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I.  What do we know about subhalos in ΛCDM  

•  Abundance 

•  Radial distribution 

•  Structure            

II.  How can we use subhalos to test ΛCDM  

•   In the optical 

•   In gamma rays 

•   With gravitational lensing  

Testing ΛCDM with (sub)halos 
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I.  N-body simulations 

II.   Hydrodynamical simulations 

Subhalos are best studied with cosmological simulations 

Testing ΛCDM with (sub)halos 
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N-body 
simulations 

The formation, 
evolution, 

abundance, 
clustering & 

structure of dark 
matter halos from 

CDM initial 
conditions is 

(almost) a solved 
problem  

From L=3 Gpc  
mparticle= 5x109 M0 

 to L= 1 Mpc 
mparticle= 103 M0   

Simulations give a full characterization of the (hierarchical) 
clustering of cold dark matter on large and small scales.  
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1.1 billion particles 
inside rvirç 

Aquarius A – Level 1: mp=1.7 x103 Mo 
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Aquarius A – Level 1: mp=1.7 x103 Mo 
1.1 billion particles 

inside rvirç 
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Aquarius A – Level 1: mp=1.7 x103 Mo 
1.1 billion particles 

inside rvirç 
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•  The subhalo mass 
function is shallower 
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•  Most of the substructure 
mass is in the few most 

massive halos  

 MASS PER LOG INTERVAL 

•  Subcritical slope à  
total mass in 
substructures 

converges at faint end 

The mass function 
of substructures 
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The mass function 
of substructures 
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The subhalo mass 
function is converged 
(to better than a few 
percent) for halos of  

>200 particles, even for 
moderate resolution, 

over a factor of 2000 in 
mass  
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Figure 8. Differential subhalo abundance by mass for our six
halos simulated at resolution level 2. We here count all subhalos
inside r50 and plot their abundance as a function of Msub/M50.
We see that at low mass the abundance of subhalos is universal
to good accuracy when their mass is expressed in units of the
mass of their parent halo. The bottom panel shows the same
data but multiplied by a factor M2

sub to compress the vertical
dynamic range. The dashed lines in both panels show the power-
law dN/dM ∝ M−1.9.

ically lowered from ϵ to zero. The angular momentum of
individual particle orbits is then an adiabatic invariant. As-
suming for simplicity that all particles are on circular orbits,
and that the gravitational softening can be approximated
as a Plummer force with softening length ϵ, the expected
change of the maximum circular velocity is then

V ′
max = Vmax [1 + (ϵ/rmax)

2]1/2. (10)

In the lower panel of Figure 9, we plot the cumulative ve-
locity functions for these corrected maximum circular veloci-
ties. Clearly, the measurements line up more tightly down to
lower Vmax, demonstrating explicitely that the convergence
in the number of objects counted as a function of (corrected)
circular velocity is in principle as good as that counted as
a function of mass. Note that a similar correction can also
be applied to the measured rmax values. However, for the
remainder of this paper, we focus on the raw measurements
from the simulations without applying a gravitational soft-
ening correction.

The dashed line in Figure 9 shows the fit which Reed
et al. (2005) quote for the subhalo abundance as a func-
tion of maximum circular velocity in their own simulations,
N(> Vmax) = (1/48)(Vmax,sub/Vmax,host)

−3. Diemand et al.
(2007a) found this formula to fit the results from their own
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Figure 9. Cumulative subhalo abundance as a function of maxi-
mum subhalo circular velocity. The top panel shows the raw mea-
surements from the simulations, while in the bottom panel, we
have applied the correction of equation (10) to compensate ap-
proximately for the impact of the gravitational softening on Vmax.
We show results for 5 simulations of the Aq-A halo carried out
with differing mass resolution. The dashed line is the fitting func-
tion given for their own simulations by Reed et al. (2005), which
also accurately matches the result for the ‘Via Lactea I’ simula-
tion (Diemand et al., 2007a). This is clearly inconsistent with our
own data.

Via Lactea I simulation very well. Figure 9 thus confirms
the indication from subhalo mass fractions that our simu-
lations show substantially more substructure than reported
for Via Lactea I. This is particularly evident at lower sub-
halo masses which are unaffected by the small number effects
which cause scatter in the abundance of massive subhalos.
With the help of J. Diemand and his collaborators, we have
checked that this abundance difference is not a result of

c⃝ 0000 RAS, MNRAS 000, 000–000

The substructure 
Vmax function 

The velocity function 
of substructures is 

close to a power law 
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CUMULATIVE No.  OF SUBSTRUCTURES AS FUNCTION OF VMAX 

Vmax mass function is 
also well converged 
for halos of  >200 

particles 

Level 1 à 
converged results 

for 

Vmax > 1.5 km/s 

 rmax >  165 pc 
Springel et al. ‘08 
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The mass fraction in substructures 

Springel et al. ‘08 

The mass fraction in substructure is well converged over a 
factor of 30 in mass resolution  
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Subhalo 
density profiles 

Converged 
beyond Power 

et al radius 
ρ(

r)
/<
ρ>
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Well fit by NFW 

or Einasto 
profiles 

Springel et al. ‘08 
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Baryon effects: 

I.  Light up some subhalos by star formation  

II.  Change their inner structure slightly  

III.  Central galaxy can destroy small subhalos  

Effects of baryons in subhalos 



Trayford	et	al	‘15	



Comparison	to	semi-analy@c	models	

Galaxy stellar mass function 

EAGLE 

Schaye et al ‘15 
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•  Reionization heats gas to 104K, preventing it from 
cooling and forming stars in small halos (Tvir < 104K) 

•    Supernovae feedback expels residual gas in slightly                
larger halos  

Most subhalos never make a galaxy!  

Because: 
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Dark matter content of MW satellites 5
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Figure 3. Left: Stellar mass-halo mass relation for “central” galaxies in the highest resolution APOSTLE runs (L1). The abundance-
matching relations of Guo et al. (2010), Moster et al. (2013) and Behroozi et al. (2013) are shown for reference, labelled as G10, M13,
and B13, respectively. The dotted portion of these curves indicates extrapolation of their formulae to low masses. The fraction of “dark”
systems in APOSTLE (i.e., no stars) as a function of virial mass is indicated by the curve labelled “fdark”. Right: Stellar mass versus
maximum circular velocity (Vmax) of centrals and satellite galaxies in APOSTLE, shown as blue crosses and red circles, respectively. The
offset between field and satellite galaxies is due to loss of mass, mostly dark matter, caused by tidal stripping. The fraction of “dark”
subhalos is shown by the solid red curve. There are no dark subhalos with Vmax > 25 km s−1. Blue and red dashed lines are fits to the
central and satellite stellar mass-Vmax relations, respectively, of the form Mstr/M⊙ = M0 να exp(−νγ), where ν is the velocity in units
of V0 km s−1. Best fits have (M0,α,γ,V0) equal to (5 × 108, 3.23, −2.2, 55) and (6.2 × 108, 2.5, −1.35, 45.5) for centrals and satellites,
respectively.

2013). Such relation is best specified in the regime where
the galaxy stellar mass function is well known (Mstr >
107 M⊙,e.g., Moster et al. 2013), but is routinely extrap-
olated to lower masses, usually assuming a power-law be-
haviour.

We compare the APOSTLEMstr-M200 relation with the
predictions of three different AM models (Guo et al. 2010;
Moster et al. 2013; Behroozi et al. 2013) in the left panel
of Fig. 3. Stellar masses, Mstr, are measured for simulated
galaxies within the “galactic radius”, rgal, defined as 0.15
times the virial radius the halo. This radius contains most
of the stars and cold, star-forming gas of the main (“cen-
tral”) galaxy of each FoF halo. When considering galaxies
inhabiting subhalos (“satellites”), whose virial radii are not
well defined, we shall compute rgal using their maximum cir-
cular velocity, Vmax, after calibrating the Vmax-rgal relation

4

of the centrals.
The left panel of Fig. 3 shows that APOSTLE centrals

follow a tight galaxy-halo mass relation that deviates sys-
tematically from the AM predictions/extrapolations of Guo
et al. (2010); Moster et al. (2013). APOSTLE galaxies of
given stellar mass live in halos systematically less massive
than predicted by those models. This issue has been dis-
cussed by Sawala et al. (2013, 2015), who trace the disagree-

4 Specifically, we used rgal/kpc= 1.69 (Vmax/ km s−1)1.01

ment at least in part to the increasing prevalence of “dark”5

halos with decreasing virial mass. The effect of these dark
systems is not subtle, as shown by the thick solid blue line
in Fig. 3. This line indicates the fraction of APOSTLE ha-
los that are dark (scale on right axis); only half of 109.5 M⊙

halos harbor luminous galaxies in APOSTLE. The “dark”
fraction increases steeply with decreasing mass: 9 out of 10
halos with M200 = 109 M⊙ are dark, and fewer than 1 in 50
are luminous in halos with virial mass ∼ 108.8 M⊙.

One might fear that the deviation from the AM predic-
tion shown in Fig. 3 might lead to a surplus of faint galax-
ies in the Local Group. This is not the case; as discussed
by Sawala et al. (2016), APOSTLE volumes contain ∼ 100
galaxies with Mstr > 105 M⊙ within 2 Mpc from the LG
barycentre, only a fraction above the 60 known such galaxies
in the compilation of McConnachie (2012). We shall here-
after adopt 105 M⊙ (which corresponds roughly to a magni-
tude limit of MV = −8) as the minimum galaxy stellar mass
we shall consider in our discussion. In APOSTLE L1 runs
these systems inhabit halos of M200 ∼ 2× 109 M⊙, and are
resolved with a few tens of thousands of particles.

The right-hand panel of Fig. 3 is analogous to the left
but using Vmax as a measure of mass. This allows the satel-
lites in APOSTLE main galaxies (open circles) to be in-
cluded and compared with centrals (blue crosses). Satellites

5 These are systems with no stars in APOSTLE L1, or, more
precisely, Mstr < 104 M⊙, the mass of a single baryonic particle.

c⃝ 2016 RAS, MNRAS 000, 1–12

Fraction of dark subhalos 
Vc =

GM
r

V max = max Vc 

All halos of mass < 5×108Mo  or Vmax < 7 km/s are dark (m*<104Mo)  
Fattahi et al ‘16 
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Dark matter 

CDM 

APOSTLE 
EAGLE full 

hydro 
simulations 

Local Group 



Far fewer satellite galaxies than CDM halos 

Stars 

Sawala et al ‘16 

Stars 

APOSTLE 
EAGLE full 

hydro 
simulations 

Local Group 



Test  I: the satellite luminosity function 

Tests of ΛCDM with subhalos 



cold dark matter 
The satellites of the Milky Way 

	~50		satellites	discovered	
so	far	in	MW	



cold dark matter 
The satellites of the Milky Way 

	Total	No	in	MW	(to	MV	=0)	
is:	

Newton, Cautun, CSF+ ‘18 

124±27
40

	Total	No	in	MW	
(	MV	=0;	r<300	kpc)	
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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 105M�, 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 Way M31 Local volume 

Dark halos Dark halos 
Dark 
halos 

Observed 
Observed 

Observed 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~10% of cases) 

dark halos 
(const M/L)  

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman+ ’93, Bullock+ ’00, Somerville ‘02) 
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Luminosity Function of Local 
Group Satellites 

LG data 

•  Median model à correct 
abund. of sats brighter than  
MV=-9 and Vcir > 12 km/s 

•  Model predicts many, as yet 
undiscovered, faint satellites 

•  LMC/SMC should be rare 
(~10% of cases) 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 

Benson, Frenk, Lacey, Baugh & Cole ’02 
(see also Kauffman+ ’93, Bullock+ ’00, Somerville ‘02) 
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Observed abundance of satellites 
is compatible with CDM 

There is no such thing as the 
“satellite problem” in CDM! 

• à 



Test  II: the too-big-to-fail problem 

Tests of ΛCDM with subhalos 
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DM only sims à ~10 halos 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 
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Subhalos in 
dark matter 
only LG sim.  

 Subhalo Vmax functions 

But MW has only 3: 
LMC, SMC, Sagittarius 
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Baryon effects on halo structure 

Vmax
hydro /Vmax

DMO
Reduction in Vmax due to 

SN feedback: 

à Lowers halo mass & 
thus halo growth rate  

Sawala, CSF + ‘13, ’15 

CDM 
Vc =

GM
r

V max = max Vc 
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DM only sims à ~10 halos 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 
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Subhalos in 
dark matter 
only LG sim.  

 Subhalo Vmax functions 

But MW has only 3: 
LMC, SMC, Sagittarius 
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Hydro sims à ~3 satellites 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 
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Subhalos in 
dark matter 
only LG sim.  

Satellite Vmax functions 

Sats in 
gas sim  
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Hydro sims à ~3 satellites 
with Vmax> 30 km/s 

Too-big-to-fail: the baryon bailout 
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Sawala et al ‘15 

Subhalos in 
dark matter 
only LG sim.  

Satellite Vmax functions 

Observed Sats in 
gas sim  



Test  III: inner density profile (core/cusp problem)  

Tests of ΛCDM with subhalos 



Dark matter halos: cores or cusps?  

Two myths  

•  The DM halos of observed dwarfs have central cores 

•  Hydro simulations of dwarfs produce cores if they    
have bursty star formation  



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) 

 More massive halos and 
halos that form earlier have 
higher densities (bigger δ)   

 



Does Nature have them? 

Sawala et al ‘15 
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Two main approaches: 

 I. Stellar dynamics 

II. Gas rotation curves  

The density profile of halos/subhalos  
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The DM halo of the Sculptor dwarf  

Sculptor has two  stellar pops:   

(i) centrally concentrated, high 
[Fe/H] 

(ii) extended, low [Fe/H] 

High [Fe/H] 

Low [Fe/H] 

€ 

M(< r) = µ
r <σ los

2 >
G

Walker ‘10; Wolf et al ‘10à 
if r=r1/2 , µ=2.5, independently of 

model assumptions! 

Core 
Cusp 

Sculptor data seem 
to require a core! 

r=r1/2  
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Apostle: satellites w. 2-metalicity pops 

The stellar 
populations are not 
spherical and the 
shapes of the two 

can be different 

Metal-rich 

Metal-poor 

Campbell, CSF+ 16, 
Genina, Benitez-Llambay, CSF + ‘17 

Wolf/Walker mass 
estimator assumes 

equilibrium and 
spherical symmetry 
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Apostle: satellites w. 2-metalicity pops 

The inferred slope 
(core or cusp) 

depends on the 
viewing angle! 

Gennina, Benitez-Llambay, CSF + ‘17 

cusp 

core 
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Genina, CSF et al ‘17 

The DM halo of the Sculptor dwarf  

Key assumption of mass 
estimator:  

spherical symmetry  

€ 

M(< r) = µ
r <σ los

2 >
G

Sculptor 

Is Sculptor spherical? 
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Many nearby galaxies now have hi-res 2D HI 
velocity fields à ideal for infering potential 

Assume: gas is in centrifugal equilibrium on 
approximately circular orbits 
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Rotation curves of 2 APOSTLE dwarfs 

Tilted-ring model corrected for 
asymmetric drift 

APOSTLE galaxies all have NFW cusps 

2D velocity field à Vc (r) (rotn curve);  Vc =
GM (< r)

v
in dynamical equilibrium:  

APOSTLE L1 V1 fof8:0 

GM / r

Gas V(r) Barolo 

Consistent with cusp 

APOSTLE L1 V6 fof12:0 

Consistent with core! 

Oman et al ’18; Marasco et al ‘18 
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The diversity of rotation curves 

Oman+ ‘17 
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The diversity of rotation curves 

Oman+ ‘17 
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But, if cores were found in galaxies would 
that rule out CDM and WDM? 



    Cusps à cores 
 

Perturb central halo region 
by growing a galaxy 

adiabatically and removing 
it  suddenly (Navarro, Eke 

& Frenk ‘96) 

Navarro, Eke & Frenk (1996) 

Cores may also form by 
repeated fluctuations in 
central potential (e.g. by 
SN explosions) (Read & 
Gilmore ’05;  Pontzen & 

Governato ’12,’14;  Bullock & 
Boylan-Kolchin ’17) 

The physics of core formation 
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Governato et al. ’12 
Pontzen et al. ‘12 

Cores in dwarf galaxy 
simulations   

DM 
simulation 

Gas simulations 

Governato et al. assume 
high density threshold for 

star formation  

 

à  High threshold allows 
large gas mass to 

accumulate in centre 

à  Sudden repeated 
removal of gas transfers 

binding energy   
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Cores or cusps in simulations?   

Key parameter: gas density threshold for star formation 

High density à NEF mechanism 

Low density à not enough central gas density to perturb DM 

Depends on details of how star formation is modelled 
(subgrid physics)  
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Cores or cusps in simulations?   

Low threshold 
(e.g. EAGLE)  

High threshold  

Benitez-Llambay, 
CSF et al ‘17 
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There is NO strong evidence 
for cores in dwarf galaxies 

(Existing data are consistent 
with either cusps or cores) 

But  in any case cores 
can be easily created 

by baryon effects  
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I.  What do we know about subhalos in ΛCDM (and ΛWDM) 

•  Abundance 

•  Radial distribution 

•  Structure            

II.  How can we use subhalos to test ΛCDM  

•   In the optical 

•   In gamma rays 

•   With gravitational lensing  

Tests of ΛCDM with subhalos 



Test  IV: γ-ray annihilation radiation 

Tests of ΛCDM with subhalos 
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A blueprint for detecting CDM  

 For a smooth NFW profile: 

€ 

L∝V
4
max

rmax

Supersymmetric particles annihilate and lead to production of 
γ-rays which may be observable by FERMI 

Intensity of annihilation radiation at x depends on: 

  ∫ ρ2(x) ‹σv› dV   
cross-section halo density at x 
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Aquarius simulation 

Milky Way halo seen in DM 
annihilation radiation 

Springel + ’08b 
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main halo Lum 

main halo Mass 

substructure Lum 

Mass and annihilation radiation 
profiles of a MW halo 

Extrapolate to 
min mass by 
boosting L by 

(Mmin/Mlim)0.226 

L α M
m

in 0.226  



University of Durham 

Institute for Computational Cosmology 

S/N for detecting 
subhalos in units of 

that for detecting the 
main halo 

 
 30 highest S/N 

objects, assuming 
use of optimal filters  

sub-subhalos  main subhalos  

known 
satellites 

LMC 

l  Highest S/N subhalos have 1% of S/N of main halo 
l  Highest S/N subhalos have 10 times S/N of known satellites 
l  Substructure of subhalos has no influence on detectability 

A blueprint for detecting halo CDM  

(S/N)/(S/N)main halo 

Springel + ’08b 
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Can CDM be ruled out?  

Yes ! 
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I.  What do we know about subhalos in ΛCDM (and ΛWDM) 

•  Abundance 

•  Radial distribution 

•  Structure            

II.  How can we use subhalos to test ΛCDM  

•   In the optical 

•   In gamma rays 

•   With gravitational lensing  

Tests of ΛCDM with subhalos 



Test  V: strong gravitational lensing 

Tests of ΛCDM with subhalos 



cold dark matter 
The satellites of the Milky Way 

	The	key	predic@on	of	
CDM	is	that	there	should	
be	a	very	large	number	
of	small	dark	ma8er	

halos,	too	small	to	have	
made	a	galaxy.			



cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Wang, White, Theuns, 
Boyarski & Ruchayskiy  ‘12 

How can we test these? 
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The subhalo mass function 
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• CDM • WDM 

CDM 
WDM 

mν  = 7 keV, L6 = 10 
“coldest” 7keV sterile ν 

        (mthermal= 3.3 keV)  

3 x fewer WDM subhalos at 
3x109 Mo 

10 x fewer at 108 Mo 

mc 

Bose, CSF et al ‘16 
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cold dark matter 

Can we distinguish CDM/WDM?  
warm dark matter  

Dark halos can be detected through 
gravitational lensing 
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Gravitational lensing: Einstein rings 

How to rule out CDM  
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When the source and the lens are well aligned à strong 
arc or an Einstein ring 

Gravitational lensing: Einstein rings 
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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 



University of Durham 

Institute for Computational Cosmology 

Halos projected onto an Einstein ring distort the image 

Vegetti & Koopmans ‘09 

Gravitational lensing: Einstein rings 
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Detecting substructures with 
strong lensing 

Vegetti & Koopmans ‘09 
msub = 108 Mo 

Can detect subhalos as small as 107 Mo 

If WDM is right, should find 
NO 107 Mo halos 

If CDM is right, should find 
MANY 107 Mo halos 
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• Projected l.o.s halos 

Substructures vs interlopers 
Subhalos & halos projected along the l.o.s both lens: who wins?  

The number of line-of-sight haloes is larger than that of subhaloes 

Σ
 (a

rc
se

c2
) 

M/h-1Mo 

WDM 

l.o.s projected 

subhalos 

Σ
 (a

rc
se

c2
) 

Li, CSF et al. ’16; see also Despali et al. ‘18 
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• Projected l.o.s halos 

Substructures vs interlopers 
Subhalos & halos projected along the l.o.s both lens: who wins?  

Li, CSF et al. ‘16 

à  This is the cleanest possible test: it depends ONLY on the 
small-mass end of the “field” halo mass function which we 

know how to calculate and is unaffected by baryons 

Σ
 (a

rc
se

c2
) 

M/h-1Mo 

WDM 

l.o.s projected 

subhalos 

Σ
 (a

rc
se

c2
) 
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Detecting substructures with 
strong lensing 

Li, CSF et al ‘16 

Detec@on	limit		=	107	h-1Mo	

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

•  If DM is 7 keV sterile ν à 
exclude CDM at >>σ!  

•  If DM is CDM à exclude 
7 keV sterile ν at >>σ

mc	=	cutoff	mass		

Forecast

Σ
to

t >
 M

lim
) 

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

CDM	 WDM	

Σtot= projected halo number 
density within Einstein ring 

mc= halo cutoff mass  

mc= halo cutoff mass  

mc= 1.3 ×108 h-1Mo for coldest
  7 keV sterile neutrino  
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Conclusions 

Five tests of ΛCDM using subhalos 

1.  The satellite luminosity function: OK for CDM & WDM 

2.  Too-big-to-fail: OK for CDM & WDM 

3.  Core/cusp: no evidence for cores but can be produced 
by baryon effects: OK for CDM & WDM 

4.  γ-ray annihilation radiation: potentially conclusive 

5.  Distortions of strong gravitational lenses: conclusive & 
possible, but involves l.o.s halos, not subhalos 

… of which only one is conclusive and possible 


