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Fundamental prediction of CDM 
A very large number of dark matter halos and 

subhalos

CDM
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Earth mass (for 100 GeV 
WIMP) (Green ‘05)



cold dark matter •warm dark matter 

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  �12
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The subhalo mass function
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How can we distinguish the two? 

1. Number of dark matter halos: the halos mass fn. 

2. Annihilation/decay radiation 

Astrophysical tests of dark matter

Let’s begin by counting what we can see

Count the number of small-mass halos 
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In the MW: ~55 satellites discovered so far
The satellites of the Milky Way

Newton, Cautun, CSF+ ‘18

Total No in MW 
(MV =0; r<300 kpc)

124±27
40

Cumulative satellite lum. fn.
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Most subhalos never make a galaxy! 

“Missing satellites” problem: 
CDM predicts many more subhalos in the Milky Way than 

there are observed satellites

CDM
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The two phases of galaxy formation

Phase I: During the “dark ages” H gas is neutral

First stars reionize H and heat it up to 104K

Phase I

Phase II

Phase II: H Gas is ionized but can cool into large enough halos

Gal formation 

stops
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Halo Occupation Fraction (HOF): fraction of 
halos of a given mass that host a galaxy

A galaxy formation primer

Benitez-Llambay & CSF ‘20
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Halos of M<3x108Mo 

have NO galaxy

Halos of M<5x109Mo 

all have a galaxy
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Luminosity Function of Local 
Group Satellites

LG data

dark halos 
(const M/L) 

Benson, Frenk, Lacey, Baugh & Cole ’02
(see also Kauffman+ ’93, Bullock+ ’00, Somerville ‘02)

• Median model à correct 
abundance of sats brighter 
than  MV=-9  (Vcir > 12 km/s)

• Model predicts many, as yet 
undiscovered, faint satellites

Semi-analytic model of galaxy 
formation including effects of 
reionization and SN feedback
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Luminosity Function of Local 
Group Satellites

LG data

�

�
�

�
�

Koposov et al 08

(SDSS)

Benson, Frenk, Lacey, Baugh & Cole ’02
(see also Kauffman+ ’93, Bullock+ ’00, Somerville ‘02)

• Median model à correct 
abundance of sats brighter 
than  MV=-9  (Vcir > 12 km/s)

• Model predicts many, as yet 
undiscovered, faint satellites

Semi-analytic model of galaxy 
formation ncluding effects of 

reionization and SN feedback
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“Evolution and assembly of galaxies and 
their environment”



APOSTLE 
EAGLE full 

hydro 
simulations
Local Group

Sawala, CSF 
et al ‘16

Dark matter

CDM



Far fewer satellite galaxies than CDM halos

APOSTLE 
EAGLE full 

hydro 
simulations
Local Group

Stars

Stars

Sawala, CSF 
et al ‘16
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EAGLE Local Group simulation

Sawala, CSF et al ‘16

Local Group galaxies Emerge from the Dark 7

Figure 3. Stellar mass functions from 12 Apostle simulations at resolution L2 compared to observations. In the left and centre, shaded

regions show the mass functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local

Group galaxies from each simulation volume, while lines show the observed stellar mass function within 300 kpc of M31 (left) and the

MW (centre). In the right, the shaded region shows all galaxies within 2 Mpc of the Local Group barycentre in the simulations, while

the line is the stellar mass function of all known galaxies within the same region. On each panel, the dark colour-shaded areas bound

the 16th and 84th percentiles; light shaded areas indicate the full range among our twelve Local Group realisations. For comparison,

the grey area on each panel corresponds to the mass function of all dark matter halos. All observational data are taken from the latest

compilation by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 10
5
M�, the count of satellites

of the MW and the total count within 2 Mpc should be considered as lower limits to the true numbers due to the limited sky coverage

of local galaxy surveys and the low surface brightness of dwarf galaxies. See Fig. A1 for numerical convergence.

3.4 The baryon bailout

We next consider the “too-big-to-fail” problem (Boylan-
Kolchin et al. 2011; Parry et al. 2012). As demonstrated
by Strigari et al. (2010) from the Aquarius dark matter
only (DMO) simulations (Springel et al. 2008), a Milky Way
mass halo in ⇤CDM typically contains at least one satellite
substructure that matches the velocity dispersion profiles
measured for each of the five Milky Way dwarf spheroidal
satellites for which high-quality kinematic data are avail-
able. However, that work addressed neither the question of
whether those halos which match the kinematics of a par-
ticular satellite would actually host a comparable galaxy,
nor whether an observed satellite galaxy can be found to
match each of the many predicted satellite halos. Indeed,
the identification in the same simulations, of an excess of
massive substructures with no observable counterparts, and
the implication that the brightest satellites of the Milky Way
appear to shun the most massive CDM substructures, con-
stitutes the “too-big-to-fail” problem (Boylan-Kolchin et al.
2011).

A simple characterization of the problem is given by the
number of satellite halos with maximum circular velocities,

vmax = max
⇣p

GM(< r)/r
⌘
, above ⇠ 30 km/s, where all

satellite halos are expected to be luminous (Okamoto et al.
2008; Sawala et al. 2014). Only three MW satellites are con-
sistent with halos more massive than this limit (the two
Magellanic Clouds and the Sagittarius dwarf), whereas dark
matter only (DMO) ⇤CDM simulations of MW-sized halos
produce two to three times this number. Indeed, as shown in
Fig. 4, when we consider the DMO counterparts of our LG
simulations, the MW and M31 halos each contain an average
of 7�8 satellites with Vmax > 30 km/s inside 300 kpc, more

than twice the observed number of luminous satellites. This
is despite the fact that, in order to match the most recent dy-
namical constraints (Gonzalez et al. 2013; Peñarrubia et al.
2014), the average halo masses of M31 and the MW in our
simulations are lower than those in which the problem was
first identified (Boylan-Kolchin et al. 2011).

The situation changes, however, when we consider the
hydrodynamic Local Group simulations: Each main galaxy
in our hydrodynamic simulation has on average only 3 � 4
luminous satellites with vmax > 30 km/s. Furthermore, the
average velocity function of the most massive substructures
across our LG simulations appears to be in excellent agree-
ment with the MW estimates, quoted by Peñarrubia et al.
(2008) and overplotted as red circles in Fig. 4.

Several factors contribute to the reduction in the mea-
sured satellite vmax function in our hydrodynamic simula-
tions compared to DMO simulations, including our own: (i)
a reduction in the mass of each subhalo due to baryonic
e↵ects as discussed below, (ii) the failure of a fraction of
subhalos of vmax < 30 km/s to form any stars, and (iii)
those halos of vmax < 30 km/s that actually contain ob-
servable dwarf galaxies being disproportionately a↵ected by
tidal stripping.

In Fig. 6, we compare the maximum circular velocity
of individual isolated halos matched between our hydro-
dynamic and DMO simulations. In agreement with Sawala
et al. (2013) and Schaller et al. (2015), we find that while the
more massive halos of vmax > 100 km/s that host the MW
and M31 are not significantly a↵ected, the halos of dwarf
galaxies are less massive than their DMO counterparts, with
the loss of baryons due to reionization and supernova feed-
back, and a reduced growth rate leading to a ⇠ 15% re-
duction in vmax. The average reduction in mass is similar

c� 2014 RAS, MNRAS 000, 1–13

Milky WayM31 Local volume

Dark halos Dark halos
Dark 
halos

Observed Observed

Observed
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SLAC sample of strong lenses
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When the source and the lens are well aligned à strong 
arc or an Einstein ring

Additional lensing by 
line-of-sight halos 

perturb image 

Gravitational lensing: Einstein rings
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Halos projected onto an Einstein ring distort the image

Vegetti et al ‘10

Gravitational lensing: Einstein rings

G1

G3 G2

G4

1"

msub = 2.8 x 1010 Mo
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Image Residuals

107 Mo halo – NOT so easy to spotHST “data”: zsource=1; zlens=0.2

He, Li, CSF et al ‘19

Strong lensing: detecting small halos
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Can detect halos as small as 107 – 108 Mo

If WDM is right, should find 

NO 107 Mo halos

If CDM is right, should find 

MANY 107 Mo halos

He, Li, CSF et al ‘19

Detecting halos w. strong lensing
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Detecting substructures with 
strong lensing

Li, CSF et al ‘16

Detection limit  = 107 h-1Mo

100 Einstein ring systems and  
detection limit: mlow = 107 h-1Mo

mc = cutoff mass 

Forecast

S t
ot

> 
M

lim
)

log(mc/h-1Mo) log(mc/h-1Mo)

CDM WDM

Stot= projected halo number 
density within Einstein ring

mc= halo cutoff mass 
• If DM is 7 keV sterile n à rule         

out CDM at >3s! 

• If DM is CDM à rule out 7 keV
sterile n at many s

mc= 1.3 �108 h-1Mo for coldest 
7 keV sterile neutrino 
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Strong lensing: detecting small halos

Constraints from 
forward modelling 

of  50 systems

Posterior 
distributions (mock 
observations) for 

power spectrum of 
residuals

Mhf 1/mDM

He et al. ‘20
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annihilation radiation

visible

lensing



University of Durham

Institute for Computational Cosmology

Indirect CDM detection 
through annihilation radiation

Þ Theoretical expectation requires knowing r(x)

Þ Accurate high resolution N-body simulations of 
halo formation from CDM initial conditions

Intensity of annihilation radiation at x is:

cross-section (particle physics) 

halo density at x (astrophysics)

€ 

I(x) =
1
8π

dN f

dEf
∑ 〈σ f v〉

ρχ
Mχ

) 

* 
+ 

, 

- 
. 

los∫
2

ldl

à relic abundance in simple SUSY models

€ 

〈σv〉 = 3 ×10−26cm3s−1

Supersymmetric particles are Majorana particles à annihilate into 
Standard Model particles (including g-rays) 



The Density Profile of Cold Dark 
Matter Halos

Shape of halo profiles 
~independent of halo mass & 

cosmological parameters

Density profiles are “cuspy” -
no `core’ near the centre

Fitted by simple formula: 

(Navarro, Frenk & White ’97)

Dwarf galaxies

Galaxy clusters

More massive halos and 
halos that form earlier have
higher densities (bigger d)Log radius (kpc)

L
o

g
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e
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496 NAVARRO, FRENK, & WHITE Vol. 490

FIG. 2.ÈDensity proÐles of one of the most massive halos and one of the least massive halos in each series. In each panel, the low-mass system is
represented by the leftmost curve. In the SCDM and CDM" models, radii are given in kiloparsecs (scale at top), and densities are in units of 1010 kpc~3.M

_In all other panels, the units are arbitrary. The density parameter, and the value of the spectral index, n, are given in each panel. The solid lines are Ðts to)0,the density proÐles using The arrows indicate the value of the gravitational softening. The virial radius of each system is in all cases 2 orders ofeq. (1).
magnitude larger than the gravitational softening.

P3M simulation, together with extra high frequency waves
added to Ðll out the power spectrum between the Nyquist
frequencies of the old and new particle grids. The regions
beyond the ““ high-resolution ÏÏ box are coarsely sampled
with a few thousand particles of radially increasing mass in
order to account for the large-scale tidal Ðelds present in the
original simulation.

This procedure ensures the formation of a clump similar
in all respects to the one selected in the P3M run, except for
the improved numerical resolution. The size of the high-
resolution box scales naturally with the total mass of each
system, and as a result all resimulated halos have about the
same number of particles within the virial radius at z\ 0,
typically between 5000 and 10,000. The extensive tests pre-
sented in et al. indicate that this number ofNavarro (1996)
particles is adequate to resolve the structure of a halo over
approximately two decades in radius. We therefore choose
the gravitational softening, to be 1% of the virial radiush

g
,

in all cases. (This is the scale length of a spline softening ; see
& White for a deÐnition.) The tree codeNavarro 1993

carries out simulations in physical, rather than comoving,
coordinates and uses individual time steps for each particle.
The minimum time-step depends on the maximum density
resolved in each case, but it was typically 10~5H0~1.

As discussed in et al. numerically con-Navarro (1996),
vergent results require that the initial redshift of each run,

should be high enough that all resolved scales in thezinit,initial box are still in the linear regime. In order to satisfy
this condition, we chose so that the median initial dis-zinitplacement of particles in the high-resolution box was
always less than the mean interparticle separation. Prob-
lems with this procedure may arise if is so high that thezinitgravitational softening (which is kept Ðxed in physical
coordinates) becomes signiÐcantly larger that the mean
initial interparticle separation. We found this to be a
problem only for the smallest masses, in theM [ M*,
n \ 0, model. In this case, the initial redshift pre-)0\ 0.1
scribed by the median displacement condition is zinit [ 700,
and the gravitational softening is then a signiÐcant fraction
of the initial box. This can a†ect the collapse of the earliest

Universal halo density profiles

Fits the spherically 
averaged density 

profiles of halos over 
a wide mass range.

Log radius (kpc)

Lo
g 

de
ns

ity
 (1

010
M

o
kp

c3 )

Navarro, Frenk
& White ‘97

2 parameters: 
Characteristic 

density dC
radius: rs
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500 NAVARRO, FRENK, & WHITE Vol. 490

FIG. 6.ÈSame as but for the concentration parameter cFig. 5,

models, this implies the same scaling thatd
c
P M~(n`3)@2,

links and the mean cosmic density at redshift z.M*(z)
shows the correlations predicted fromFigure 5 equation

for three values of the parameter f : 0.5, 0.1, and 0.01. The(5)
value of the proportionality constant, C( f ), is chosen in
each case in order to match the results of the EinsteinÈde
Sitter simulations for These values are given inM \M*.

The same values of C( f ) are used to plot the curvesTable 1.
in the panels corresponding to the low-density models.
Some interesting results emerge from an inspection of

and They are as follows :Figure 5 Table 1.

1. The agreement between the mass-density dependence
predicted by and the results of the EinsteinÈdeequation (5)
Sitter simulations improves for smaller values of f. This is
also true for the low-density models. Once C( f ) is Ðxed by
matching the results of the EinsteinÈde Sitter models, the
same value of C( f ) provides a good match to the low-
density models only if Interestingly, for f \ 0.01,f [ 0.01.
approximately the same value of the proportionality con-
stant, C B 3 ] 103, seems to Ðt all our simulations.

2. The characteristic density of halos decreases sys-M*tematically for more negative values of the spectral index n.

At SCDM halos are the least dense in ourM \ M*, )0\ 1
series, less concentrated still than those corresponding to
n \ [1.5. This is consistent with the general trend because,
according to equations and the characteristic density(4) (5),
of a halo of mass is controlled by the shape of the powerM*spectrum on scales This is about D1011 forDfM*. M

_f B 0.01, and the e†ective slope of the CDM spectrum on
this mass scale is neff D [2.

3. For the power-law models with n \ 0 and [1, the
characteristic density at a given increases asM/M* )0decreases. Such a trend is plausible since we expect the
collapse redshift of halos of a given mass to increase as )0decreases. On the other hand, halos formed in the low-
density CDM" universe are actually less dense than those
formed in the standard biased CDM model because d

cdepends not only on collapse redshift but also on (see)0 eq.
Although reducing increases the collapse redshift,[5]). )0the increase in from the factor can be out-d

c
(1] zcoll)3weighed by the change in In the CDM" model, the two)0.e†ects can combine to give a reduction in as decreases.d

c
)0(We remind the reader that is deÐned relative to thed

ccritical density rather than the mean density.)

Universal halo density profiles

2 parameters: 
Characteristic 

density, dC
radius, rs

Lo
g 

co
nc

en
tra

tio
n,

 c

Log Mass (Mo)

The two parameters 
are related to halo 

mass in a way that is 
cosmology dependent: 

c      as M

Navarro, Frenk
& White ‘97
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“Universal” halo density profiles

Averaged cluster mass halos fit with NFW and Einasto

Gao et al 2008

The two parameter formula

    ρ(r) / ρ

crit

 = δ r

s

 / r (1 + r / r

s

 )

2

 

fits the spherically averaged 

density profiles of halos over a 

wide mass range.

The two parameters relate to halo 

mass in a way that is cosmology-

dependent.   Halo concentration 

decreases as mass increases in 

CDM-like universes. This reflects 

later formation at higher mass.

HDM halos are also fit, but the 

mass-dependence of formation 

time and  concentration reverses 

near the free-streaming limit 

The Einasto formula

   ln(ρ(r)/ρ

–2

) = (–2/α) [(r/r

–2

 )

α

 – 1] 

fits mean profiles even better

NFW NFW

EinastoEinasto

Universal halo density profiles

Gao et al 2008

  

“Universal” halo density profiles

Averaged cluster mass halos fit with NFW and Einasto

Gao et al 2008

The two parameter formula

    ρ(r) / ρ

crit

 = δ r

s

 / r (1 + r / r

s

 )

2

 

fits the spherically averaged 

density profiles of halos over a 

wide mass range.

The two parameters relate to halo 

mass in a way that is cosmology-

dependent.   Halo concentration 

decreases as mass increases in 

CDM-like universes. This reflects 

later formation at higher mass.

HDM halos are also fit, but the 

mass-dependence of formation 

time and  concentration reverses 

near the free-streaming limit 

The Einasto formula

   ln(ρ(r)/ρ

–2

) = (–2/α) [(r/r

–2

 )

α

 – 1] 

fits mean profiles even better

NFW NFW

EinastoEinasto

The “Einasto” formula

Fits mean profiles 
even better
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Aquarius simulation:  N200 = 1.1 x 109

The Milky Way seen in 
annihilation radiation 

Springel et al. �08

CDM prediction
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Base Level

Wang, Bose et al 2020

Wang, Bose, Frenk, Gao, Jenkins, Springel & White 2020

Mchar =1014 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 1

Wang, Bose et al 2020

Mchar =1012 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 2

Wang, Bose et al 2020

Mchar =109 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 3

Wang, Bose et al 2020

Mchar =106 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 4

Wang, Bose et al 2020

Mchar =103 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 5

Wang, Bose et al 2020

Mchar =10 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 6

Wang, Bose et al 2020

Mchar =10-1 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 7

Wang, Bose et al 2020

Mchar =10-4 M⊙
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 8

The density of 
this region is 
only ~3% of the 
cosmic mean

Wang, Bose et al 2020

Mchar =10-6 M⊙
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Density profile shapes

Over 19 orders of magnitude 
in halo mass and 4 orders of 

magnitude in density, the 
mean density profiles of 
halos are fit by NFW to 

within 20% and by Einasto
(a =0.16) to within 7%

Slope of 
density profile

Wang, Bose, CSF + ‘20
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Concentration-mass relation

Concentrations at small 
mass are lower than all 

previous extrapolations by 
up to factors of tens. 

A turndown at 103 Earth 
masses is due to the free-

streaming limit.

The scatter depends only  
weakly on halo mass
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Ltot=1.1e+12   Dutton & Maccio 2014 

Ltot=3.9e+12   Neto et al 2007

Ltot=7.7e+09   Sánchez−Conde & Prada 2014 

Ltot=9.7e+09   Diemer & Joyce 2019

Ltot=4.6e+09   Ludlow et al 2016 

Ltot=3.8e+09   This work 

Annihilation luminosity
Annihila'on luminosity per unit cosmological volume

The contribution of halos 
to the mean z = 0 

luminosity density of the 
Universe is almost 

independent of their mass
over the mass range

10-4 M⊙ < Mhalo < 1012 M⊙

It is lower than previously
estimated by factors 
between 3 and 1000

This still neglects the 
substructure contribution 

to halo luminosity
Wang, Bose, CSF + ‘20
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Conclusions

• A dark matter halo mass function extending to
~Earth mass is a fundamental prediction of CDM.

1. CDM makes many small subhalos but most (<3.108M0) 
are dark à No satellite problem in CDM or WDM

2. Distortions of strong gravitational lenses are clean test 
of CDM vs WDM

3. CDM halos of all masses have NFW profiles

4. Very small halos can dominate annihilation luminosity

àand can potentially rule out CDM


