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The ΛCDM model of cosmogony  

• Cosmological 
constant 

• Cold dark 
matter 
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The initial conditions for galaxy 
formation 

Quantum fluctuations from inflation 
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Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⇤bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024

⇤ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017

100⇥MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056

⇧ . . . . . . . . . . . . 0.0925 0.089+0.012
�0.014 0.0927 0.091+0.013

�0.014 0.0943 0.090+0.013
�0.014 0.0952 0.092 ± 0.013

ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.0980 3.089+0.024
�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇤tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410

AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8
�1.9 1.14 4.74+2.6

�2.1 1.58 5.34+2.8
�2.0

⇤⇥ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010

⌅8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037

100⇥⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

Table 5. Best-fit values and 68% confidence limits for the base ⇥CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).

strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di⌅er substantially from those for Planck+WP+highL, the
total foreground spectra are rather insensitive to the addition of
the high-resolution CMB data. For example, for the 217 ⇥ 217
spectrum, the di⌅erences in the total foreground solution are less
than 10 µK2 at ⌥ = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su⇧ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di⌅erences between
spectra (including beam errors).

Table 6. Goodness-of-fit tests for the Planck spectra. The �⌃2 =
⌃2 � N⌥ is the di⌅erence from the mean assuming the model is
correct, and the last column expresses �⌃2 in units of the disper-
sion

⇧
2N⌥.

Spectrum ⌥min ⌥max ⌃2 ⌃2/N⌥ �⌃2/
⇧

2N⌥

100 ⇥ 100 50 1200 1158 1.01 0.14
143 ⇥ 143 50 2000 1883 0.97 �1.09
217 ⇥ 217 500 2500 2079 1.04 1.23
143 ⇥ 217 500 2500 1930 0.96 �1.13

All 50 2500 2564 1.05 1.62

To quantify the consistency of the model fits shown in Fig. 7
for Planck we compute the ⌃2 statistic

⌃2 =
�

⌥⌥⌅
(Cdata
⌥ �CCMB

⌥ �Cfg
⌥ )M�1

⌥⌥⌅ (C
data
⌥⌅ �CCMB

⌥⌅ �Cfg
⌥⌅ ), (33)

for each of the spectra, where the sums extend over the mul-
tipole ranges ⌥min and ⌥max used in the likelihood, M⌥⌥⌅ is
the covariance matrix for the spectrum Cdata

⌥ (including cor-
rections for beam eigenmodes and calibrations), CCMB

⌥ is the
best-fit primordial CMB spectrum and Cfg

⌥ is the best-fit fore-
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Non-baryonic dark matter 
candidates  

hot neutrino  few tens of eV 

warm       sterile ν          keV-MeV 

cold 
   axion 
neutralino 

10-5eV - 100 GeV 

     Type             example                mass 
From the 1980s: 
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The dark matter power spectrum 

Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 

  mHDM ~ few tens eV     
light ν; Mcut~1015 Mo  

 

The linear power spectrum (“power per octave” ) 

warm  

cold 

dwarf 
gals 

 galaxy 
clusters 

hot  

k3 P(k) 
HDM 

Large scales small scales 

Fl
uc

tu
at

io
n 

am
pl

itu
de

 

Log k [h Mpc-1] 

Lo
g 

k3
P

(k
) 



? 
The linear power spectrum  

warm  

cold 

hot  

HDM 

Log k [h Mpc-1] 

Lo
g 

k3
P

(k
) 

Non-linear evolution 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

How to make a virtual universe 

Relevant equations:  
Collisionless Boltzmann, 
Poisson, Friedmann eqn,           
Radiative hydrodynamics  
Subgrid astrophysics  

Initial conditions + assumption about content of Universe 

Non-linear evolution: simulations 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 

Frenk, White 
& Davis ‘83 
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Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 

Neutrino DM à  
wrong clustering 

Neutrinos cannot 
make appreciable 
contribution to Ω 
à mν<< 30 ev 

Frenk, White 
& Davis ‘83 
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Non-baryonic dark matter 
cosmologies 

In CDM structure 
forms hierarchically 

Early CDM N-body 
simulations gave 
promising results 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Neutrinos 
Ω=1 

Davis, Efstathiou, 
Frenk & White‘85 

Neutrinos cannot 
make appreciable 
contribution to Ω 
à mν<< 30 ev 

Frenk, White 
& Davis ‘83 

Neutrino DM à  
wrong clustering 
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  CMB temperature anisotropies 

Planck  coll. 2015 

z=1000  Galaxy clustering 
z=0 

Springel, Frenk & 
White 2006 

The ΛCDM model of cosmogony   
Proposed in 1980s;  now empirically supported by: 

real 

simulated 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

Sanchez et al 06 

⇒ ΛCDM provides an 
excellent description of 
mass power spectrum 

from 10-1000 Mpc 

ΛCDM 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

ΛCDM 

wavenumber k (comoving h-1 Mpc)-1 

1000 10  wavelength k-1 (comoving h-1 Mpc) 
Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 

 

P
ow

er
 s

pe
ct

ru
m

 P
(k

) (
h-

1  M
pc

)3
 

Log k3P(k) 

Gal clustering 
(2dFGRS) 

z=0 

CMB 
(WMAP) 

 wavelength k-1 (comoving h-1 Mpc) 
w

arm
 D

M 

sterile ν 

~ 5×109 Mo 

Dwarf galaxies 



University of Durham 

Institute for Computational Cosmology 

Very unlikely that both are right!  

Both CDM & WDM compatible with CMB & galaxy clustering 

 Claims that both types of DM have been discovered: 

u CDM:  γ-ray excess from Galactic Center 

u WDM (sterile ν): 3.5 X-ray keV line in galaxies and clusters 
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Sterile neutrinos 
Explain: 
•  Neutrino oscillations and masses 

•  Baryogenesis 

•  Absence of right-handed neutrinos in standard model 

•  Dark matter 

Sterile neutrino minimal standard model (νMSM; Boyarski+ 09): 

•   Extension of SM w. 3 sterile neutrinos: 2 of GeV; 1 of keV mass 
•  If ΩN=ΩDM, 2 parameters: mass, lepton asymmetry/mixing angle 

•  GeV particles may be detected at CERN (SHiP) 

•  Dark matter candidate can be detected by X-ray decay 
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The cosmic power spectrum: from 
the CMB to the 2dFGRS 

ΛCDM 

wavenumber k (comoving h-1 Mpc)-1 

1000 10  wavelength k-1 (comoving h-1 Mpc) 
Free streaming à 

  λcut  α mx
-1              

for thermal relic 

  mCDM ~ 100GeV 
susy; Mcut ~ 10-6 Mo  

 mWDM ~ few keV  
sterile ν; Mcut~109 Mo 
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cold dark matter • warm dark matter  

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

How can we distinguish between these? 



cold dark matter • warm dark matter  

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

Obvious test: count satellites in MW or M31 

This argument is WRONG! 

In	the	MW:	~50	satellites	discovered	so	far	
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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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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) 



icc.dur.ac.uk/Eagle 

Virgo	Consor*um	
Durham:	Richard	Bower,	Michelle	Furlong,	Carlos	Frenk,	Ma@hieu	Schaller,	James	
Trayford,	YelG	Rosas-Guevara,	Tom	Theuns,	Yan	Qu,	John	Helly,	Adrian	Jenkins.	
Leiden:	Rob	Crain,	Joop	Schaye.	
Other:	Claudio	Dalla	Vecchia,	Ian	McCarthy,	Craig	Booth…	

																																					

“Evolution and assembly of galaxies and 
their environment” 



Trayford	et	al	‘15	



APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Sawala et al ‘16 

Dark matter 

CDM 



Far fewer satellite galaxies than CDM halos 

APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Stars 

Sawala et al ‘16 

Stars 
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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 

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

Dark matter content of MW satellites 5

    

108 109 1010 1011

M200  [Msun]

105

106

107

108

109

M
st

r  
[M

su
n]

AP−L1
centrals

G1
0

B13

M
13

fdark

  

10 100
Vmax [km s−1]

 

 

 

 

 

AP−L1
satellites

centrals

G1
0

  

Sc
l

Fo
r

Ca
nV

en
I

fdark
0.0

0.2

0.4

0.6

0.8

1.0

fra
ct

io
n

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
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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
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Observed abundance of satellites 
is compatible with CDM 

• à 

When “baryon effects” are 
taken into account 

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

• à 
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How about in WDM?  

The	satellites	of	the	MW	
(~50	discovered	so	far)	

Dark	ma@ter	subhalos	in	WDM	
(a	few	tens)	

λcut  α mx
-1 
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Luminosity Function of Local 
Group Satellites in WDM 

MW 

M31 

MW 

M31 

MW 

M31 

From “Warm Apostle:”   7keV sterile ν

Lovell et al. ‘16 

Mh ~ 1012Mo 

WDM WDM 
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All we have achieved by 
counting satellite galaxies 
is to rule out a few WDM 

models! 

Does the inner 
structure of satellites 

help? 



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 δ)   
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• cold dark matter • warm dark matter  

Lovell, Eke, Frenk, Gao, Jenkins, Theuns  ‘12 

The core-cusp problem 

Halos and subhalos in CDM & WDM have 
cuspy NFW profiles 

ρ(r)
ρcrit

=
δc

(r / rs )(1+ r / rs )
2
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Is this it?  
If cores were found in galaxies would that 

rule out CDM and WDM? 
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How about baryon effects? 
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Rapid ejection of gas 
during starburst à a 
core in the halo dark 
matter density profile  

Baryon effects in the MW satellites  

Let gas cool and 
condense to the 
galactic centre   

à gas self-gravitating 
à star formation/burst 

 

Navarro, Eke, Frenk ‘96 

Pontzen & Governato ‘12 
Brooks et al. ‘12 

Governato et al. ‘12 

Navarro, Eke, Frenk ‘96 

Parry, CSF et al. ‘11 
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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   

 



Sawala et al ‘15 
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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?   

Benitez-Llambay, CSF et al ‘17 

Low threshold (e.g. EAGLE)  

High threshold  
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Indirect CDM detection 
through annihilation radiation 

⇒ Theoretical expectation requires knowing ρ(x)  

⇒ 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 γ-rays)  



Does Nature have cores? 

Sawala et al ‘15 
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There is NO evidence for 
cores in dwarf galaxies 

Existing data are consistent 
with either cusps or cores  
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Is there any way can 
distinguish CDM from 

WDM? 

There is no need for 
despair: there is a way 

to distinguish them 
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cold dark matter 

Can we distinguish CDM/WDM?  

Rather than counting faint galaxies, 
count the number of dark halos  

warm dark matter  
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cold dark matter 

Can we distinguish CDM/WDM?  
warm dark matter  

Dark halos can be detected through 
gravitational lensing 



University of Durham 

Institute for Computational Cosmology 

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 



University of Durham 

Institute for Computational Cosmology 

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 & Koopmans ‘09 

Gravitational lensing: Einstein rings 



University of Durham 

Institute for Computational Cosmology 

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?  

Li, CSF et al. ‘16 

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

Σ
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M/h-1Mo 
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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 
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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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Detecting substructures with 
strong lensing 

Li, CSF et al ‘16 

DetecGon	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  

•  ΛCDM: great success on scales > 1Mpc: CMB, LSS, gal evolution 

•  But on these scales ΛCDM cannot be distinguished from WDM 

•  The identity of the DM makes a big difference on small scales 

1.  Counting faint galaxies cannot distinguish CDM/WDM 

2.   Halos < ~5.108M0 are dark; halos >1010M0 are  bright      
               (abundance matching fails for halos <1010M0)   
3. No evidence for cores but baryon effects can make them 
4. Distortions of strong gravitational lenses offer a clean 
test of CDM vs WDM à and can potentially rule out CDM! 


