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Cosmological constant Cold dark matter 

The ΛCDM model of cosmogony  

•   Ab initio, fully specified model of cosmic evolution and the 
formation of cosmic structure 

•  Has strong predictive power and can, in principle, be ruled out 

•  Has made a number of predictions that were subsequently 
verified empirically (e.g. CMB, LSS, galaxy formation)  

Proposed in the early 1980s A priori implausible 
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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 early 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” ) 
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The linear power spectrum  
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Non-linear evolution 
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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 

Allows particle candidates to be 
tested directly against astronomical 

observations 
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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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Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

CDM  
Ω=1 

Davis, Efstathiou, 
Frenk & White ‘85 

Idea of “biasing” 
was introduced to 
have acceptable 

clustering and  Ω=1 

Ω=1 was the 
obvious choice 

Frenk, White 
& Davis ‘83 

Non-baryonic dark matter 
cosmologies 

But with Ω=1, 
the dark matter 
is too clustered 
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  A much less 
elegant  solution 

was Λ  

Non-baryonic dark matter 
cosmologies 

Davis, Efstathiou, 
Frenk & White ‘85 

HDM 
Ω=1 CfA redshift 

survey 

ΛCDM 
Ω=0.2 

Davis, Efstathiou, 
Frenk, White ‘85 

CDM  
Ω=1 

Frenk, White 
& Davis ‘83 

Λ CDM was clearly 
very promising, but 

Λ???
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The end of standard (Ωmatter =1) CDM  
… or why Ωmatter  cannot be 1 
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Ω from the baryon fraction in clusters 

where  γ=1 if fb has the universal value 

White, Navarro, 
Evrard & Frenk 

Nature 1993  

X-rays+lensing à  fb = (0.060h-3/2 +0.009) ±10% 

BBNS, CMB     à  Ωbh2 = 0.019 ± 20% 
HST             à  h = 0.7 ±10% 

simulations       à  γ = 0.9 ±10% 

€ 

Ωm =
Ωbγ
fb

= 0.31± 0.12
Allen etal ‘04 

baryon fraction in clusters  ≈  baryon fraction of universe 

fb =
Mb

Mtot

= γ
Ωb

Ωm
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Evidence for Λ from high-z 
supernovae 

SN type Ia (standard candles) at 
z~0.5 are fainter than expected even 

if the Universe were empty 

Perlmutter et al ‘98; Reiss et al ‘98 
Schmidt  et al ‘98 

è Cosmic expansion must have been 
accelerating since the light was emitted 
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The initial conditions for galaxy 
formation 

Quantum fluctuations from inflation 
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Fluctuation amplitude 

Planck: CMB temperature anisotropies 

The data confirm 
the theoretical 

predictions 

Planck  coll. 2015 

Prediction from 1980s 
(Peebles ‘82)  
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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-

22

Planck collaboration ‘13 

The six parameters of minimal ΛCDM model 
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Dark matter density 



Springel, Frenk & White  
Nature, April ‘06 

2dFGRS 

SDSS 

CfA 

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 

wavenumber k (comoving h-1 Mpc)-1 
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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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~ 5×109 Mo 

Dwarf galaxies 
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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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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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   (strongly non-linear regime)  

The identity of the dark matter is encoded 
in dwarf galaxies in the halo of the MW 
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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 

In	the	MW:	~55	satellites	discovered	so	far	
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The MW satellite luminosity function 

About 55 satellites known in 
the MW so far  from partial 
surveys (e.g. SDSS, Pan-

STARRS, DES) 

Can infer total population from 
survey selection function,  

assuming a radial distribution 
(from simulations)  

(Newton+18, Koposov+08, Tollerud+08, 
Hargis+14) 

	~55	satellites	discovered	so	far	in	MW	
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The MW satellite luminosity function 

Newton, Cautun, CSF+ ‘18 

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

124±27
40

CumulaEve	satellite	lum.	fn.	

About 55 satellites known in 
the MW so far  from partial 
surveys (e.g. SDSS, Pan-

STARRS, DES) 

Can infer total population from 
survey selection function,  

assuming a radial distribution 
(from simulations)  

(Newton+18, Koposov+08, Tollerud+08, 
Hargis+14) 



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 

In	the	MW:	~55	satellites	discovered	so	far	

In	the	MW:	~125	satellites	expected		



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! 
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Most subhalos never make a galaxy!  
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The two stages of galaxy formation 

Stage I: Galaxies begin to form during the “dark ages”  

First stars reionize H and heat it up to 104K à prevents gas from 
cooling in halos  of “Tvir” < 104K − galaxy formation is interrupted 

Stage I 

Stage II 

Stage II: Halos with “Tvir” > 104K form à galaxy formation resumes 
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The satellite luminosity function 

Two populations of sats formed: (i) before and (ii) after reionization 

�15�10�50
MV [mag]

10�1
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dN
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ts
/d

M
V

Lacey [zcut = 6]

Mhost
200 = [1� 1.3] · 1012 M�

102 104 106 107
M? [M�]

(i) Formed 
before zreion 

(ii) Formed 
after zreion 

Pre-existing 
GALFORM 

model 
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The MW/M31 sat. luminosity function 

�15�10�50
MV [mag]

10�1

100
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dN
sa

ts
/d

M
V

Combined MW+M31

Mhost
200 = [1� 1.3] · 1012 M�

102 104 106 107
M? [M�]

DifferenEal	satellite	luminosity	funcEon	MW satellites 
(Newton+ ’18) plus 

MV<-8 M31 
satellites 

(Mcconnachie ’12) 

Bose, Deason, CSF ‘18 



University of Durham 

Institute for Computational Cosmology 

�15�10�50
MV [mag]

10�1

100

101

dN
sa

ts
/d

M
V

Lacey [zcut = 6]

Combined MW+M31

Mhost
200 = [1� 1.3] · 1012 M�

102 104 106 107
M? [M�]

Bose, Deason, CSF ‘18 

Theory vs data 
Are the ultra-faint 
dwarfs of the MW 
amongst the first 

galaxies? 
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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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“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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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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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	maSter	subhalos	in	WDM	
(a	few	tens)	

λcut  α mx
-1 
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WDM 

2.3 keV 

2.0 keV 

1.5 keV 

Warm DM: 
different ν mass 

2.3keV	

2	keV	

CDM	

1.5	keV	
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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 

νMSM νMSM CDM 
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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)   

 
Log radius (kpc) 

Lo
g 

de
ns

ity
 (1

01
0  M

o k
pc

3 )
 



University of Durham 

Institute for Computational Cosmology 

• 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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Dark matter halos: cores or cusps?  

A myth  

The DM halos of dwarf galaxies have central cores 

A challenge for CDM (and WDM)?  
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There is NO evidence for 
cores in dwarf galaxies 

(Existing data are consistent 
with either cusps or cores) 

(e.g Strigari+ 15, Genina +18, 
Oman+ 18) 
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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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The diversity of rotation curves 

Oman+ ‘17 

Vc =
GM
r

Vmax = max Vc 
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The diversity of rotation curves 

Oman+ ‘17 

Vc =
GM
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The diversity of rotation curves 

Oman+ ‘17 

Vc =
GM
r

Vmax = max Vc 

cores  

Salucci 
core (MW) 
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The diversity of rotation curves 
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The diversity of rotation curves 

Oman+ ‘17 

Vc =
GM
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Tilted-ring model corrected for 
asymmetric drift 

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

r
in dynamical equilibrium:  

Analysis of 2D velocity fields 
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Tilted-ring model corrected for 
asymmetric drift 

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

v
in dynamical equilibrium:  

Let’s apply this to APOSTLE galaxies by making a mock 2D 
velocity field data cube and analysing it just as the real data 

Analysis of 2D velocity fields 
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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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14 K. A. Oman et al.

Figure 8. Left column: Velocity maps for the same two galaxies shown in Figs. 5–7 along lines of sight which place the red (rows 1 & 3, rotation curve
systematically overestimated) or blue (rows 2 & 4, rotation curve systematically underestimated) lines from the upper panels of Fig. 6 along the major
axis. The grey ellipse marks R = 2kpc; the isovelocity contours are drawn at the same positions as the tick marks on the colour bars. Centre column:
Velocity maps extracted from the 3DBAROLO model data cubes for the same galaxies and orientations. Right column: Difference of the left and centre
columns (note that the colour scale is compressed).

ual amplitude at R = 2.5 kpc requires reducing the inclination
by roughly 10–15�. Applying this correction to the galaxy as a
whole revises the maximum circular velocity of DDO 47 and
DDO 87 from 65 and 57 to 99 and 89 km s

�1, respectively,
enough to move both galaxies well off the BTFR (Fig. 1, blue

squares ‘4’ and ‘9’). Although this could, in principle, be cir-
cumvented by invoking a strong warping of the H I discs so that
the inclination correction only applies to the inner region, such
a scenario seems contrived. Nevertheless, this emphasizes that
great care must be taken to avoid mistaking inclination effects

c� 0000 RAS, MNRAS 000, 000–000
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axis. The grey ellipse marks R = 2kpc; the isovelocity contours are drawn at the same positions as the tick marks on the colour bars. Centre column:
Velocity maps extracted from the 3DBAROLO model data cubes for the same galaxies and orientations. Right column: Difference of the left and centre
columns (note that the colour scale is compressed).

ual amplitude at R = 2.5 kpc requires reducing the inclination
by roughly 10–15�. Applying this correction to the galaxy as a
whole revises the maximum circular velocity of DDO 47 and
DDO 87 from 65 and 57 to 99 and 89 km s

�1, respectively,
enough to move both galaxies well off the BTFR (Fig. 1, blue

squares ‘4’ and ‘9’). Although this could, in principle, be cir-
cumvented by invoking a strong warping of the H I discs so that
the inclination correction only applies to the inner region, such
a scenario seems contrived. Nevertheless, this emphasizes that
great care must be taken to avoid mistaking inclination effects
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Apparent cores and non-circular motions 15

Figure 9. Upper: Left column: Velocity maps for the LITTLE THINGS galaxies DDO 47 and DDO 87, which have slowly rising rotation curves. The
grey ellipse marks 2.5 kpc; the isovelocity contours are drawn at the same positions as the tick marks on the colour bars. Centre column: Velocity
maps extracted from 3DBAROLO model data cubes for the same galaxies. We use the same configuration for 3DBAROLO as in Iorio et al. (2017), and
confirm that we recover the same rotation curves. Right column: Difference of the left and centre columns, notice the ‘3 petal’ pattern near the centre.
Lower: First row: Velocity as a function of the parametric angle �, and the best-fitting cosine function, at R = 2.5 kpc (grey ellipse in upper panels).
Second row: Residual velocities after removing the main cosine component, and the best-fitting projected m = 2 function. Both galaxies have a clear
3-peaked pattern in the residuals, oriented such that the maximum of the m = 1 component approximately aligns with a minimum of the m = 2

component, and vice versa. This is the signature, in projection, of an m = 2 perturbation to a pure rotation field – the combination of the ⇡-period
pattern from the perturbation and the usual 2⇡-period pattern from the line-of-sight projection of the azimuthal velocity produces a 3-peaked pattern.
This orientation corresponds to that which, in our interpretation, would cause a maximal underestimate of the rotation curve.

c� 0000 RAS, MNRAS 000, 000–000
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The diversity of rotation curves 

Oman+ ‘17 
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The diversity of rotation curves 

Oman+ ‘17 

Fake 
cores  



No convincing evidence for cores in observed galaxies 

Cores or cusps in nature? 

Cores Cusps 
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But if cores were found in galaxies would 
that rule out CDM and WDM? 
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How about baryon effects? 



    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 



Sawala et al ‘15 
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Core formation 

In the absence of a treatment of the (multi-phase) interstellar 
medium, need a “subgrid” model for star formation 

Key parameter: gas density threshold for star formation 

Physically meaningless 
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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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There is NO 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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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 
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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 
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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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0.5 Mpc/h 

The Millennium/Aquarius/Phoenix simulation series 

0.5 Mpc/h 

Halo mass function 

ΛCDM z=0 

Springel et al ‘05, ’08, 
Gao et al ‘11 
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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 

DetecEon	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 

•  Λ  makes little difference to formation of cosmic structure 

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

1.  CDM makes many small subhalos but most (<5.108M0) 
are dark à No satellite problem in CDM or WDM 

2.  No evidence for cores; baryon effects can make them  
à No “core/cusp” problem in CDM or WDM    

3. Distortions of strong gravitational lenses offer a clean 
test of CDM vs WDM à and can potentially rule out CDM! 


