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CDM 小尺度挑战Λ
消失的卫星星系；Moore 1999, Klypin 1999

Figure 7

The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
satellites (right). The image on the left shows the ⇤CDM dark matter distribution within a sphere
of radius 250 kpc around the center of a Milky-Way size dark matter halo (simulation by V.
Robles and T. Kelley in collaboration with the authors). The image on the right (by M. Pawlowski
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
at the center and the outer sphere has a radius of 250 kpc. The 11 brightest (classical) Milky Way
satellites are labeled by name. Sizes of the symbols are not to scale but are rather proportional to
the log of each satellite galaxy’s stellar mass. Currently, there are ⇠ 50 satellite galaxies of the
Milky Way compared to thousands of predicted subhalos with Mpeak & 107 M�.

see, e.g., Rees & Ostriker 1977). According to Figure 6, these physical e↵ects are likely to

become dominant in the regime of ultra-faint galaxies M? . 105M�.

The question then becomes: can we simply adopt the abundance-matching relation

derived from field galaxies to “solve” the Missing Satellites Problem down to the scale of

the classical MW satellites (i.e., Mvir ' 1010M� $ M? ' 106M�)? Figure 8 (modified from

Garrison-Kimmel et al. 2017a) shows that the answer is likely “yes.” Shown in magenta is

the cumulative count of Milky Way satellite galaxies within 300 kpc of the Galaxy plotted

down to the stellar mass completeness limit within that volume. The shaded band shows the

68% range predicted stellar mass functions from the dark-matter-only ELVIS simulations

(Garrison-Kimmel et al. 2014) combined with the AM relation shown in Figure 6 with zero

scatter. The agreement is not perfect, but there is no over-prediction. The dashed lines show

how the predicted satellite stellar mass functions would change for di↵erent assumed (field

galaxy) faint-end slopes in the calculating the AM relation. An important avenue going

forward will be to push these comparisons down to the ultra-faint regime, where strong

baryonic feedback e↵ects are expected to begin shutting down galaxy formation altogether.

2.2. Cusp, Cores, and Excess Mass

As discussed in Section 1, ⇤CDM simulations that include only dark matter predict that

dark matter halos should have density profiles that rise steeply at small radius ⇢(r) / r
�� ,

with � ' 0.8� 1.4 over the radii of interest for small galaxies (Navarro et al. 2010). This is

20 Bullock • Boylan-Kolchin
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Fig. 1 | Visual representations of some selected structure and galaxy 
formation simulations. The simulations are divided into large- volume 
simulations that provide statistical samples of galaxies and zoom simulations that 
resolve smaller scales in more detail. They are also divided in dark matter- only 
simulations, such as N- body simulations, and dark matter plus baryons 
simulations, such as hydrodynamical simulations. Dark matter- only simulations 
have now converged on a wide range of predictions for the large- scale clustering 
of dark matter and the dark matter distribution within gravitationally bound dark 
matter halos. Recent hydrodynamical simulations reproduce galaxy populations 
that agree remarkably well with observational data. However, many detailed 
predictions of these simulations are still sensitive to the underlying 
implemen ta tion of baryonic physics. Image of the Aquarius project courtesy of 
Volker Springel, Max- Planck-Institute. GHALO is reproduced with permission 
from REF.408, Oxford University Press. Phoenix is reproduced with permission from 
REF.92, Oxford University Press. ELVIS is adapted with permission of Shea Garrison 
Kimmel from REF.409. Via Lactea image courtesy of Dr Joachim Stadel, University 
of Zurich. NIHAO is adapted with permission from REF.112, Oxford University Press. 

Auriga image courtesy © MPA/Virgo consortium. APOSTLE image courtesy Till 
Sawala, University of Helsinki. Latte/FIRE image adapted with permission from 
REF.135, Oxford University Press. Eris image courtesy of Lucio Mayer and Simone 
Callegari, University of Zurich. Millennium image courtesy of Volker Springel, 
Max- Planck-Institute; Millennium- XXL courtesy © Millennium simulation/MPA/
Virgo consortium; Millennium- II image courtesy of Mike Boylan- Kolchin/
Millennium- II Simulation. Dark Sky is adapted from REF.42, Skillman, S. W. et al. Dark 
sky simulations: early data release. arXiv e- prints (2014). Bolshoi image courtesy 
of S. Gottlöber ; IDL: https://www.cosmosim.org/cms/images- and-movies/. 
Illustris image courtesy of Illustris Collaboration; IllustrisTNG image courtesy of  
D. Nelson, TNG Collaboration. Magneticum image adapted with permission from 
Dolag (2015)410. Simba is adapted with permission from REF.171, Oxford University 
Press. Massiveblack- II is reproduced from REF.411, Oxford University Press. 
Romulus25 image courtesy of Tom Quinn, University of Washington and Michael 
Tremmel, Yale University. EAGLE adapted with permission from REF.111,  
Oxford University Press. Horizon- AGN image courtesy of Christophe Pichon, 
Horizon Simulation Group, https://www.horizon-simulation.org/media.html .
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CDM 小尺度挑战Λ

消失的卫星星系；Moore 1999, Klypin 1999  
核球-尖端 (Core or cusp)；de Blok 1997  
⼤到不能倒 (too-big-to-fail)；Boylan-Kolchin 2011 
卫星星系的成盘性；Kroupa 2005  
矮星系多样性；Oman 2015

这些差异的根本原因⽬前尚不清楚，可能需要更深
⼊地理解星系形成中的天体物理过程或暗物质物
理，或者甚⾄需要对宇宙学理论进⾏重⼤修正。因
此研究矮星系是解决这些问题的重要路径之⼀。 
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• 在 CDM标准宇宙学下，宇宙的平均重⼦物质⽐例
分数为( ) 15.7% (Planck 2018)。

Λ
fbar = Mbar /Mtot

Wenxiao Xu et al. 2020

宇宙物质构成

• 在星系团中将将达到宇宙平均值，然⽽在⼩质量的
矮星系中，其暗物质是重⼦物质的10-1000倍。 
（紫外背景以及恒星反馈）

fbar
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矮星系中的暗物质含量
The Astronomical Journal, 144:4 (36pp), 2012 July McConnachie

Figure 11. Mass-to-light ratio, in solar units, calculated within the half-light radius for all dwarf galaxies for which the necessary data exist, as a function of absolute
visual magnitude.
(A color version of this figure is available in the online journal.)

Column 4. References.
Column 5. Comments.

Figure 12 shows mean stellar metallicity as a function of
absolute visual magnitude, where by definition both axes are
logarithmic quantities. In the left panel, all tabulated data from
Table 5 are given, whereas in the right panel only data that use
spectroscopically determined quantities are shown.

Generally the most well-accepted method of determining
[Fe/H] for a given star is from direct high-resolution spec-
troscopy (HRS) from which the strengths of iron lines can be
measured directly. However, Table 5 lists estimates for 〈[Fe/H]〉
that stem from a variety of additional techniques.

1. RGB color. Da Costa & Armandroff (1990) derive a relation
between the mean color of RGB stars in globular clusters
measured at MV = −3 and the mean stellar metallicity of
the cluster. A refined calibration (derived at MV = −3.5)
using the same data was presented by Lee et al. (1993), and
this has been used throughout the literature as a convenient
means of estimating the mean stellar metallicity of a system
when only photometry of bright stars is available. An
obvious disadvantage, of course, is that it is calibrated on
ancient stellar populations. Since RGB stars are subject to
age and metallicity degeneracies, this technique may not
be reliable if significantly younger stars are present. I note
that in Table 5 and Figure 12 most of the non-Local-Group
galaxies have their mean stellar metallicity determined in
this way. There is a suggestion in Figure 12 that these
estimates are low in comparison to Local Group galaxies
with similar absolute visual magnitudes, but its cause or
significance is difficult to determine.

2. Isochrones. The comparison of theoretical isochrones, evo-
lutionary tracks, or globular cluster fiducials, to the CMDs
of galaxies is usually heavily or entirely weighted toward
the color of the RGB and so is, in principle, subject to

the same systematic uncertainties regarding ages as dis-
cussed above. In addition, isochrones produced by different
groups may have some systematic differences between the
predicted RGB colors at any age. However, one potential
advantage of isochrones over empirical RGB color rela-
tions is that, if additional information is available regarding
ages (e.g., from the red clump or main-sequence turnoff),
isochrones with appropriate ages can be used.

3. CMD fitting. The reader is referred to the many excellent
papers on SFH analysis using resolved stellar populations
for more details (e.g., Gallart et al. 2005; Tolstoy et al. 2009,
and references therein). Here, age degeneracies will likely
be much reduced since age information is available from
elsewhere in the CMD (in particular the main-sequence
turnoff region).

4. Calcium II triplet equivalent widths (low, moderate resolu-
tion spectroscopy). The strengths of the three CaT absorp-
tion lines at λ = 8498, 8542, and 8662 Å in RGB stars
have been shown to correlate with [Fe/H] if the tempera-
ture and surface gravity of the star are able to be estimated
through measurement of its absolute magnitude. The CaT
is a relatively strong feature, and consequently it can be rel-
atively easily measured using low- to moderate-resolution
spectroscopy (L/MRS). Many authors (e.g., Rutledge et al.
1997) have developed calibrations between CaT equivalent
width and [Fe/H], most recently Starkenburg et al. (2010).
These authors also examine the form of the correlation at
[Fe/H] ! −2.5. Using the new calibration, Starkenburg
et al. (2010) demonstrate that the resulting estimates of
[Fe/H] match those derived from HRS down to a limit-
ing stellar metallicity of [Fe/H] $ −4. Many of the val-
ues listed in Table 5 use the earlier calibrations, which
can potentially deviate from the new calibration for stellar
metallicities lower than [Fe/H] $ −2, depending on the
absolute magnitudes of the observed stars.

29

观测和理论⽀持：矮星系由暗物质主导！
Behroozi 2013McConnachie 2012
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• Dark Matter Deficient dwarf Galaxies (DMDGs)


• 暗物质质量～重⼦物质质量

星系团中暗物质缺失的矮星系的发现

动⼒学质量 (球状星团) 

Jeans <   (3.1 kpc)    

TME    <   (7.6 kpc)

3.2 × 108M⊙

3.4 × 108M⊙

恒星质量   2 × 108M⊙

van Dokkum, Nature 2018

5/26
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暗物质缺失的矮星系-NGC1052-DF4

恒星质量    

动⼒学质量 TME～   (7 kpc)

1.5 × 108M⊙

0.4 × 108M⊙

van Dokkum, ApJ 2019

6/26

DMDGs 如何形成？
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富气体暗晕高速碰撞

van Dokkum Nature 2022
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富气体暗晕高速碰撞

van Dokkum Nature 2022
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富气体暗晕高速碰撞
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模拟中的暗物质缺失的矮星系

Yingjie Jing 2019The dark matter deficit galaxies in simulations 3
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Figure 1. Dark matter fraction fDM as a function of halo-centric distance, r/R200, for satellite galaxies in dark matter haloes with
M200 > 1013 M� . Left (Right) panel shows the results of Illustris (EAGLE) satellites. In the right panel, the blue points represent
galaxies in EAGLE while the red points denote galaxies in EAGLE-highres. The dashed horizontal lines mark the threshold used to
define DMDGs, i.e. fDM = 0.5. For both Illustris and EAGLE simulations, we select satellite galaxies with stellar masses M⇤ > 109 M� ,
and for EAGLE-highres, we select satellite galaxies with stellar mass M⇤ > 108 M� .

Table 1. Fraction of satellite galaxies with fDM < 0.5 in haloes with M200 > 1013 M� .

Illustris EAGLE EAGLE-highres

Stellar mass limit M⇤ > 109 M� M⇤ > 109 M� M⇤ > 108 M�

Fraction of DMDGs in satellites 3.2% 5.0% 2.8%

masses of galaxies are defined as the enclosed mass within
fixed 2.34 physical kpc (2Rh of the galaxy at z = 0). The
blue vertical line indicates the infall time of the satellite
galaxy, which is defined as the redshift when the galaxy en-
ters into R200 of its parent halo. Clearly, both the enclosed
dark matter and stars within the range decrease rapidly af-
ter the infall redshift z ⇠ 2, yet dark matter loses mass at a
much higher rate than the stellar component. In the end, for
both components, only a few percent of their initial masses
remain.

What cause the galaxy to lose dark matter more rapidly
than stars? One possibility is that dark matter and star par-
ticles have di↵erent energy distributions. To verify this, in
the same figure we first plot the velocity dispersion of dark
matter particles and star particles within the same r range.
The velocity dispersion of dark component is about 30%
higher than that of stars at early time, and the di↵erence
increases significantly at later time, in support of the ex-
pectation that the dark matter particles are dynamically
“hotter” than stars and so are prone to be tidal disrupted.
We demonstrate it further below.

We select all the star/dark matter particles within 2.34
physical kpc of the galaxy at z = 2.01 at which the galaxy
enters into the virial radius of its parent halo. Then we plot
their specific binding energy distributions in Fig. 5 as dashed
lines. Di↵erent colors distinguish the distributions of di↵er-
ent components. Here, the specific binding energy sE of each
particle is defined as E/m, where m is the mass of the par-
ticle, and E is the sum of kinetic and potential energy of
the particle. Clearly the dark matter and star particles have

di↵erent binding energy distributions, and hence these two
components should su↵er di↵erent tidal impacts.

We also plot the specific energy distribution of the par-
ticles which still remain to be bound at z = 0 in the same
plot with solid lines. Comparing to the results at z = 2, only
the particles with low binding energy remain at the present
day. In lower panel of this figure, we show the fraction of
mass that still remains bounded at z = 0 as a function of
sE, clearly particles with higher binding energy tend to be
tidally disrupted.

The tidal origin of DMDGs has been discussed in liter-
ature (Ogiya 2018; Chang et al. 2013; Yu et al. 2018). Ogiya
(2018) argued that the more rapid mass loss of dark matter
could be explained if a galaxy has a cored mass distribution
before infall. DMDGs in our simulations all have cuspy den-
sity profiles before infall. Therefore cored profiles are not a
necessary condition to form DMDGs.

The galaxy discussed above apparently su↵ers very
strong tidal interactions with its host. Do all DMDGs once
experience such strong tidal interactions? In Fig. 6, we plot
rmin distribution of our DMDGs in the EAGLE simulation
and compare it with that of normal satellite galaxies. Here
rmin is defined as the minimal distance of the galaxy from
its parent halo in its history. Clearly, DMDGs have a very
di↵erent rmin distribution from normal satellite galaxies, i.e.
DMDGs’ rmin tend to distribute in the very inner region of
their host haloes with a median value of rmin/R200 = 0.089,
which is significantly smaller than that of normal satellite
galaxies, rmin/R200 = 0.406.

Fig. 7 compares the mass loss fractions of DMDGs and

MNRAS 000, 1–6 (2015)
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Figure 1. Dark matter fraction fDM as a function of halo-centric distance, r/R200, for satellite galaxies in dark matter haloes with
M200 > 1013 M� . Left (Right) panel shows the results of Illustris (EAGLE) satellites. In the right panel, the blue points represent
galaxies in EAGLE while the red points denote galaxies in EAGLE-highres. The dashed horizontal lines mark the threshold used to
define DMDGs, i.e. fDM = 0.5. For both Illustris and EAGLE simulations, we select satellite galaxies with stellar masses M⇤ > 109 M� ,
and for EAGLE-highres, we select satellite galaxies with stellar mass M⇤ > 108 M� .
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masses of galaxies are defined as the enclosed mass within
fixed 2.34 physical kpc (2Rh of the galaxy at z = 0). The
blue vertical line indicates the infall time of the satellite
galaxy, which is defined as the redshift when the galaxy en-
ters into R200 of its parent halo. Clearly, both the enclosed
dark matter and stars within the range decrease rapidly af-
ter the infall redshift z ⇠ 2, yet dark matter loses mass at a
much higher rate than the stellar component. In the end, for
both components, only a few percent of their initial masses
remain.

What cause the galaxy to lose dark matter more rapidly
than stars? One possibility is that dark matter and star par-
ticles have di↵erent energy distributions. To verify this, in
the same figure we first plot the velocity dispersion of dark
matter particles and star particles within the same r range.
The velocity dispersion of dark component is about 30%
higher than that of stars at early time, and the di↵erence
increases significantly at later time, in support of the ex-
pectation that the dark matter particles are dynamically
“hotter” than stars and so are prone to be tidal disrupted.
We demonstrate it further below.

We select all the star/dark matter particles within 2.34
physical kpc of the galaxy at z = 2.01 at which the galaxy
enters into the virial radius of its parent halo. Then we plot
their specific binding energy distributions in Fig. 5 as dashed
lines. Di↵erent colors distinguish the distributions of di↵er-
ent components. Here, the specific binding energy sE of each
particle is defined as E/m, where m is the mass of the par-
ticle, and E is the sum of kinetic and potential energy of
the particle. Clearly the dark matter and star particles have

di↵erent binding energy distributions, and hence these two
components should su↵er di↵erent tidal impacts.

We also plot the specific energy distribution of the par-
ticles which still remain to be bound at z = 0 in the same
plot with solid lines. Comparing to the results at z = 2, only
the particles with low binding energy remain at the present
day. In lower panel of this figure, we show the fraction of
mass that still remains bounded at z = 0 as a function of
sE, clearly particles with higher binding energy tend to be
tidally disrupted.

The tidal origin of DMDGs has been discussed in liter-
ature (Ogiya 2018; Chang et al. 2013; Yu et al. 2018). Ogiya
(2018) argued that the more rapid mass loss of dark matter
could be explained if a galaxy has a cored mass distribution
before infall. DMDGs in our simulations all have cuspy den-
sity profiles before infall. Therefore cored profiles are not a
necessary condition to form DMDGs.

The galaxy discussed above apparently su↵ers very
strong tidal interactions with its host. Do all DMDGs once
experience such strong tidal interactions? In Fig. 6, we plot
rmin distribution of our DMDGs in the EAGLE simulation
and compare it with that of normal satellite galaxies. Here
rmin is defined as the minimal distance of the galaxy from
its parent halo in its history. Clearly, DMDGs have a very
di↵erent rmin distribution from normal satellite galaxies, i.e.
DMDGs’ rmin tend to distribute in the very inner region of
their host haloes with a median value of rmin/R200 = 0.089,
which is significantly smaller than that of normal satellite
galaxies, rmin/R200 = 0.406.

Fig. 7 compares the mass loss fractions of DMDGs and
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潮汐剥离形成机制

The dark matter deficit galaxies in simulations 5

Figure 3. Evolution of density profiles of di↵erent components
for a DMDG selected from the EAGLE simulation. The red and
black lines denote the profiles of stars and dark matter, respec-
tively. The solid, dashed, and dotted lines distinguish results for
di↵erent redshifts as labeled in the figure.
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Figure 4. Mass (left axis) and velocity dispersion (�) (right axis)
of dark matter and star components as a function of redshift for
the DMDG shown in Fig. 3. The mass and dispersion at each
redshift are calculated within 2.34 physical kpc (2Rh of the galaxy
at z = 0). The black and red solid lines represent enclosed mass
results for the dark matter and stars, respectively. The black and
red dashed lines denote the velocity dispersion results for the dark
matter and stars, respectively.

Figure 5. Top panel: the dotted histograms show the mass
weighted specific binding energy distributions of dark matter
(black) and stars particles (red) within 2.34 physical kpc at
z = 2.01 for the DMDG shown in Fig. 3. The solid histograms
show results for the dark matter and star particles remaining
bound at z = 0. The lower panel shows the remaining mass frac-
tion in each sE bin.

Figure 6.Distributions of rmin/R200 for DMDGs (red) and normal
(black) satellite galaxies in the EAGLE simulation.

MNRAS 000, 1–6 (2015)

强潮汐剥离

Yingjie Jing 2019
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Figure 3. Evolution of density profiles of di↵erent components
for a DMDG selected from the EAGLE simulation. The red and
black lines denote the profiles of stars and dark matter, respec-
tively. The solid, dashed, and dotted lines distinguish results for
di↵erent redshifts as labeled in the figure.
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of dark matter and star components as a function of redshift for
the DMDG shown in Fig. 3. The mass and dispersion at each
redshift are calculated within 2.34 physical kpc (2Rh of the galaxy
at z = 0). The black and red solid lines represent enclosed mass
results for the dark matter and stars, respectively. The black and
red dashed lines denote the velocity dispersion results for the dark
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Figure 5. Top panel: the dotted histograms show the mass
weighted specific binding energy distributions of dark matter
(black) and stars particles (red) within 2.34 physical kpc at
z = 2.01 for the DMDG shown in Fig. 3. The solid histograms
show results for the dark matter and star particles remaining
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tion in each sE bin.

Figure 6.Distributions of rmin/R200 for DMDGs (red) and normal
(black) satellite galaxies in the EAGLE simulation.
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孤⽴环境中的DMDGs？



胡慧杰@盱眙 2025/10/25 13/26

寻找孤立的暗物质缺失的矮星系

• Arecibo Legacy Fast ALFA (ALFALFA) survey  
巡天深度: z<0.06。 
分辨率：3.5’

• 中性氢光谱 S/N >10    
Mr > -18  
b/a：0.3~0.6


• 我们获得 324 个矮星系⺟样本


• 我们这⾥定义中性氢半径内( )  
即为暗物质缺失的矮星系

RHI Mbar > MDM
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• ⽓体质量  

 

• 恒星质量 (Bell, et al. 2003) 

                                                            

• 动⼒学质量  

 

                                                                          

(Jing Wang, et al. 2016 ) 

中⼼氢⾯密度到 1 的半径M⊙/pc2

14/26

 Scatter~0.06

Kroupa IMF

方法
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方法适用性

• LITTLE THINGS : a high-resolution, very-large-array(VLA) HI survey

15/26

R_HI Velocity Dynamical Mass
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19个DMDGs候选体，14个在孤立环境中

Mbar = MDM

Guo, Hu+ 2020 Nature astronomy



胡慧杰@盱眙 2025/10/25 16/26

19个DMDGs候选体，14个在孤立环境中

Mbar = MDM d/Rvir > 3

Guo, Hu+ 2020 Nature astronomy
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19个DMDGs候选体，14个在孤立环境中

Guo, Hu+ 2020 Nature astronomy

⽬前模拟中没有发现孤⽴的DMDGs，这类星系挑战了当前的星系形成模型，并为暗物质
的本质(温暗物质、模糊暗物质、⾃相互作⽤暗物质或是修改⽜顿动⼒学)提供新的线索。
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精确测量DMDGs的动力学质量

18/26

单天线的数据：⽆法获取星系中性氢盘的倾⻆和速度弥散引起的
⾮对称漂移，需要借助于⼲涉阵列的⾼空间分辨率。

VLA

GMRT

截⽌到⽬前，我们申请并获得了多个国际⼤型望远镜的公开时间：
光学PCWI（3个晚上）射电⼲涉阵列GMRT（10⼩时）、VLA
（60+60⼩时）。⽬前这些观测都已完成共计观测了7个DMDGs候
选体，未来我们还会继续申请以上外加MUSE、MeerKAT的观测时
间来扩充样本。



胡慧杰@盱眙 2025/10/25 19/26

10 hrs GMRT

3 nights PCWI

60 hrs VLA
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高分辨率观测初步结果

VLA

GMRT

Hu et al in prep
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总结

• 矮星系应该是暗物质主导的，星系群中的暗物质缺失的矮
星系可以被解释为⾼速碰撞或⾼度潮汐剥离的产物。我们
在模拟中也找到这样的例⼦。


• 然⽽我们发现了14个孤⽴的DMDGs，⽬前这些系统⽆法被
当前的宇宙学模拟/模型所解释，这给当前的星系形成理论
和宇宙学提出了挑战。


• 观测不确定性确实影响我们的结果，因此后续⾼空间分辨
率观测的进⼀步认证是⼗分必要的，⼀旦证实，这类星系
将严重挑战当前的星系形成模型，并为暗物质的本质(或是
修改⽜顿动⼒学)提供新的线索。
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谢谢！



胡慧杰@盱眙 2025/10/25

中性氢半径与光学半径

• R_HI of BDDGs are well beyond re

/26


