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Cosmological constant Cold dark matter 

The ΛCDM model of cosmogony  

•   Proposed in 1980s, it is an 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)  

Three Nobel Prizes in Physics since 2006, including 2019 
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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 
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These possibilites can be tested with astrophysics 
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Non-linear evolution 
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How to make a virtual universe 

Relevant equations:  
Collisionless Boltzmann; 
Poisson; Friedmann eqns;          
Radiative hydrodynamics  
Subgrid astrophysics  

Assumption about content of Universe à Initial conditions 

Non-linear evolution: simulations 
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*HAS THE NEUTRINO A NON-ZERO REST MASS?
(Tritium a-Spectrum

In real life things are more complicated. The apparatus reso-
lution R(E,E') strongly affects the spectrum endpoint and rather
weakly affects the spectrum slope.

V. Lubimov, E. Novikov, V. Nozik, E. Tretyakov
Institute for Theoretical and Experimental Physics, Moscow, U.S.S.R.

ABSTRACT
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Fig. 3. Realistic Kurie plot.

Eo can still be obtained by extrapolation. However, we are unable
to get E

k.
If Mv > R, then once again the lack of counts near the

endpoint would indicate that O. If Mv S R, the changes due to
non-zero mass and the influence of R are indistinguishable. For M
determination the knowledge of R is compulsory. The background
termines the statistical accuracy near the endpoint, i.e., in the
region of the highest sensitivity to the v mass. So: 1) R s20ul d
be K), 2) the smaller Mv is, the smaller jhe background
must be and the higher the statistics ) must be. For example,
suppose that for = 100 eV we need resolution R, background Q, and
statistics s. If Mv = 30 eV, to achieve the same they should
be R/3, QjlO, and N x 3D, respectively.

The shorter the B-spectrum, the less it is spread due to R (as
R a const.). A classical example is 3H B-decay, which has
1) the smallest E 18.6 keY, 2) an allowed B-transition. simple
nucleus, and simpYe theoretical interpretation, 3) highly reduced
radioactivity. The first experiments with 3H were by S. Curran
et al. (1948) and G. Hanna, B. Pontecorvo (1949). Using 3H gas in
a proportional counter, they obtained s 1 keY. Further progress
required magnetic spectrometer development. This allowed the reso-
lution to be improved considerably, and L. Langer and R. Moffat
(1952) obtained s 250 eV. The best value was obtained by
K. Bergkvist (197Z): R 50 eV and 55 eV.

The ITEP spectrometer is of a new type: ironless, with toroi-
dal magnetic field (E. Tretyakov, 1973). The principle of the tor-
oidal magnetic field focusing systems was proposed by V. Vladimirsky
et at . (An example is a "Horn" of v-beams.) It turns out that a
rectilinear conductor (current) has a focusing ability for particles
emitted perpendicular to the rotation axis. This system has infinim
periodical focusing structure. The ITEP spectrometer is based on
this principle.
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Fig. 2. Kurie plot for M,) O.

EK-EO

Fig. 1. Kurie plot for Mv =O.

tp.JS

*Paper presented by Oleg Egorov.

V. 1C0sik
Institute of Molecular Genetics, Moscow, U.S.S.R.

The method for the neutrino mass measurement is to obtain Eo from
the extrapolation and obtain from the spectrum intercept. Then
:4v a E _ Ek' Qualitatively, Mv 0 if the B-spectrum near the end-
point below the extrapolated curve.

Fifty years ago Pauli introduced the neutrino to explain the
:-spectrum shape. Pauli made the first estimate of the neutrino
mass (E

3
max =nuclei mass defect): it should be very small or

maybe zero. Up to now the study of the a-spectrum shape is the
!nost sensitive, direct method of neutrino mass measurement.

For allowed a-transitions, if My a 0, then S = (E_EQ)2. The
Kurie plot is then a straight line wlth the only kinematlc parameter
being E

k
= Eo (total B-transition energy). If 0, then

S = The Kurie plot is then distorted, especially
near the endpoint.

The high energy part of the a-spectrum of tritium in the valine
molecule was measured with high precision by a toroidal a-spectro-
meter. The results give evidence for a non-zero electron anti-
neutrino mass.

b _

1981 
mν = 30 ev à Ωm = 1 Hot dark matter 
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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 



University of Durham 

Institute for Computational Cosmology 

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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(initial conditions) 
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The temperature of this 
radiation should show 
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Production of  
particle dark matter  

(t ~ 10-10 s) 
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Temperature anisotropies in CMB  

For CDM: Peebles ‘82; Bond & Efstathiou‘84  

Large scales Small scales 

coherent oscillations 
of γ – baryon fluid 
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Peebles & Yu ‘70 Sunyev & Zel’dovich ‘70 
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Jim Peebles 

Nobel prize 2019 
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The CMB 

1992 

George Smoot - Nobel Prize 2006 
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The CMB 

1992 

2003 
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The CMB 

1992 

2012 

Planck 
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The initial conditions for galaxy 
formation 

Quantum fluctuations from inflation 

Planck collaboration ‘13  
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Fluctuation amplitude 

Planck: CMB temperature anisotropies 

The data confirm 
the theoretical 

predictions 

Planck  coll. 2015 

ΛCDM 
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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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N-body simulations of large-
scale structure in ΛCDM 

Davis, Efstathiou, Frenk 
& White‘85 
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Frenk et al 1985 

Formation of CDM halos 
z=2.5 z=2.5 z=2.5 

z=1 z=1 z=1 

z=0 z=0 z=0 
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0.5 Mpc/h 

The Millennium/Aquarius/Phoenix simulation series 

Springel et al ‘05, ’08, 
Gao et al ‘11 
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0.5 Mpc/h 

The Millennium/Aquarius/Phoenix simulation series 

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



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

ΛCDM 

wavenumber k (comoving h-1 Mpc)-1 

1000 10 

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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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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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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Annihilation radiation from the Galactic Centre? 
Cold dark matter 
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Fermi satellite data 

The Characterization of the Gamma-Ray Signal from the Central Milky Way:

A Compelling Case for Annihilating Dark Matter

Tansu Daylan,1 Douglas P. Finkbeiner,1, 2 Dan Hooper,3, 4 Tim Linden,5

Stephen K. N. Portillo,2 Nicholas L. Rodd,6 and Tracy R. Slatyer6, 7

1Department of Physics, Harvard University, Cambridge, MA
2Harvard-Smithsonian Center for Astrophysics, Cambridge, MA

3Fermi National Accelerator Laboratory, Theoretical Astrophysics Group, Batavia, IL
4University of Chicago, Department of Astronomy and Astrophysics, Chicago, IL

5University of Chicago, Kavli Institute for Cosmological Physics, Chicago, IL
6Center for Theoretical Physics, Massachusetts Institute of Technology, Boston, MA

7School of Natural Sciences, Institute for Advanced Study, Princeton, NJ

Past studies have identified a spatially extended excess of ⇠1-3 GeV gamma rays from the region
surrounding the Galactic Center, consistent with the emission expected from annihilating dark mat-
ter. We revisit and scrutinize this signal with the intention of further constraining its characteristics
and origin. By applying cuts to the Fermi event parameter CTBCORE, we suppress the tails of
the point spread function and generate high resolution gamma-ray maps, enabling us to more easily
separate the various gamma-ray components. Within these maps, we find the GeV excess to be
robust and highly statistically significant, with a spectrum, angular distribution, and overall nor-
malization that is in good agreement with that predicted by simple annihilating dark matter models.
For example, the signal is very well fit by a 31-40 GeV dark matter particle annihilating to bb̄ with
an annihilation cross section of �v = (1.4� 2.0)⇥ 10�26 cm3/s (normalized to a local dark matter
density of 0.3 GeV/cm3). Furthermore, we confirm that the angular distribution of the excess is
approximately spherically symmetric and centered around the dynamical center of the Milky Way
(within ⇠0.05� of Sgr A⇤), showing no sign of elongation along or perpendicular to the Galactic
Plane. The signal is observed to extend to at least ' 10� from the Galactic Center, disfavoring the
possibility that this emission originates from millisecond pulsars.

PACS numbers: 95.85.Pw, 98.70.Rz, 95.35.+d; FERMILAB-PUB-14-032-A, MIT-CTP 4533

I. INTRODUCTION

Weakly interacting massive particles (WIMPs) are a
leading class of candidates for the dark matter of our uni-
verse. If the dark matter consists of such particles, then
their annihilations are predicted to produce potentially
observable fluxes of energetic particles, including gamma
rays, cosmic rays, and neutrinos. Of particular interest
are gamma rays from the region of the Galactic Center
which, due to its proximity and high dark matter density,
is expected to be the brightest source of dark matter an-
nihilation products on the sky, hundreds of times brighter
than the most promising dwarf spheroidal galaxies.

Over the past few years, several groups analyzing data
from the Fermi Gamma-Ray Space Telescope have re-
ported the detection of a gamma-ray signal from the in-
ner few degrees around the Galactic Center (correspond-
ing to a region several hundred parsecs in radius), with a
spectrum and angular distribution compatible with that
anticipated from annihilating dark matter particles [1–7].
More recently, this signal was shown to also be present
throughout the larger Inner Galaxy region, extending
kiloparsecs from the center of the Milky Way [8, 9]. While
the spectrum and morphology of the Galactic Center and
Inner Galaxy signals have been shown to be compatible
with that predicted from the annihilations of an approx-
imately 30-40 GeV WIMP annihilating to quarks (or a
⇠7-10 GeV WIMP annihilating significantly to tau lep-

tons), other explanations have also been proposed. In
particular, it has been argued that if our galaxy’s central
stellar cluster contains several thousand unresolved mil-
lisecond pulsars, they might be able to account for the
emission observed from the Galactic Center [2, 4–7, 10].
The realization that this signal extends well beyond the
boundaries of the central stellar cluster [8, 9] disfavors
such interpretations, however. In particular, pulsar pop-
ulation models capable of producing the observed emis-
sion from the Inner Galaxy invariably predict that Fermi

should have resolved a much greater number of such ob-
jects. Accounting for this constraint, Ref. [11] concluded
that no more than ⇠5-10% of the anomalous gamma-
ray emission from the Inner Galaxy can originate from
pulsars. Furthermore, while it has been suggested that
the Galactic Center signal might result from cosmic-ray
interactions with gas [2, 4–6], the analyses of Refs. [12]
and [13] find that measured distributions of gas provide
a poor fit to the morphology of the observed signal. It
also appears implausible that such processes could ac-
count for the more spatially extended emission observed
from throughout the Inner Galaxy.

In this study, we revisit the anomalous gamma-ray
emission from the Galactic Center and the Inner Galaxy
regions and scrutinize the Fermi data in an e↵ort to con-
strain and characterize this signal more definitively, with
the ultimate goal being to confidently determine its ori-
gin. One way in which we expand upon previous work
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Warm dark matter 
Decay line at 3.51 keV in galaxies and clusters 
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Figure 6. 3�4 keV band of the rebinned XMM-Newton spectra of the detections.The spectra were rebinned to make the excess at ⇠3.57
keV more apparent. (APJ VERSION INCLUDES ONLY THE REBINNED MOS SPECTRUM OF THE FULL SAMPLE).

nax dwarf galaxies (Boyarsky et al. 2010; Watson et al.
2012), as showin in Figure 13(a). It is in marginal (⇠90%
significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
this line.

3.2. Excluding Bright Nearby Clusters from the Sample

WDM decay line in 69 stacked clusters? 
Bulbul et al. ‘14 E=3.57 keV 

Warm dark matter 

See also Boyarsky et al. ‘14 
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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 and 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 
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The subhalo mass function 
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        (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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How can we distinguish the two?  

1. Number of dark matter halos (the halos mass fn.)     

  (the ``missing satellites problem) 

2. Annihilation/decay radiation  

Astrophysical tests of dark matter 

Let’s begin by counting what we can see 

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

Newton, Cautun, CSF+ ‘18 

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

124±27
40

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

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

there are observed satellites 

CDM 
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The two phases of galaxy formation 

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

First stars reionize H and heat it up to 104K 

Phase I 

Phase II 

Phase II: H Gas is ionized (“Tvir” > 104K form) 

Failed dwarfs 
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Cooling argument 

Jeans argument 

A galaxy formation primer 

Critical mass to form stars in a halo of 
mass M200 

AHer	reionizaEon	

Before	reionizaEon	

Benitez-Llambay & CSF ‘20 

2 A. Benitez-Llambay et al.

dark. This conclusion agrees qualitatively with results from
cosmological hydrodynamical simulations (Hoeft et al. 2006;
Okamoto & Frenk 2009; Beńıtez-Llambay et al. 2015; Sawala
et al. 2016; Fitts et al. 2017), although the exact value of the
critical halo mass and its dependence on modelling details,
are uncertain. A quantity often discussed in this context is
the “filtering mass” defined as the mass of those haloes that
retain half of their baryons after cosmic reionization; it can
be calculated using either linear theory or numerical sim-
ulations (e.g. Gnedin 2000; Benson et al. 2002a; Okamoto
et al. 2008; Hoeft et al. 2006). The exact connection of this
quantity to galaxy formation is, however, unclear.

To illustrate these ideas, let us assume that prior to
reionization galaxy formation can only take place in haloes in
which atomic hydrogen can cool, that is haloes of virial tem-
perature, T200 & 7000 K. The corresponding critical mass is
approximately,

Mz
H ⇠ (4 ⇥ 107 M�)

✓
1 + z
11

◆�3/2

. (1)

In Fig. 1 we follow the evolution of a halo of present-day
mass, M0

cr = 5 ⇥ 109 M�, which, for illustration purposes,
we take to be the critical mass above which all dark matter
haloes host a luminous galaxy at z = 0. The red solid line
shows the average mass growth (inferred from the mean mass
accretion history) of a halo of that mass in ⇤CDM. The halo
mass required for galaxy formation to proceed is shown by
the black dashed line. At z = zre this jumps from Mz

H to
Mz

cr. The blue dashed line in Fig. 1 shows the evolution of
Mz

cr, assumed to be the mass of a halo of virial temperature
Tb = 2 ⇥ 104 K.

All haloes of M200 � M0
cr will host a luminous galaxy

at z = 0. Some haloes of M200  M0
cr will be “dark” but

others will also host a luminous galaxy, depending on their
previous history. The thin brown lines in Fig. 1 illustrate
two di↵erent mass accretions histories that lead to the same
halo mass at z = 0, M200 < M0

cr. One of them never crosses
the critical mass required for gas to collapse, whereas the
other, although below the critical mass at z = 0, exceeded
Mz

H before cosmic reionization. Of the two, only the later
is expected to host a luminous galaxy today. This example
illustrates the origin of the “stochastic” nature of galaxy for-
mation in dark matter haloes of mass close to the critical
value (e.g. Hoeft et al. 2006; Beńıtez-Llambay et al. 2015;
Sawala et al. 2016; Fitts et al. 2017, and references thereir).
Note that given our assumptions none of the dark matter
haloes of mass M200  MH,0 at z = 0 can host a luminous
galaxy, as ⇤CDM haloes can only grow in mass unless they
become a satellite of a more massive system, after which
they may be subject to mass loss from tidal stripping.

The present-day value of the critical mass, M0
cr, that

separates haloes that were able to form a galaxy from those
that were not is a direct probe of the epoch of reionization
and constrains the two parameters, zre and Tb. The redshift
of reionization can be estimated by finding the time when
the average mass of haloes of M200 = M0

cr first exceeded Mz
H

(dashed orange line). The constraint on Tb follows from the

within which the mean mass density equals 200 times the critical
density of the universe and label them with the subscript 200.

Figure 1. Redshift evolution of the critical halo mass above
which atomic hydrogen cooling becomes e�cient (orange dashed
line), the critical mass corresponding to a fixed virial tempera-
ture, T200 = Tb = 2 ⇥ 104 K (blue dashed line), and the mean
mass assembly history of a ⇤CDM halo of present-day mass,
M200 ⇠ 5 ⇥ 109 M�h�1 (red solid line). The e↵ective critical
mass for gas to collapse is shown by the dot-dashed black line.
This is equal to Mz

H (Eqn. 1) prior to the redshift of reionization,
zre, and to Mz

cr (Eqn. 2) after zre. For this particular example, the
value of M0

cr constrains both, the redshift of reionization and the
temperature of the intergalactic medium. The brown thin solid
lines show two particular mass assembly histories of dark matter
haloes of present-day mass, M200 ⇠ 3 ⇥ 109M�, i.e., of mass,
M200 < M0

cr. One halo never exceeds Mz
cr and is expected to

remain “dark” at z = 0. The other was more massive than Mz
cr

prior to reionization and is expected to host a luminous galaxy
at z = 0.

value of M0
cr since,

Mz
cr ⇠

�
1010 M�

�✓ Tb

3.2 ⇥ 104 K

◆3/2

(1 + z)�3/2 . (2)

In this paper we develop a theoretical framework to
understand the onset of galaxy formation and the impact
of cosmic reionization on galaxy formation and address the
follow questions: Is there an actual minimum halo mass at
z = 0 below which galaxies cannot form? If so, how does
this depend on the characteristic scales of cosmic reioniza-
tion? Is the simple picture outlined above consistent with
full hydrodynamical simulations of galaxy formation? Is our
model quantitatively robust? How sensitive are the results
to the underlying assumptions about galaxy formation?

In Section 2 we introduce our model to calculate how
reionization a↵ects galaxy formation in low-mass haloes. We
describe the numerical method and our simulations in Sec-
tion 3. We perform a comparison between our model and
high-resolution cosmological hydrodynamics simulations in
Section 4. We discuss our results in Section 5 and conclude
in Section 6.

2 MODEL

We will discuss later the conditions required for gas to col-
lapse in a halo and make a galaxy. Here, we introduce a

MNRAS 000, 1–13 (2020)

1. Before reionization, 
stars can only form if 
gas can cool for which 

à  T>7000 K 

2. After H reionization, gas 
is heated to T=2x104 K. It 
can only cool and form 

stars in halos with:  

Tvir > TIGM = 2x104 K 
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et al. 2016; Fitts et al. 2017), although the exact value of the
critical halo mass and its dependence on modelling details,
are uncertain. A quantity often discussed in this context is
the “filtering mass” defined as the mass of those haloes that
retain half of their baryons after cosmic reionization; it can
be calculated using either linear theory or numerical sim-
ulations (e.g. Gnedin 2000; Benson et al. 2002a; Okamoto
et al. 2008; Hoeft et al. 2006). The exact connection of this
quantity to galaxy formation is, however, unclear.

To illustrate these ideas, let us assume that prior to
reionization galaxy formation can only take place in haloes in
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perature, T200 & 7000 K. The corresponding critical mass is
approximately,

Mz
H ⇠ (4 ⇥ 107 M�)
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1 + z
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In Fig. 1 we follow the evolution of a halo of present-day
mass, M0

cr = 5 ⇥ 109 M�, which, for illustration purposes,
we take to be the critical mass above which all dark matter
haloes host a luminous galaxy at z = 0. The red solid line
shows the average mass growth (inferred from the mean mass
accretion history) of a halo of that mass in ⇤CDM. The halo
mass required for galaxy formation to proceed is shown by
the black dashed line. At z = zre this jumps from Mz

H to
Mz

cr. The blue dashed line in Fig. 1 shows the evolution of
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others will also host a luminous galaxy, depending on their
previous history. The thin brown lines in Fig. 1 illustrate
two di↵erent mass accretions histories that lead to the same
halo mass at z = 0, M200 < M0

cr. One of them never crosses
the critical mass required for gas to collapse, whereas the
other, although below the critical mass at z = 0, exceeded
Mz

H before cosmic reionization. Of the two, only the later
is expected to host a luminous galaxy today. This example
illustrates the origin of the “stochastic” nature of galaxy for-
mation in dark matter haloes of mass close to the critical
value (e.g. Hoeft et al. 2006; Beńıtez-Llambay et al. 2015;
Sawala et al. 2016; Fitts et al. 2017, and references thereir).
Note that given our assumptions none of the dark matter
haloes of mass M200  MH,0 at z = 0 can host a luminous
galaxy, as ⇤CDM haloes can only grow in mass unless they
become a satellite of a more massive system, after which
they may be subject to mass loss from tidal stripping.

The present-day value of the critical mass, M0
cr, that

separates haloes that were able to form a galaxy from those
that were not is a direct probe of the epoch of reionization
and constrains the two parameters, zre and Tb. The redshift
of reionization can be estimated by finding the time when
the average mass of haloes of M200 = M0

cr first exceeded Mz
H

(dashed orange line). The constraint on Tb follows from the
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Figure 1. Redshift evolution of the critical halo mass above
which atomic hydrogen cooling becomes e�cient (orange dashed
line), the critical mass corresponding to a fixed virial tempera-
ture, T200 = Tb = 2 ⇥ 104 K (blue dashed line), and the mean
mass assembly history of a ⇤CDM halo of present-day mass,
M200 ⇠ 5 ⇥ 109 M�h�1 (red solid line). The e↵ective critical
mass for gas to collapse is shown by the dot-dashed black line.
This is equal to Mz

H (Eqn. 1) prior to the redshift of reionization,
zre, and to Mz

cr (Eqn. 2) after zre. For this particular example, the
value of M0

cr constrains both, the redshift of reionization and the
temperature of the intergalactic medium. The brown thin solid
lines show two particular mass assembly histories of dark matter
haloes of present-day mass, M200 ⇠ 3 ⇥ 109M�, i.e., of mass,
M200 < M0

cr. One halo never exceeds Mz
cr and is expected to

remain “dark” at z = 0. The other was more massive than Mz
cr

prior to reionization and is expected to host a luminous galaxy
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In this paper we develop a theoretical framework to
understand the onset of galaxy formation and the impact
of cosmic reionization on galaxy formation and address the
follow questions: Is there an actual minimum halo mass at
z = 0 below which galaxies cannot form? If so, how does
this depend on the characteristic scales of cosmic reioniza-
tion? Is the simple picture outlined above consistent with
full hydrodynamical simulations of galaxy formation? Is our
model quantitatively robust? How sensitive are the results
to the underlying assumptions about galaxy formation?

In Section 2 we introduce our model to calculate how
reionization a↵ects galaxy formation in low-mass haloes. We
describe the numerical method and our simulations in Sec-
tion 3. We perform a comparison between our model and
high-resolution cosmological hydrodynamics simulations in
Section 4. We discuss our results in Section 5 and conclude
in Section 6.

2 MODEL

We will discuss later the conditions required for gas to col-
lapse in a halo and make a galaxy. Here, we introduce a
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1. Before reionization, 
stars can only form if 
gas can cool for which 

à  T>7000 K 

2. After H reionization, gas 
is heated to T=2x104 K. It 
can only cool and form 

stars in halos with:  

Tvir > TIGM = 2x104 K 
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Halo Occupation Fraction (HOF): fraction of 
halos of a given mass that host a galaxy 

A galaxy formation primer 

Benitez-Llambay & CSF ‘20 
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Luminosity Function of Local 
Group Satellites 

LG data 

dark halos 
(const M/L)  

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

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

•  Model predicts many, as yet 
undiscovered, faint satellites 

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

LG data 

★ 
★ 

★ 

★ 
★ 

Koposov et al 08 
(SDSS) 

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

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

•  Model predicts many, as yet 
undiscovered, faint satellites 

Semi-analytic model of galaxy 
formation ncluding effects of 
reionization and SN feedback 
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APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Sawala, CSF 
et al ‘16 

Dark matter 

CDM 



Far fewer satellite galaxies than CDM halos 

APOSTLE 
EAGLE full 

hydro 
simulations 
Local Group 

Stars 

Stars 

Sawala, CSF 
et al ‘16 
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EAGLE Local Group simulation 

Sawala, CSF et al ‘16 

Local Group galaxies Emerge from the Dark 7

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

regions show the mass functions of satellites within 300 kpc of each of the primary (left) and secondary (centre) of the two main Local
Group galaxies from each simulation volume, while lines show the observed stellar mass function within 300 kpc of M31 (left) and the

MW (centre). In the right, the shaded region shows all galaxies within 2 Mpc of the Local Group barycentre in the simulations, while
the line is the stellar mass function of all known galaxies within the same region. On each panel, the dark colour-shaded areas bound

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

the grey area on each panel corresponds to the mass function of all dark matter halos. All observational data are taken from the latest
compilation by McConnachie (2012). Note that while the M31 satellite count is likely to be complete to 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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CDM predicts the observed 
abundance of satellites 

• à 

When galaxy formation is taken 
into account 

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

• à 
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How about in WDM?  

The	satellites	of	the	MW	
(~55	discovered	so	far)	

Dark	maPter	subhalos	in	WDM	
(a	few	tens)	

λcut  α mx
-1 

Can rule out low WDM 
particle masses 
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• 7 keV sterile ν; L6=9 

CDM	

• 7 keV sterile ν; L6=11.2 
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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 



University of Durham 

Institute for Computational Cosmology 

cold dark matter 

Can we distinguish CDM/WDM?  

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

(”failed dwarfs”)  

warm dark matter  
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cold dark matter 

Can we count dark haloes?  

Three ways to detect small CDM halos 
1.  Gaps in streams  
2.  Gravitational lensing 
3.  Annihilation radiation 

warm dark matter  
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How could one see smaller mass halos?

Vegetti et al 2012

Bonaca et al 2019

Via perturbations of strongly   
lensed galaxy systems

The DM halo must fall close to 
the l.o.s. of one of the images

~ 106 M
⊙
 possible with VLBI

Detection limit depends on S/N 
and resolution of the imaging

Many systems needed to 
survey a representative volume

Via perturbations of stellar 
streams in the MW’s halo 

Gaia has greatly improved the 
fidelity of stream detection

Perturbations are clearly there 
and could be due to encounter 
with mass  ~106.7 M

⊙
   

Keck AO 2.2μ

Too compact by x10 for ΛCDM 

Gaps in tidal streams 

Cold tidal streams (e.g. from globular clusters) in the 
MW halo can be perturbed by passing subhalos 

Perturbations are significant and could be created 
by encounter with object of mass ~107Mo object 
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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 



University of Durham 

Institute for Computational Cosmology 

When the source and the lens are well aligned à strong 
arc or an Einstein ring 

Additional lensing by 
line-of-sight halos 

perturb image  

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

Vegetti et al ‘10 

Gravitational lensing: Einstein rings 

G1

G3 G2

G4

1"

msub = 2.8 x 1010 Mo 
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Image Residuals 

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

He, Li, CSF et al ‘19 

Strong lensing: detecting small halos 
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Strong lensing: detecting small halos 

He et al. ‘20 

CDM WDM CDM 

Convergence map 

Residuals from smooth model 
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Strong lensing: detecting small halos 

Constraints from 
forward modelling 

of  50 systems 

Posterior 
distributions (mock 
observations) for 

power spectrum of 
residuals 

Mhf 1/mDM 

He et al. ‘20 
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Can detect halos as small as 107  – 108 Mo 

If WDM is right, should find 
NO 107 Mo halos 

If CDM is right, should find 
MANY 107 Mo halos 

He, Li, CSF et al ‘19 

Detecting halos w. strong lensing 
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Detecting substructures with 
strong lensing 

Li, CSF et al ‘16 

DetecEon	limit		=	107	h-1Mo	

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

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  
•  If DM is 7 keV sterile ν à rule         

out CDM at >3σ!  

•  If DM is CDM à rule out 7 keV              
sterile ν at many σ

mc= 1.3 ×108 h-1Mo for coldest 
7 keV sterile neutrino  
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Mass function of CDM halos over 25 
orders of magnitude in mass 

Wang et al ‘20 

annihilation radiation 

visible 

lensing 
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cold dark matter 

Can we count dark haloes?  

Three ways to detect small CDM halos 
1.  Gaps in streams  
2.  Gravitational lensing 
3.  Annihilation radiation 

warm dark matter  
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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)  



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

_In all other panels, the units are arbitrary. The density parameter, and the value of the spectral index, n, are given in each panel. The solid lines are Ðts to)

0
,

the density proÐles using The arrows indicate the value of the gravitational softening. The virial radius of each system is in all cases 2 orders ofeq. (1).
magnitude larger than the gravitational softening.

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

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

g
,

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

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

0
~1.

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

should be high enough that all resolved scales in thez
init

,
initial box are still in the linear regime. In order to satisfy
this condition, we chose so that the median initial dis-z

initplacement of particles in the high-resolution box was
always less than the mean interparticle separation. Prob-
lems with this procedure may arise if is so high that thez

initgravitational softening (which is kept Ðxed in physical
coordinates) becomes signiÐcantly larger that the mean
initial interparticle separation. We found this to be a
problem only for the smallest masses, in theM [ M*,
n \ 0, model. In this case, the initial redshift pre-)

0
\ 0.1

scribed by the median displacement condition is z
init

[ 700,
and the gravitational softening is then a signiÐcant fraction
of the initial box. This can a†ect the collapse of the earliest

Universal halo density profiles 

Fits the spherically 
averaged density 

profiles of halos over 
a wide mass range. 

Log radius (kpc) 

Lo
g 

de
ns

ity
 (1

01
0  M

o k
pc

3 )
 

Navarro, Frenk 
& White ‘97 

2 parameters: 
Characteristic 
density δC            

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

models, this implies the same scaling thatd

c
P M~(n`3)@2,

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

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

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

and They are as follows :Figure 5 Table 1.

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

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

At SCDM halos are the least dense in ourM \ M*, )

0
\ 1

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

_f B 0.01, and the e†ective slope of the CDM spectrum on
this mass scale is n

eff
D [2.

3. For the power-law models with n \ 0 and [1, the
characteristic density at a given increases asM/M* )

0decreases. Such a trend is plausible since we expect the
collapse redshift of halos of a given mass to increase as )

0decreases. On the other hand, halos formed in the low-
density CDM" universe are actually less dense than those
formed in the standard biased CDM model because d

cdepends not only on collapse redshift but also on (see)

0
eq.

Although reducing increases the collapse redshift,[5]). )

0the increase in from the factor can be out-d

c
(1] z

coll
)3

weighed by the change in In the CDM" model, the two)

0
.

e†ects can combine to give a reduction in as decreases.d

c
)

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

ccritical density rather than the mean density.)

Universal halo density profiles 

2 parameters: 
Characteristic 
density, δC            

radius, rs 
Lo

g 
co

nc
en

tra
tio

n,
 c

 

Log Mass (Mo) 

The two parameters 
are related to halo 

mass in a way that is 
cosmology dependent: 

c      as M 

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

Averaged cluster mass halos fit with NFW and Einasto

Gao et al 2008

The two parameter formula
    ρ(r) / ρ

crit
 = δ r

s
 / r (1 + r / r

s
 )2 

fits the spherically averaged 
density profiles of halos over a 
wide mass range.

The two parameters relate to halo 
mass in a way that is cosmology-
dependent.   Halo concentration 
decreases as mass increases in 
CDM-like universes. This reflects 
later formation at higher mass.

HDM halos are also fit, but the 
mass-dependence of formation 
time and  concentration reverses 
near the free-streaming limit 

The Einasto formula
   ln(ρ(r)/ρ

–2
) = (–2/α) [(r/r

–2
 )α – 1] 

fits mean profiles even better

NFW NFW

EinastoEinasto

Universal halo density profiles 

Gao et al 2008 

  

“Universal” halo density profiles

Averaged cluster mass halos fit with NFW and Einasto

Gao et al 2008

The two parameter formula
    ρ(r) / ρ

crit
 = δ r

s
 / r (1 + r / r

s
 )2 

fits the spherically averaged 
density profiles of halos over a 
wide mass range.

The two parameters relate to halo 
mass in a way that is cosmology-
dependent.   Halo concentration 
decreases as mass increases in 
CDM-like universes. This reflects 
later formation at higher mass.

HDM halos are also fit, but the 
mass-dependence of formation 
time and  concentration reverses 
near the free-streaming limit 

The Einasto formula
   ln(ρ(r)/ρ

–2
) = (–2/α) [(r/r

–2
 )α – 1] 

fits mean profiles even better

NFW NFW

EinastoEinasto

The “Einasto” formula 

Fits mean profiles 
even better 

Lo
g 

r2
 δ

Lo
g 

r2
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Log r/rvir Log r/rvir 
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–
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N
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/ρ
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No convincing evidence for cores in observed galaxies 

Cores or cusps in nature? 

Cores Cusps 
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But, if it turns out that 
cores exist is this end 

of CDM? 



    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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Cores or cusps in simulations?   

Benitez-Llambay, CSF et al ‘17 

Low threshold (e.g. EAGLE)  

High threshold  



University of Durham 

Institute for Computational Cosmology 

10
−10

10
−5

10
0

10
5

10
10

10
15

M200 

10
−10

10
−5

10
0

10
5

10
10

10
15

10
20

N
 (

 >
 M

2
0
0
 )

 /
V

 /
 ρ

 m
e
a
n
 

L0

L1

L2

L3

L4

L5

L6

L7

L7c

L8c

Mass function of CDM halos over 25 
orders of magnitude in mass 

Wang et al ‘20 

annihilation radiation 

visible 

lensing 



University of Durham 

Institute for Computational Cosmology 

Aquarius simulation:  N200 = 1.1 x 109 

The Milky Way seen in 
annihilation radiation  

 Springel et al. ‘08 

CDM prediction 



University of Durham 

Institute for Computational Cosmology 

The cold dark matter linear 
power spectrum 

k [h Mpc-1] Large scales 

Fl
uc

tu
at

io
n 

am
pl

itu
de

 

k3 P(k) 
z~1000 

Small scales 

CMB 

Superclusters 

Clusters  

Galaxies 
10-6 Mo for 
100 GeV 
wimp    

λcut  α mx
-1 

A
quarius resolution 

The linear power spectrum 
(“power per octave” ) 

  Assumes a 100GeV wimp    
Green et al  ‘04 
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Base Level

Wang, Bose et al 2020

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

Mchar =1014 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 1

Wang, Bose et al 2020

Mchar =1012 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 2

Wang, Bose et al 2020

Mchar =109 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 3

Wang, Bose et al 2020

Mchar =106 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 4

Wang, Bose et al 2020

Mchar =103 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 5

Wang, Bose et al 2020

Mchar =10 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 6

Wang, Bose et al 2020

Mchar =10-1 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 7

Wang, Bose et al 2020

Mchar =10-4 M⊙  
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The VVV
simulation

Planck cosmology

Dark matter only

Dynamic range of 
30 orders of 
magnitude in mass

Zoom Level 8

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

Wang, Bose et al 2020

Mchar =10-6 M⊙  
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Wang et al ‘20 
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c  Einasto (α =0.16)

Density profile shapes 

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

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

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

Slope	of	
density	profile	

Wang, Bose, CSF + ‘20 
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 M 200  [ M sun ]
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to L0

L1

L2

L3

L4

L5

L6

L7

L7c

L8c

Dutton & Maccio 2014 

Neto et al 2007

Ludlow et al 2016 

Sánchez−Conde & Prada 2014 

Diemer & Joyce 2019

Concentration-mass relation 

Concentrations at small 
mass are lower than all 

previous extrapolations by 
up to factors of tens.  

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

streaming limit.  

The scatter depends only  
weakly on halo mass 

C
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Wang, Bose, CSF + ‘20 
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<ρ> (5<r/r200<10 ) / ρcrit
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ρmean

Level  M200/Msun

 L0     1014
 L1     1012
 L2     109
 L3     106
 L4     103
 L5     101
 L6     10−1
 L7c   10−4
 L8c   10−6

Concentration-density relation 

C
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At given halo mass, 
concentration does not 

depend on local 
environment density 

The range of local  
environment density does 

not depend strongly on halo 
mass 

Wang, Bose, CSF + ‘20 
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Ltot=1.1e+12   Dutton & Maccio 2014 

Ltot=3.9e+12   Neto et al 2007

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

Ltot=9.7e+09   Diemer & Joyce 2019

Ltot=4.6e+09   Ludlow et al 2016 

Ltot=3.8e+09   This work 

Annihilation luminosity 
AnnihilaEon	luminosity	per	unit	cosmological	volume	

The contribution of halos 
to the mean z = 0 

luminosity density of the 
Universe is almost 

independent of their mass 
over the mass range 

10-4 M⊙ < Mhalo < 1012 M⊙ 

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

This still neglects the 
substructure contribution 

to halo luminosity 

 
Wang, Bose, CSF + ‘20 
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Conclusions  

•  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.  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! 

4. Halos of all masses have NFW profiles à annihiln radn 
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•  Smallest halos: in CDM à Earth mass.

•  Halos of collisionless dark matter have universal NFW density 
profiles at low redshift on all mass scales (21 orders of magnitude)

•  Near the cutoff, free-streaming reduces halo concentration

•  Mass-concentration relation independent of local environment

•  Very small (sub)halos can dominate the annihilation luminosity

Conclusions II 


