is
suppressed and the extent of suppression is dependent on the
particle mass. One direct consequence of this result is that,
for a fixed star formation efficiency (stellar mass to halo mass
relation), the number of luminous satellites would be less in
the WDM model. However, given the current uncertainty
in star formation model, we will try to match the observed
satellite luminosity function by tuning the free parameters
in the galaxy formation model as introduced below. Even so,
we will find that the WDM model with lower particle mass
(mν < 3.5 keV) is difficult to produce enough faint satellite
galaxies.

2.2 Model for galaxy formation

One key ingredient of our model is to set the inner structure
of the satellites. As previous introduced, the inner density
profile of satellite galaxy will be affected by the baryonic
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[logic] 図 1：それぞれのDMごとの、降着サブハローの質量関数。 
質量 1or2keVのWDMでの分布は低質量側でシミュレーションから大きくズレているから、この時点で却下できる。 

 

(𝜒"#$% ,δ)・・・それぞれモデルと観測の適合度を表す量と系統的偏差。 

𝜒"#$% <3.2かつ-1<δ<1の場合にモデルと観測データが合致すると判断している。 

 


