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Outline

Introduction
Evidence
Candidates & Tools

Direct searches
‘reverse’ direct detection

Indirect searches
Gamma rays

Other astrophysical probes
The matter power spectrum 
Self-interacting dark matter
ETHOS

Expect strong personal bias 
in selection of examples

Health warning:
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Dark matter all around

overwhelming evidence on all scales! 

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock

catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2

“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the

SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest

observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37

billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances

to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS

has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts

in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-

analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter

distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and

magnitude limits.
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Galactic scales

GNm�
M(r < R)

R2
= m�

v2

R

Newton:

What is this 
missing mass 
made of ?

Rotation curves no longer main argument for 
existence of dark matter !!!
observed rotation curves rather diverse
other potential explanations (for this particular discrepancy)
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Cosmological scales

Figure 5: Schematic plot of the evolution of density pertirbations in di◆erent components. Here,
� = �⇥/⇥, and � is the gravitational potential. The left dashed vertical line is the time of horizon
crossing of a mode considered.

primordial scalar perturbations are in the adiabatic mode. The definition of the adiabatic mode is
that the particle content is one and the same throughout the Universe. In other words, adiabatic
mode would appear if one contracts or expands some regions of the Universe without changing the
chemical composition of matter in these regions. The invariant and time independent characteristic of
the baryon abundance is the ratio nB/s of the baryon number density to the entropy density. Hence,
in the adiabatic mode nB/s is constant in time and space. Likewise, the ratio of the number density of
dark matter particles to the entropy density nDM/s is a universal constant. Since s � T 3 and ⇥� � T 4,
for the adiabatic mode in super-horizon regime we have8:

�⇥DM

⇥DM
=

3

4

�⇥�
⇥�

=
�⇥B
⇥B

=
3

4

�⇥⇥
⇥⇥

= R(k). (45)

After the horizon entry, the perturbations in the baryon–photon and dark matter components start
to evolve. This evolution is linear (perturbations are small) up until recombination, so we have at
recombination

�DM(k) = TDM(k)R(k), (46)
A(k) = TB�(k)R(k). (47)

The functions TDM and TB� are called transfer functions. They describe how the perturbations in
di◆erent media evolve. Yet �DM and A at recombination are proportional to one and the same random
field R, and they add up coherently.

8The relations (45) are valid in the conformal Newtonian gauge. A convenient gauge-invariant definition of R is the
spatial curvature of comoving hypersurfaces.
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⇢(t,x) = ⇢̄(t)[1 + �(t,x)]Linear gravity

assuming no DM: �today
b ' �rec

� (1 + zrec)

⇠ 10�2

radiation 
domination matter domination Λ domination
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Without DM, still 
in the linear regime: 
no galaxies, stars, 
planets… life!

Non-linear evolution
Need simulations

Dark matter required to reach 
~perfect agreement with 
observations (at large scales)
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From evidence to precision
DM is a crucial ingredient of cosmological SM!
constant co-moving energy density
only gravitational interactions
cold + dissipation-less

Image credit: KIAS

Percent-level 
measurements of a 
single parameter!

⌦CDMh2 = 0.1188± 0.0010
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Ade+ [Planck Coll.],  A&A ‘16

only gravitational

ΩCDM decrease of up to 10% possible during matter domination! 
(model-independent; but much more allowed during RD) TB, Kahlhoefer, Schmidt-Hoberg & Walia,  PRD ‘18

DM conversion into (in)visible energy? 
E.g. decays, late-time annihilation, coalescing PBHs, …

constant density

Q: Can’t we explain all this also 
by modified gravity?

[though definitely yes for selected observations]A: No!
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Candidates
Existence of (particle) DM = evidence for BSM physics!
+ rather good handle on what it is not

Feebly interacting particles and where to find them

Dark photon
Heavy neutral
lepton Dark scalar . . . your favourite beast

here. . .

Oleg Ruchayskiy (O. Ruchayskiy) FIP and SHiP January 3, 2020 2 / 69

Unfortunately, this still leaves too many options…

credit: Oleg Ruchaysky

PoS(ICRC2015)005

Dark Matter Candidates: Status and Perspectives Tim M.P. Tait

Theories of 
Dark Matter

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM

Figure 1: (Incomplete) Venn diagrams of theories of dark matter.

1. Introduction

The evidence for dark matter is overwhelming [1], and points to the need for what is most
likely a new quantum field which must supplement the Standard Model (SM) of particle physics.
The identification of this field is thus of paramount importance in order to extend the Standard
Model. Seeing how dark matter fits together with the Standard Model structure is a likely to
provide key insights into fundamental physics and may reveal new principles of Nature. A wide
variety of experimental searches aimed at uncovering clues are underway. In this talk I provide an
over-view of theoretical ideas for what could constitute the dark matter (Sec. 2) and discuss the
current status of experimental searches (Sec. 3). I apologize in advance that because each of these
areas are wide fields in themselves, my discussion will by necessity be somewhat personalized and
incomplete. I must further apologize that references are largely to reviews or other talks at the
conference, and are intended more as a starting point for an interested reader to learn more rather
than a fair historical representation of the literature.

2. Candidates

There are a wide variety of the theoretical ideas as to what might constitute the dark matter
(see Fig. 1). In terms of its particle physics properties, a viable dark matter candidate must satisfy

2

credit: Tim Tait

Baer+, Phys.Rep. ‘15
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Black holes (I)
Wouldn’t (super-)solar mass 
black holes be an “obvious” / 
“conventional” candidate?

     [#        2017, 2020]

Conclusion does not 
change for large black 
hole clustering…

5

10-5 10-3 10-1 101
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

merger rate

FIG. 3. Left. Constraints on the allowed fraction fPBH of PBH DM as a function of the initial PBH mass m0 for large
clustering (�dc,0 = 106) in the merger cascade scenario. The thinner black lines indicate contours of the rate-averaged PBH
mass mavg = (

P
j Rjmj)/

P
j Rj at z = 0. Right. Combined constraints on fPBH for di↵erent clustering parameters �dc,0.

power spectrum is the Hubble time. Consequently, the
resulting PBH mass distribution is expected to be rather
broad, since the range of enhanced length scales is ex-
ponentially sensitive to this time-scale [55] (though no-
table exceptions exist [56–59]). More generally, even if
the spectrum of enhanced scalar perturbations is essen-
tially monochromatic, the process of collapsing the initial
perturbations into PBHs obeys a critical scaling relation,
implying a finite width for the resulting PBH mass spec-
trum [5]. Here we discuss how the results in the main
text are a↵ected by relaxing the assumptions of an ini-
tially monochromatic PBH mass distribution.

To model an extended PBH mass function, we consider
the lognormal mass distribution

 log(m) =
fPBH,1
p
2⇡�m

exp

✓
log2(m/m0)

2�2

◆
, (12)

where � encodes the width of the distribution centered
around the reference scale m0. This distribution is nor-
malized so that fPBH,1 =

R1
0

dm (m). Note that for
computational simplicity, we fix the PBH fraction of DM
at z ! 1 in this Section as indicated by the subscript1.
In our scenario of multiple mergers, the strongest con-
straints on the PBH abundance arise from the bounds on
the SGWB and from the observed merger rate in LIGO,
see Fig. 3. Consequently we will focus on the impact of
the distribution (12) on these two quantities, noting that
in particular significant changes in the (hierarchy of) the
merger rates at the individual steps could potentially en-
tail significant changes in our computations.

Fig. 4 shows the time evolution of the merger rate (in-
tegrated over all masses) for di↵erent mass distributions
for a single merger step, obtained by re-instating an ex-
tended mass function in Eq. (6). Here, the coalescence
time depends on the masses of the PBHs in the binary
(m(1) and m

(2)) and the third PBH (m(3)) providing an-
gular momentum, and the number density of PBH triples

is now given by

dnlog/mono

3,0 (x, y) =
⇢PBH,1

2
e�N(y)(4⇡⇢PBH,1�dc,0)

2

x
2
y
2 dx dy

3Y

i=1

 log/mono

m(i)
dm(i)

, (13)

where

⇢PBH,1 = lim
z!1

(1 + z)�3
⇢PBH(z) , (14)

N(y) =

Z y

0

dỹ

Z m

0

dm̃

4⇡ỹ2�dc,0⇢PBH,1
 log/mono(m̃)

m̃
, (15)

 mono(m) = fPBH,1�(m�m0) . (16)

For more details see [27]. We note that the time evo-
lution of this merger rate does not change significantly
when going from a monochromatic to a lognormal mass
distribution. This situation only changes at very late
times, when the merger rate of this single merger step
has however anyway dropped to a small value (note the
additional factor of a2 in Fig. 4). For the density con-
trast employed in Fig. 4, �dc,0 = 106, subsequent steps
start to dominate the total merger rate for a & 5 · 10�5

and a & 10�6 for m0 = 0.01 M� and m0 = 1 M�, re-
spectively. In conclusion, both the hierarchy among the
merger times of the individual merger steps as well as
the total amount of mergers are not significantly altered
when assuming a rather narrow lognormal mass distribu-
tion. For broader distributions the rate is even enhanced.
The SGWB for the lognormal distribution (12) was

studied in [27] for a single merger step, finding (for
� = 1) a similar GW spectrum as in the monochromatic
case. Since the GW radiation from early PBH merg-
ers experiences a significant redshift, the SGWB in the
multiple merger scenario is dominated by the very last

TB, Depta, 
Hufnagel & 
Schmidt-
Hoberg, 
PRD ‘19
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mass mavg = (

P
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P
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power spectrum is the Hubble time. Consequently, the
resulting PBH mass distribution is expected to be rather
broad, since the range of enhanced length scales is ex-
ponentially sensitive to this time-scale [55] (though no-
table exceptions exist [56–59]). More generally, even if
the spectrum of enhanced scalar perturbations is essen-
tially monochromatic, the process of collapsing the initial
perturbations into PBHs obeys a critical scaling relation,
implying a finite width for the resulting PBH mass spec-
trum [5]. Here we discuss how the results in the main
text are a↵ected by relaxing the assumptions of an ini-
tially monochromatic PBH mass distribution.

To model an extended PBH mass function, we consider
the lognormal mass distribution

 log(m) =
fPBH,1
p
2⇡�m

exp

✓
log2(m/m0)

2�2

◆
, (12)

where � encodes the width of the distribution centered
around the reference scale m0. This distribution is nor-
malized so that fPBH,1 =

R1
0

dm (m). Note that for
computational simplicity, we fix the PBH fraction of DM
at z ! 1 in this Section as indicated by the subscript1.
In our scenario of multiple mergers, the strongest con-
straints on the PBH abundance arise from the bounds on
the SGWB and from the observed merger rate in LIGO,
see Fig. 3. Consequently we will focus on the impact of
the distribution (12) on these two quantities, noting that
in particular significant changes in the (hierarchy of) the
merger rates at the individual steps could potentially en-
tail significant changes in our computations.

Fig. 4 shows the time evolution of the merger rate (in-
tegrated over all masses) for di↵erent mass distributions
for a single merger step, obtained by re-instating an ex-
tended mass function in Eq. (6). Here, the coalescence
time depends on the masses of the PBHs in the binary
(m(1) and m

(2)) and the third PBH (m(3)) providing an-
gular momentum, and the number density of PBH triples

is now given by

dnlog/mono

3,0 (x, y) =
⇢PBH,1

2
e�N(y)(4⇡⇢PBH,1�dc,0)

2

x
2
y
2 dx dy

3Y

i=1

 log/mono

m(i)
dm(i)

, (13)

where

⇢PBH,1 = lim
z!1

(1 + z)�3
⇢PBH(z) , (14)

N(y) =

Z y

0

dỹ

Z m

0

dm̃

4⇡ỹ2�dc,0⇢PBH,1
 log/mono(m̃)

m̃
, (15)

 mono(m) = fPBH,1�(m�m0) . (16)

For more details see [27]. We note that the time evo-
lution of this merger rate does not change significantly
when going from a monochromatic to a lognormal mass
distribution. This situation only changes at very late
times, when the merger rate of this single merger step
has however anyway dropped to a small value (note the
additional factor of a2 in Fig. 4). For the density con-
trast employed in Fig. 4, �dc,0 = 106, subsequent steps
start to dominate the total merger rate for a & 5 · 10�5

and a & 10�6 for m0 = 0.01 M� and m0 = 1 M�, re-
spectively. In conclusion, both the hierarchy among the
merger times of the individual merger steps as well as
the total amount of mergers are not significantly altered
when assuming a rather narrow lognormal mass distribu-
tion. For broader distributions the rate is even enhanced.
The SGWB for the lognormal distribution (12) was

studied in [27] for a single merger step, finding (for
� = 1) a similar GW spectrum as in the monochromatic
case. Since the GW radiation from early PBH merg-
ers experiences a significant redshift, the SGWB in the
multiple merger scenario is dominated by the very last

c.f. García-Bellido & Clesse, PDU ’18
…

Strongly constrained by micro-lensing and CMB!
   Black holes can only be a  sub-dominant DM component

S1 orbit

overview: 
Carr, Kohri, 
Sendouda & 
Yokoyama, 
2002.12778
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FIG. 10. Constraints on f(M) from evaporation (red), lensing (magenta), dynamical e↵ects (green), accretion (light blue),
CMB distortions (orange), large-scale structure (dark blue) and background e↵ects (grey). Evaporation limits come from the
extragalactic gamma-ray background (EGB), the Galactic gamma-ray background (GGB) and Voyager e± limits (V). Lensing
e↵ects come from femtolensing (F) and picolensing (P) of gamma-ray bursts, microlensing of stars in M31 by Subaru (HSC),
in the Magellanic Clouds by MACHO (M) and EROS (E), in the local neighbourhood by Kepler (K), in the Galactic bulge by
OGLE (O) and the Icarus event in a cluster of galaxies (I), microlensing of supernova (SN) and quasars (Q), and millilensing
of compact radio sources (RS). Dynamical limits come from disruption of wide binaries (WB) and globular clusters (GC),
heating of stars in the Galactic disk (DH), survival of star clusters in Eridanus II (Eri) and Segue 1 (S1), infalling of halo
objects due to dynamical friction (DF), tidal disruption of galaxies (G), and the CMB dipole (CMB). Accretion limits come
from X-ray and radio (X/R) observations, CMB anisotropies measured by Planck (PA) and gravitational waves from binary
coalescences (GW). Background constraints come from CMB spectral distortion (µ), 2nd order gravitational waves (GW2) and
the neutron-to-proton ratio (n/p). The incredulity limit (IL) corresponds to one hole per Hubbble volume. Constraints shown
by broken lines are insecure and probably wrong but included for historical completeness; those shown by a dotted line depend
upon some additional assumptions.

A. Evaporation Constraints

For PBHs somewhat larger than M⇤ , one can use the �-ray background to constrain the value of f(M) , this being
equivalent to the constraint on �(M) derived in Sec. II C 1. For M > 2M⇤ , one can neglect the change of mass
altogether and the time-integrated spectrum dN�/dE of photons from each PBH is just obtained by multiplying the
instantaneous spectrum dṄ�/dE by the age of the Universe t0 . For PBHs of mass M , the discussion in the appendix
of Ref. [101] gives

dN�

dE
/

(
E3 M3 (E < M�1)

E2 M2 e�EM (E > M�1) ,
(56)

Black holes (II)
Primordial black holes can be much smaller

Carr, Kohri, 
Sendouda & 
Yokoyama, 
2002.12778

But this would also not be “SM physics” … !
formation (+ requirement of             ) requires BSM physics

<latexit sha1_base64="EkwMPD93N8ug5a4JsPGexFaOoCI=">AAACD3icbVBNSgMxGM3Uv1r/prp0EyyCqzKRgi5L3XRZwdpCOwyZNNOGJpkhyShl6B28gFu9gUtx6xG8gOcw085CWx988Hjv++OFCWfaeN6XU9rY3NreKe9W9vYPDo/c6vG9jlNFaJfEPFb9EGvKmaRdwwyn/URRLEJOe+H0Jvd7D1RpFss7M0uoL/BYsogRbKwUuNUoyIZKwE6rPR9qJiAK3JpX9xaA6wQVpAYKdAL3eziKSSqoNIRjrQfIS4yfYWUY4XReGaaaJphM8ZgOLJVYUO1ni9fn8NwqIxjFypY0cKH+nsiw0HomQtspsJnoVS8X//USli9cuW6iaz9jMkkNlWR5PEo5NDHMs4EjpigxfGYJJorZ/yGZYIWJsQlWbDBoNYZ10ruso0YdodtGrdkqMiqDU3AGLgACV6AJ2qADuoCAR/AMXsCr8+S8Oe/Ox7K15BQzJ+APnM8fbvub9Q==</latexit>

fPBH ⇠ 1

D
M

<latexit sha1_base64="EkwMPD93N8ug5a4JsPGexFaOoCI=">AAACD3icbVBNSgMxGM3Uv1r/prp0EyyCqzKRgi5L3XRZwdpCOwyZNNOGJpkhyShl6B28gFu9gUtx6xG8gOcw085CWx988Hjv++OFCWfaeN6XU9rY3NreKe9W9vYPDo/c6vG9jlNFaJfEPFb9EGvKmaRdwwyn/URRLEJOe+H0Jvd7D1RpFss7M0uoL/BYsogRbKwUuNUoyIZKwE6rPR9qJiAK3JpX9xaA6wQVpAYKdAL3eziKSSqoNIRjrQfIS4yfYWUY4XReGaaaJphM8ZgOLJVYUO1ni9fn8NwqIxjFypY0cKH+nsiw0HomQtspsJnoVS8X//USli9cuW6iaz9jMkkNlWR5PEo5NDHMs4EjpigxfGYJJorZ/yGZYIWJsQlWbDBoNYZ10ruso0YdodtGrdkqMiqDU3AGLgACV6AJ2qADuoCAR/AMXsCr8+S8Oe/Ox7K15BQzJ+APnM8fbvub9Q==</latexit>

fPBH ⇠ 1 open mass window for             ! Katz, Kopp & Sibiryakov, JCAP ‘18
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Weakly Interacting Massive Particles
well-motivated from particle physics [SUSY, EDs, …]
thermal production in early universe:

Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −⟨σv⟩

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

⟨σv⟩ = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

n�eq

WIMP DM is seriously pressured, 
but not (yet) ‘dead’ !

Arcadi+, EPJC ’18
Athron+, EPJC ’19

(+ many more)

= a ‘miracle’ ?

“Freeze-out” when annihilation 
rate falls behind expansion rate

Relic density (today):

for weak-scale 
interactions!

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)
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Dead or alive ? 30/12/2019, 14*38The 'WIMP Miracle' Hope For Dark Matter Is Dead

Page 1 of 14https://www.forbes.com/sites/startswithabang/2019/02/22/the-wim…ad-as-dark-matter-experiments-come-up-empty-again/#69df639f6dbc

52,696 views | Feb 22, 2019, 02:00am

The 'WIMP Miracle' Hope For Dark
Matter Is Dead

Science

The Universe is out there, waiting for you to discover it.

Ethan Siegel Senior Contributor
Starts With A Bang Contributor Group 

 LUX-

ZEPLIN (LZ) COLLABORATION / SLAC NATIONAL ACCELERATOR LABORATORY

The quest for particle dark matter has led us to look for WIMPs that may recoil with atomic nuclei.... [+]

. . .
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Where next?

Challenge for the field: Stay open-minded yet focussed !

If fine-tuning isn’t a good guiding 
principle, what about the alternatives?
quite hard to ‘automatically’ get the DM relic 
density right, even for ‘nice’ models! 

Problem: there might be quite a few of 
them (not even counting those that cannot be unturned)… 

Or should we give up on 
theoretical guiding principles, 
leaving ‘no stone unturned’?

Bertone & Tait, Nature ’18
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Strategies for WIMP searches
at colliders

directly indirectly

all complementary !

not only

�

SM

�

SM

� SM

� SM

�SM

�SM
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Strategies for dark matter searches

directly indirectly

at colliders astrophysical probes

of matter distribution



 (Torsten Bringmann) The quest for dark matter ‒ 15

DarkSUSY

http://
darksusy.hepforge.org

Numerical package to calculate 
‘all’ DM related quantities:
relic density + kinetic decoupling 

generic SUSY models + laboratory 
constraints implemented
cosmic ray propagation
particle yields for generic DM 
annihilation or decay
indirect detection rates: gammas, 
positrons, antiprotons, neutrinos
direct detection rates
…

;) 

Module ...

..

.

Module generic_wimp
libds_generic_wimp.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Possible (but not used) calling
Calling sequence

Main DS 
library
src/
libds_main.a

Observables 
(rates, relic 
density etc)

Main program
User-supplied, e.g. 
examples/dsmain.F

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

TB, Edsjö, Gondolo, 
Ullio & Bergström,  

JCAP ‘18

since 6.1: DM self-interactions

(also for                              )Tdark 6= Tphoton
<latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit>

Since version 6: 
no longer restricted to 
supersymmetric DM !

since 6.2: ‘reverse’ direct detection 
(also Q2 -dependent scattering!)

http://darksusy.hepforge.org
http://darksusy.hepforge.org
http://darksusy.hepforge.org
http://darksusy.hepforge.org
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G A M B I T

G A M B I T

Recent collaborators:

Peter Athron, Csaba Balázs, Ankit Beniwal, Sanjay Bloor, 

Torsten Bringmann, Andy Buckley, José Eliel Camargo-

Molina, Marcin Chrząszcz, Jonathan Cornell, Matthias 

Danninger, Joakim Edsjö, Ben Farmer, Andrew Fowlie, Tomás 

E. Gonzalo, Will Handley, Sebastian Hoof, Selim Hotinli, Felix 

Kahlhoefer, Anders Kvellestad, Julia Harz, Paul Jackson, 

Farvah Mahmoudi, Greg Martinez, Are Raklev, Janina Renk, 

Chris Rogan, Roberto Ruiz de Austri, Pat Scott, Patrick 

Stöcker, Aaron Vincent, Christoph Weniger, Martin White, 

Yang Zhang

Members of:
ATLAS, Belle-II, CLiC, CMS, CTA, Fermi-LAT, DARWIN, 

IceCube, LHCb, SHiP, XENON

Authors of:
DarkSUSY, DDCalc, Diver, FlexibleSUSY, gamlike, 

GM2Calc, IsaTols, nulike, PolyChord, Rivet, SoftSUSY, 

SuperISO, SUSY-AI, WIMPSim

40+ participants in 11 experiments and 14 major theory codes

Pat Scott – July 10 2019 – ASA Annual Scientific Meeting, UQ Searches for dark matter with GAMBIT(slide stolen form Pat Scott)
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Dark matter with GAMBIT
DarkBit
takes input (DM observables) from 
‘backended’ codes like DarkSUSY, 
micrOMEGAs, DDCalc, nuLike, 
gamLike…
adds fully ‘native’ observables (e.g. 
astrophysical axion limits)
returns likelihoods for a plethora of 
experimental data  

TB+, EPJC ‘17

GAMBIT
adds likelihoods from other 
‘Bits’ (Collider, Flavour, …)
performs global scan over model 
parameters

10
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Fig. 1: Profile likelihoods for the scalar singlet model, in the plane of the singlet parameters ⁄hS and mS. Contour lines mark out
the 1‡ and 2‡ confidence regions. The left panel shows the resonance region at low singlet mass, whereas the right panel shows the
full parameter range scanned. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed
regions corresponding to solutions where S constitutes 100% of dark matter are indicated in orange.

Fig. 2: Profile likelihoods for the scalar singlet model, in various planes of observable quantities against the singlet mass. Contour
lines mark out the 1‡ and 2‡ confidence regions. Greyed regions indicate values of observables that are inaccessible to our scans, as
they correspond to non-perturbative couplings ⁄hS > 10, which lie outside the region of our scan. Note that the exact boundary
of this region moves with the values of the nuisance parameters, but we have simply plotted this for fixed central values of the
nuisances, as a guide. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed regions
corresponding to solutions where S constitutes 100% of dark matter are indicated in orange. Left: late-time thermal average of the
cross-section times relative velocity; Centre: spin-independent WIMP-nucleon cross-section; Right: relic density.

the allowed regions we have found. These edges are indi-
cated with orange annotations in Figs. 1 and 2. At high
singlet masses, the value of the late-time thermal cross-
section (Eq. 4 for T = 0) corresponding to this strip is
equal to the canonical ‘thermal’ scale of 10≠26 cm3 s≠1.
At low masses, this strip runs along the lower edge of
the resonance ‘triangle’ only, as indirect detection rules
out models with œSh

2 = 0.119 near the vertical edge
(at mS = 62 GeV).

In Fig. 2, we also show in grey the regions corre-
sponding to Higgs-portal couplings above our maximum

considered value, ⁄hS = 10, in order to give some rough
idea of the area of these plots that we have not scanned
(and the area that should almost certainly be excluded
on perturbativity grounds were we to do so). We note
that at large mS, the highest-likelihood regions are all
at quite large coupling values, where the annihilation
cross-section is so high, and the resulting relic density is
so low, that all direct and indirect signals are essentially
absent – but where perturbativity of the model begins
to become an issue.

Example: The Scalar Singlet

3

DM, and permitting a di�erent species (e.g. axions) to
make up the rest. Indeed, as we show in this paper,
experiments are now so sensitive to DM signals that
they can probe singlet models constituting less than a
hundredth of a percent of the total DM.

The purpose of the present paper is twofold. First
and foremost, we provide the most comprehensive study
yet of the scalar singlet scenario, in a number of ways.
We augment the particle physics model parameters with
a series of nuisance parameters characterising the DM
halo distribution, the most important SM masses and
couplings, and the nuclear matrix elements relevant
for the calculation of direct search yields. These are
included in the scan as free parameters, and are con-
strained by a series of likelihoods derived from the best
current knowledge of each observable (and in some cases,
their correlations). Compared to the constraints used in
Refs. [26, 34], we add improved direct detection likeli-
hoods [58] from LUX [59], PandaX [60], SuperCDMS
[61] and XENON100 [62], as well as IceCube limits on
DM annihilation to neutrinos in the core of the Sun
[63, 64]. We also test some benchmark models obtained
in our scan for stability of the electroweak vacuum.
Given the recent preference for astrophysical explana-
tions of the Fermi-LAT Galactic centre excess [65–71],
we do not add this to the scan as a positive measure-
ment of DM properties, unlike in Ref. [35]. We explore
the extended parameter space in more detail than has
previously been attempted, using four di�erent scanning
algorithms, and more stringent convergence criteria than
previous studies. The secondary purpose of this paper
is to provide an example global statistical analysis us-
ing the Global and Modular Beyond-Standard Model
Inference Tool (GAMBIT) [72], for a DM model where
extensive comparison literature exists.

In Sec. 2, we describe the Lagrangian and parameters
of the scalar singlet model, discuss our astrophysical
assumptions, and define the nuisance parameters that
we include in our global fit. Sec. 3 gives details of our
scan, including the likelihood terms that we include for
each constraint, the sampling algorithms we employ, and
their settings. We present the latest status of the singlet
model in Sec. 4, before concluding in Sec. 5.

All input files, samples and best-fit benchmarks pro-
duced for this paper are publicly accessible from Zenodo

[73].

2 Physics framework

2.1 Model definition

The renormalisable terms involving a new real singlet
scalar S, permitted by the Z2, gauge and Lorentz sym-

metries, are

L = 1
2µ

2
SS

2 + 1
2⁄hSS

2|H|2 + 1
4⁄SS

4 + 1
2ˆµSˆ

µ
S. (1)

From left to right, these are: the bare S mass, the Higgs-
portal coupling, the S quartic self-coupling, and the
S kinetic term. Because S never obtains a VEV, the
model has only three free parameters: µ

2
S, ⁄hS and ⁄S.

Following electroweak symmetry breaking, the portal
term induces h

2
S

2, v0hS
2 and v

2
0S

2 terms, where h is
the physical Higgs boson and v0 = 246 GeV is the VEV
of the Higgs field. The additional S

2 term leads to a
tree-level singlet mass

mS =
Ú

µ2
S + 1

2⁄hSv
2
0 . (2)

Dark matter phenomenology is driven predominantly
by mS and ⁄hS, with viable solutions known to exist
[26, 34] in a number of regions:

1. the resonance region around mS ≥ mh/2, where
couplings are very small (⁄hS < 10≠2) but the singlet
can nevertheless constitute all of the observed DM,

2. the resonant “neck” region at mS = mh/2, with large
couplings but an extremely small relic S density, and

3. a high-mass region with order unity couplings.

The parameter ⁄S remains relevant when consider-
ing DM self-interactions (e.g. [74]), and the stability
of the electroweak vacuum. In the SM, the measured
values of the Higgs and top quark masses indicate that
the electroweak vacuum is not absolutely stable, but
rather meta-stable [75]. This means that although the
present vacuum is not the global minimum of the scalar
potential, its expected lifetime exceeds the age of the
Universe. Although this is not inconsistent with the ex-
istence of the current vacuum, one appealing feature of
scalar extensions of the SM is that the expected lifetime
can be extended significantly, or the stability problem
solved entirely, by making the current vacuum the global
minimum.

The stability of the electroweak vacuum has been a
consideration in many studies of scalar singlet extensions
to the SM [14, 76–86], typically appearing along with
constraints from perturbativity, direct detection experi-
ments and the relic abundance of DM. As such, vacuum
stability can be an interesting aspect to study of the
scalar singlet model (and indeed, of any UV-complete
model). In this paper however, we primarily treat the
scalar singlet DM model as a low-energy e�ective the-
ory, and do not consider ⁄S as a relevant parameter.
In a future fit, we plan to explore renormalisation of
the scalar singlet model over the full range of scales,
from electroweak to Planck, including full calculations

Silveira & Zee, PLB ‘85

Athron+, EPJC ‘17
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Fig. 1: Profile likelihoods for the scalar singlet model, in the plane of the singlet parameters ⁄hS and mS. Contour lines mark out
the 1‡ and 2‡ confidence regions. The left panel shows the resonance region at low singlet mass, whereas the right panel shows the
full parameter range scanned. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed
regions corresponding to solutions where S constitutes 100% of dark matter are indicated in orange.

Fig. 2: Profile likelihoods for the scalar singlet model, in various planes of observable quantities against the singlet mass. Contour
lines mark out the 1‡ and 2‡ confidence regions. Greyed regions indicate values of observables that are inaccessible to our scans, as
they correspond to non-perturbative couplings ⁄hS > 10, which lie outside the region of our scan. Note that the exact boundary
of this region moves with the values of the nuisance parameters, but we have simply plotted this for fixed central values of the
nuisances, as a guide. The best-fit (maximum likelihood) point is indicated with a white star, and edges of the allowed regions
corresponding to solutions where S constitutes 100% of dark matter are indicated in orange. Left: late-time thermal average of the
cross-section times relative velocity; Centre: spin-independent WIMP-nucleon cross-section; Right: relic density.

the allowed regions we have found. These edges are indi-
cated with orange annotations in Figs. 1 and 2. At high
singlet masses, the value of the late-time thermal cross-
section (Eq. 4 for T = 0) corresponding to this strip is
equal to the canonical ‘thermal’ scale of 10≠26 cm3 s≠1.
At low masses, this strip runs along the lower edge of
the resonance ‘triangle’ only, as indirect detection rules
out models with œSh

2 = 0.119 near the vertical edge
(at mS = 62 GeV).

In Fig. 2, we also show in grey the regions corre-
sponding to Higgs-portal couplings above our maximum

considered value, ⁄hS = 10, in order to give some rough
idea of the area of these plots that we have not scanned
(and the area that should almost certainly be excluded
on perturbativity grounds were we to do so). We note
that at large mS, the highest-likelihood regions are all
at quite large coupling values, where the annihilation
cross-section is so high, and the resulting relic density is
so low, that all direct and indirect signals are essentially
absent – but where perturbativity of the model begins
to become an issue.

But do not 
(blindly) trust 
relic density 
calculations 
very close to 
a resonance!

Binder, TB, Gustafsson 
& Hryczuk, PRD ‘17
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Direct searches

• The nucleus is treated as a hard sphere described by the Helm form factor 18.

• The scattering is elastic.

There are multiple studies where the impact of di↵erent velocity distributions , form factors
and ineslatic scatterings are analysed. However, both cosmological simulations including baryons
and lattice QCD studies seem to tell us that the dark matter-scattering process is well described
by a Maxwellian velocity and Helm form factor 24,25,26. The elasticity of the scattering has
something do with the particle physics model in the case where excited dark matter states exist
27 though.

Figure 3 – Left: Illustrative dark matter-nucleus scattering which direct detection experiments are based on.
Right: Possible signal-background discriminating variables used in Germanium, liquid XENON and liquid ARGON
detectors.

In summary, if a signal (e.g. annual modulation and/or excess of nuclear recoil events) is
observed, we can related the scattering cross section and mass of the dark matter particle to its
local density. For this reason direct detection can truly discover the dark matter particle that
permeates our galaxy.

4 Indirect Detection

Dark matter particles that populate our universe in galactic and extragalactic scales may self-
annihilate and produce a flux of gamma-rays, cosmic-rays, neutrinos, anti-matter which can
appear as an excess over the expected background. The flux originated from dark matter
annihilation should be proportional to the number density squared of particles, i.e. ⇢2�/m

2
�, to

the annihilation cross section �v, to the element of volume of the sky observed accounted by ⌦,
and the number of particles of interest produced per annihilation (dN/dE). Hence, it can we
written as,

Diff.F lux
z }| {
d�

d⌦dE
=

Anni. Cross Sectionz}|{
�v

8⇡m2
�

⇥ dN

dE|{z}
Energy Spectrum

⇥
Z

l.o.s
ds ⇢2(�!r (s,⌦))

| {z }
DarkMatter Distribution

, (4)

where ⌦ is truly the solid angle of the region of interest, dN/dE is the energy spectrum (e.g.
the number of photons produced per annihilation in case of gamma-rays), and ⇢(�!r (s,⌦)) is the
dark matter density which should integrated over the line of sight (l.o.s) from the observer to
the source, which is often assumed to be described by either a Navarro-Frenk-White,

⇢(r) / rs
r[1 + r/rs]2

, (5)

or Einasto profile,

⇢(r) / exp
�2.0

↵
( (r/rs)

↵ � 1)
�
, (6)

Fig.: Queiroz,  1605.08788

Look for dark matter collisions with atomic nuclei

DM

DM

Experiments  
typically aim at  
‘background-
free’ setting !
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Recoil rate [per unit detector mass]
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                                        —  average DM density at Sun’s distance to             
                                       Galactic center relatively well measured

                                        —  standard halo model  (SHM) in galactic          
                                       frame rests on isothermal density profile
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NB: exact form only roughly corresponds 
to what is seen in simulations
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A vast experimental effort
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid
lines) and hints of WIMP signals (closed contours) from current dark matter experiments
and projections (dashed) for planned direct detection dark matter experiments. Also
shown is an approximate band where neutrino coherent scattering from solar neutrinos,
atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].
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Reverse direct detection
Light DM really only accessible with lower thresholds?

Not if part of the DM distribution moves fast!
‘Boosted DM’ from decays
DM accelerated in the sun

Agashe, Cui, Necib & Thaler, JCAP ‘14

Kouvaris, PRD ’15
An, Pospelov, Pradler & Ritz, PRL ’18
Emken, Kouvaris & Nielsen, PRD ‘18
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New idea: high-energy cosmic rays 
should up-scatter DM initially 
(almost) at rest! TB & Pospelov, PRL ‘19

Cappiello, Ng & Beacom, PRD ’19
Ema, Salo & Sato, PRL ’19

Dent, Dutta, Newstead & Shoemaker, 1907.03782
Bondarenko+, 1909.08632

…
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Cosmic-ray up-scattered DM
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highly energetic
highly subdominant
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TB & Pospelov, PRL ‘19

Re-interpreting Xenon 
1t results leads to 
significantly improved 
limits at low DM masses!
even neutrino detectors 
(MiniBooNE, Borexino, …) can 
now be used for DM searches!

see also Cappiello & Beacom, PRD ‘19
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Introduction
Evidence
Candidates & Tools

Direct searches
‘reverse’ direct detection

Indirect searches
Gamma rays

Other astrophysical probes
The matter power spectrum 
Self-interacting dark matter
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Indirect dark matter searches
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DM has to be (quasi-)stable against decay...
… but can usually pair-annihilate into SM particles
Try to spot those in cosmic rays of various kinds

i) absolute rates
       regions of high DM density
ii) discrimination against other sources 
       low background; clear signatures

The challenge:
�

‘Indirect’ searches are the only in situ probe, directly(!) 
testing thermal production of DM in the early universe
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a source 
with DM density    is given by�

astrophysics

�� : angular res. of detector
D : distance to source

for point-like sources:
�

�
D2�⇥

⇥�1
⇤

d3r �2(r) {
high accuracy 

spectral information

{
angular information

+ rather uncertain normalization

S�
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particle physics
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: total annihilation cross section
: DM mass
: branching ratio into channel f
: number of photons per ann.
:1 for           (2 otherwise)� = �̄
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The ‘golden’ channel Review: TB & Weniger, PDU ‘12
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CTA prospects

14

Bridging the differences with satellite data: 
• Unbiased view of  the  sky (Large survey-like observations) 
• Energy threshold ~20 GeV   
➡ Cross-analysis techniques (template analysis motivated)

Future: the CTA

DATA CHALLENGE 1 EXPOSURE

Galactic Plane 
Survey

Galactic Centre
Survey

Extragalactic
Survey

Simulated:
1980 h South
1815 h North
8132 pointings

AGN 
Monitoring

The next-generation ground-based                                 
gamma-ray observatory
Two sites (Chile & Canary Islands) 
Large arrays of differently sized telescopes     energy range ~10 GeV — ~300 TeV
unprecedented sensitivity + survey mode: ideal for DM observations 
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Detailed sensitivity study 
for Galactic centre 
observations
template analysis (DM, CRs + 
all relevant astro BGs) 
fully include systematic 
uncertainty

Acharyya+, 2007.16129
[TB, Eckner, Sokolenko, Yang & Zaharijas, for the CTA collaboration]
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CTA GC projection, this work
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Fermi dSphs (18 years) + LSST, projection

Figure 14: The CTA sensitivity curves derived in this work (black line, see Fig. 5) for the
bb̄ (�left) and W

+
W

� (right) channels, shown together with the current limits from Fermi-
LAT observation of dSph galaxies (cyan) [173] and H.E.S.S. observations of the GC (purple)
[161]. In addition we show the projection [185] of the Fermi-LAT sensitivity where future
dSphs discoveries with LSST are taken into account (dashed green). Note that the projected
sensitivity of CTA shown here includes our estimate of systematic uncertainties (1% overall
normalisation error and a spatial correlation length of 0.1�); for the corresponding results for
the initial construction configuration of CTA, see Appendix A.

In arriving at the above conclusions, a major motivation of our work was also to ex-1074

plore the most promising data analysis procedures. We therefore confronted the traditional1075

ON/OFF analysis technique with a template fitting analysis procedure, still not yet widely1076

explored by IACT collaborations. In Appendix C.4 we demonstrate that for the set of Fermi-1077

LAT inspired IE models and given the CTA sensitivity, this technique leads to a decidedly1078

better performance. As is typical for template fitting procedures, the main source of un-1079

certainty lies in the systematic errors originating from the event classification and/or the1080

modelling of the emission components. We include such systematic errors directly in the1081

likelihood, in a parametric way, thereby accounting for their spatial and energy correlations1082

(sections 6.1 and 6.2). Ideally, the output of such an ‘agnostic’ approach to studying the1083

impact of instrumental systematic errors can be used for future IRF optimisation once CTA1084

is fully operational.1085

It is worth stressing that the relative impact of the various sources of uncertainties on1086

the DM sensitivity was di�cult to judge prior to this study. For example, CTA is expected1087

to greatly advance the measurement of large-scale interstellar emission at TeV energies,1088

thus e↵ectively identifying an additional background component and thereby potentially1089

lowering the constraining power of CTA to a DM signal (compared to the situation where1090

such a background would not be present). An important result of our analysis is that the1091

impact of this large-scale di↵use component is rather limited, as long as the associated1092

modelling uncertainties are not very large (�IE

S . 10%). While a smaller value of �IE

S presently1093

appears rather optimistic given the best existing models, it is expected to become a realistic1094

assumption once the IE models can be tuned to actual CTA measurements. In that case1095

instrumental systematic uncertainties will continue to play the dominant role in constraining1096

a signal. For larger uncertainties in the IE component on the other hand, the impact on the1097

DM sensitivity can be comparable to that from purely instrumental e↵ects.1098

Sub-threshold sources could turn out to be an additional important source of system-1099

atics, though based on the current study their impact appears to be more limited. We also1100
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‘Thermal’ cross section in 
reach for TeV DM masses!
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ΛCDM cosmology

A great success 
on large scales...

Springel, Frenk & White, 
Nature ’06

Figure 1: �2(k) ⌘ 4⇡(k/2⇡)3
P(k), the linear power spectrum of density fluctuations at z = 0. The solid line is the

canonical cold DM model with an Eisenstein & Hu (1997) [10] transfer function. The dashed line is a thermal relic warm
DM model with mWDM = 8 keV [11]. The dotted line is an atomic DM model [12]. We used WMAP7 cosmological
parameters [13], ⌦m = 0.265, ⌦⇤ = 0.735, ⌦b = 0.0449, h = 0.71, �8 = 0.801, and ns = 0.963.

the important questions to tackle, and how best to do so? What developments should be pursued
in order to take advantage of technological advances?

2. Dark Matter Simulations and the Dark Universe

The numerical simulation discussed in this review together span an enormous range of length
scales, more than 8 orders of magnitude reaching from near horizon scale (⇠ 20 Gpc) down to
sub-Galactic (tens of pc). Individually they focus on di↵erent regimes (see §3 and Table 2), but
all have in common that they evolve the growth of DM density fluctuations all the way to the
present epoch at redshift zero.1

The shape of the CDM power spectrum results in a hierarchical, bottom-up process of struc-
ture formation, in which small and low mass objects collapse first and over time merge to form
ever more massive structures, until the onset at z ⇡ 1 of DE induced accelerated expansion begins
to halt further collapse. In Fig. 1 we show a plot of the linear dimensionless matter power spec-
trum �2(k) ⌘ 4⇡(k/2⇡)3

P(k) at z = 0 versus the wavenumber k of the fluctuation. Where � & 1,
gravitational collapse will have proceeded to the non-linear regime and typical objects of the cor-
responding mass will have collapsed. Cosmic scales, including the Baryon Acoustic Oscillation

1We deliberately omit from our discussion multi-billion particle simulations that focus only on the first billion years
of cosmic evolution, for studying the epoch of reionization [14] or early supermassive black hole growth [15].

3

Kuhlen, Vogelsberger & Angulo, PDU ’12

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock

catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2

“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the

SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest

observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37

billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances

to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS

has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts

in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-

analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter

distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and

magnitude limits.

28
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Small-scale problems ?

2 DARK MATTER SUBSTRUCTURE

2. SUBSTRUCTURE WITHIN GALAXIES AND CLUSTERS

We simulate the hierarchical formation of dark matter
halos in the correct cosmological context using a high res-
olution parallel treecode pkdgrav. An object is chosen
from a simulation of an appropriate cosmological volume.
The small scale waves of the power spectrum are realised
within the volume that collapses to this object with pro-
gressively lower resolution at increasing distances from the
object. The simulation is then re-run to the present epoch
with the higher mass and force resolution. We have ap-
plied this technique to several halos identified from a 106

Mpc3 volume, including a cluster similar to the nearby
Virgo cluster (Ghigna et al. 1998) and a galaxy with a
circular velocity and isolation similar to the Milky Way.

Fig. 1.— The density of dark matter within a cluster halo of mass
5×1014M⊙ (upper) and a galaxy halo of mass 2×1012M⊙ (lower).
The edge of the box is the virial radius, 300kpc for the galaxy and
2000 kpc for the cluster (peak circular velocities of 200 km s−1 and
1100 km s−1 respectively).

The cosmology that we investigate is a universe dom-
inated with a critical density of cold dark matter, nor-
malised to reproduce the local abundance of galaxy clus-

ters. The important numerical parameters to remember
are that each halo contains more than one million particles
within the final virial radius rvir , and we use a force reso-
lution ∼ 0.1%rvir. Further details of computational tech-
niques and simulation parameters can be found in Ghigna
et al. (1998) and Moore et al. (1999). Here we focus our
attention directly on a comparison with observations.

Figure 1 shows the mass distribution at a redshift z = 0
within the virial radii of our simulated cluster and galaxy.
It is virtually impossible to distinguish the two dark mat-
ter halos, even though the cluster halo is nearly a thou-
sand times more massive and forms 5 Gyrs later than the
galaxy halo. Both objects contain many dark matter sub-
structure halos. We apply a group finding algorithm to
extract the sub-clumps from the simulation data and use
the bound particles to directly measure their kinematical
properties; mass, circular velocity, radii, orbital parame-
ters (c.f. Ghigna et al. 1998). Although our simulations
do not include a baryonic tracer component, we can com-
pare the properties of these systems with observations us-
ing the Tully-Fisher relation (Tully & Fisher 1977). This
provides a simple benchmark for future studies that in-
corporate additional physics such as cooling gas and star-
formation.

Fig. 2.— The abundance of cosmic substructure within our
Milky Way Galaxy, the Virgo cluster and our models of comparable
masses. We plot the cumulative numbers of halos as a function of

their circular velocity (vc =
√

(Gmb/rb), where mb is the bound
mass within the bound radius rb of the substructure, normalised to
the circular velocity, Vglobal of the parent halo that they inhabit.
The dotted curve shows the distribution of the satellites within the
Milky Way’s halo (Mateo 1998) and the open circles with Poisson
errors is data for the Virgo galaxy cluster (Binggeli et al. 1985). We
compare these data with our simulated galactic mass halo (dashed
curves) and cluster halo (solid curve). The second dashed curve
shows data for the galaxy at an earlier epoch, 4 billion years ago -
dynamical evolution has not significantly altered the properties of
the substructure over this timescale.

Figure 2 shows the observed mass (circular velocity)
function of substructure within the Virgo cluster of galax-
ies compared with our simulation results. The circular ve-
locities of substructure halos are measured directly from

“mass”
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1. Missing satellites?

More satellites 
in simulations 
of MW-like 
galaxies than 
observed

Moore et al., ApJ ’99

6 de Blok et al.

Fig. 2.— Histogram of the values of the inner power-law slope α of the mass density profiles presented in Fig. 1. We distinguish between
well-resolved (hatched histogram) and unresolved (blank histogram) galaxies. The unresolved galaxies generally have higher values of α.

Fig. 3.— Value of the inner slope α of the mass density profiles plotted against the radius of the innermost point. Black dots are from the
dBMR sample, stars are from the de Blok & Bosma (2001) sample, open circles represent the four LSB galaxies from the Verheijen (1997)
sample. Over-plotted are the theoretical slopes of a pseudo-isothermal halo model (dotted lines) with core radii of 0.5 (left-most), 1 (canter)
and 2 (right-most) kpc. The full line represents a NFW model (Navarro, Frenk & White 1996), the dashed line a CDM r−1.5 model (Moore
et al. 1999). Both of the latter models have parameters c = 8 and V200 = 100 km s−1, which were chosen to approximately fit the data points
in the lower part of the diagram.

2. Cusps or cores?

Cuspy inner 
density profiles 
predicted by 
simulations not 
found in (all) 
observations 

Blok et al., ApJ ’01

The `Too big to fail’ problem
6 M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat

Figure 3. Rotation curves for all subhalos with Vinfall > 30 km s�1 and Vmax > 10 km s�1, after excluding Magellanic Cloud analogs, in
each of the six Aquarius simulations (top row, from left to right: A, B, C; bottom row: D, E, F). Subhalos that are at least 2� denser
than every bright MW dwarf spheroidal are plotted with solid curves, while the remaining subhalos are plotted as dotted curves. Data
points with errors show measured Vcirc values for the bright MW dSphs. Not only does each halo have several subhalos that are too
dense to host any of the dSphs, each halo also has several massive subhalos (nominally capable of forming stars) with Vcirc comparable
to the MW dSphs that have no bright counterpart in the MW. In total, between 7 and 22 of these massive subhalos are unaccounted for
in each halo.

of Vcirc(r1/2) for the bright Milky Way dwarf spheroidals.
As in Fig. 2, we plot only halos with Vinfall > 30 km s�1

and Vmax(z = 0) > 10 km s�1. Subhalos that are at least 2�
more massive than every dwarf (at r1/2) are plotted as solid
curves; these are the “massive failures” discussed in BBK,
and each halo has at least four such subhalos. Fig. 3 shows
that each halo has several other subhalos with Vinfall > 30
that are unaccounted for as well: for example, halo B has
three subhalos that are not massive failures by our defini-
tion but that are inconsistent at 2� with every dwarf except
Draco. Even ignoring the subhalos that are completely un-
accounted for (and are yet more massive than all of the MW
dSphs), the remaining massive subhalos do not resemble the
bright MW dSph population.

3.3 High redshift progenitors of massive subhalos

To investigate the possible impact of reionization on our re-
sults, we show the evolution of the progenitors of all subhalos
with Vinfall > 30 km s�1 in Figure 4. The solid curve show
the median M(z), while the shaded region contains 68% of
the distribution, centered on the median, at each redshift.

For comparison, we also show Tvir(z) = 104 K (the tempera-
ture at which primordial gas can cool via atomic transitions)
and 105 K (dashed lines), as well as the mass Mc(z) below
which at least half of a halo’s baryons have been removed
by photo-heating from the UV background (Okamoto et al.
2008). Subhalos with Vinfall > 30 km s�1 lie above Mc and
Tvir = 104 K at all redshifts plotted, indicating that they are
too massive for photo-ionization feedback to significantly al-
ter their gas content and thereby inhibit galaxy formation.

Figure 5 focuses on the z = 6 properties of these sub-
halos. It shows the distribution of halo masses at z = 6
for “massive failures” (open histogram) and the remaining
subhalos (filled histogram), which are possible hosts of the
MW dSphs. The massive failures are more massive at z = 6,
on average, than the potentially luminous subhalos. This
further emphasizes that reionization is not a plausible ex-
planation of why the massive failures do not have stars: the
typical massive failure is a factor of ten more massive than
the UV suppression threshold at z = 6. Implications of this
result will be discussed in Boylan-Kolchin et al. (in prepa-
ration).
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Figure 3. Rotation curves for all subhalos with Vinfall > 30 km s�1 and Vmax > 10 km s�1, after excluding Magellanic Cloud analogs, in
each of the six Aquarius simulations (top row, from left to right: A, B, C; bottom row: D, E, F). Subhalos that are at least 2� denser
than every bright MW dwarf spheroidal are plotted with solid curves, while the remaining subhalos are plotted as dotted curves. Data
points with errors show measured Vcirc values for the bright MW dSphs. Not only does each halo have several subhalos that are too
dense to host any of the dSphs, each halo also has several massive subhalos (nominally capable of forming stars) with Vcirc comparable
to the MW dSphs that have no bright counterpart in the MW. In total, between 7 and 22 of these massive subhalos are unaccounted for
in each halo.
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dSphs), the remaining massive subhalos do not resemble the
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which at least half of a halo’s baryons have been removed
by photo-heating from the UV background (Okamoto et al.
2008). Subhalos with Vinfall > 30 km s�1 lie above Mc and
Tvir = 104 K at all redshifts plotted, indicating that they are
too massive for photo-ionization feedback to significantly al-
ter their gas content and thereby inhibit galaxy formation.
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Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (∼80–100 km s−1) and galaxy mass, chosen
to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to the median (and
10th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of each galaxy. Note that the
observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LG simulations, from galaxies like UGC 5721, which are consistent with
our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve compared with simulations, either hydrodynamical (coloured
lines) or DMO (black lines).

origin of the diversity at fixed Vmax, especially in dwarf galaxies,
which tend to be dark-matter-dominated. These are all galaxies that
form in similar haloes, have approximately the same baryonic mass,
and similar morphologies. Some diversity induced by differences in
the distribution of the baryonic component is expected, but clearly
the observed diversity is much greater than in our simulations.

The second, and more worrying, concern is the inner mass deficit
that some of these galaxies seem to exhibit relative to the !CDM
simulation predictions. Indeed, except for UGC 5721, all of the
galaxies shown in Fig. 5 have less mass in the inner 8 kpc than
expected not only from our hydro simulations (shaded coloured
regions) but also from a !CDM halo alone (solid black lines).
Systems like UGC 11707 seem marginally consistent, and could
perhaps be interpreted as outliers, but cases like IC 2574, or LSB
F583-1 are too extreme to be accommodated by our model without
significant change.

The mass deficit we highlight here has been noted before in
the context of the ‘cusp versus core’ debate (see e.g. McGaugh
et al. 2007, and references therein). Indeed, if constant density
‘cores’ were imposed on the dark matter it would be relatively
straightforward to reproduce the data shown in Fig. 5. Such cores,
however, would need to vary from galaxy to galaxy, even at fixed
halo mass and galaxy mass. Indeed, a core at least as large as
∼5 kpc would be needed to explain the fact that the rotation
curve of IC 2574 rises linearly out to ∼8 kpc, but ought to be
much smaller in LSB F583-1 and even smaller, if at all present, in
UGC 5721.

4.4 The challenge to baryon-induced core formation

The diversity of observed rotation curves presents a challenge not
only to our simulations, but also to the baryon-induced ‘core’ cre-
ation mechanism: why would baryons carve out cores so different
in galaxies that are so similar in terms of morphology, halo mass,
and galaxy mass? Further, we would expect the dark matter to be
most affected in systems where baryons play a more important role
in the potential, such as high surface brightness galaxies, whereas
observations seem to suggest the opposite trend.

A second challenge concerns the magnitude of the effect needed
to create a core as large as that inferred, for example, for IC 2574.
Published simulations where baryon effects create cores tend to
have overall a modest effect on the total inner mass profile of the
galaxy. One example is provided in Fig. 1; although baryons have
carved a ∼1 kpc core in the dark matter halo in the simulated galaxy
DG1, the total inner mass profile is actually quite similar to what
is expected for galaxies of that circular velocity in our simulations
(green-shaded region), which do not produce cores. This is because,
to first order, the baryons that displace the dark matter to create a
core take its place, leading to a modest net change in the total mass
profile.

In other words, ‘flattening the dark matter cusp’ is not enough
to explain galaxies like IC 2574. A net removal of large amounts
of mass from the inner regions is needed to reconcile such galaxies
with !CDM, at least if we equate the measured rotation curve
with the circular velocity curve. In the case of IC 2574, at least
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Generic dark sector models

Standard 
Model

Dark 
Sector

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="xqO5xF91XkfgcNL1pA79dFQDdgk="></latexit>

e.g. U(1)X ⇥ ...
<latexit sha1_base64="KLvRV1lIfKJ9/ebLagwBbpaMcJU="></latexit>

Dark matter
Dark radiation                    
(‘sterile neutrinos’, ‘dark photons’, …)

SM particles

e.g. LHiggs � |�|2|⇥|2

A ‘portal’ typically still ensures 
thermalisation at high temperatures
Separate entropy conservation after decoupling  Tphoton 6= Tdark
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Freeze-out of ‘hidden’ dark matter
� SM
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Thermal production works equally 
well in fully decoupled dark sector
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FIG. 1. The value of a constant thermally averaged anni-
hilation rate, h�vi, resulting in a relic density of Majorana
(orange) or Dirac (blue) DM particles matching the observed
cosmological DM abundance. Solid lines show the case of DM
in equilibrium with the SM until freeze-out (shaded areas in-
dicate the e↵ect of varying ⌦DMh

2 within 3� [1]). Dashed
(dotted) lines show the case of DM in equilibrium with a hid-
den sector containing gS = 1 (gS = 5) light scalar degrees
of freedom (with µS = 0), which decoupled from the SM at
T � max[m�, mt]. Corresponding results for p-wave annihi-
lation are presented in the Supplemental Material [55])

builds up significant chemical potentials. As we will see,

both assumptions can be violated in decoupled sectors.

In Fig. 1 we indicate with solid lines the value of h�vi in

the standard scenario (assuming a constant value of this

quantity around chemical decoupling) that is needed to

obtain a relic density matching the observed cosmological

DM abundance of ⌦DMh
2

= 0.12 [1]. The orange solid

lines show the case of Majorana DM (with g� = 2 and

⌦� = ⌦�̄ = ⌦DM), updating the conventionally quoted

‘thermal relic cross section’ in Ref. [32] with a more recent

measurement of ⌦DM and recent lattice QCD results for

the evolution of SM d.o.f. in the early Universe [43]. For

comparison, the blue lines indicate the case of Dirac DM

(g� = g�̄ = 2 and ⌦� = ⌦�̄ = ⌦DM/2) to stress the not

typically appreciated fact that the required value of h�vi
is not exactly twice as large as in the Majorana case.

A secluded dark sector.— The idea [16–20, 24] that

DM could be interacting only relatively weakly with the

SM, but much more strongly with itself or other par-

ticles in a secluded DS, has received significant atten-

tion [27, 34, 44–49]. In such scenarios, both sectors may

well have been in thermal contact at high temperatures,

until they decoupled at a temperature Tdec. In partic-

ular, if interactions inside the DS are strong enough to

equilibrize, the separate conservation of entropy in both

sectors implies a non-trivial evolution of the temperature

ratio

⇠(T ) ⌘ T�(T )

T
=

⇥
g
SM
⇤ (T )/g

SM
⇤ (Tdec)

⇤ 1
3

[gDS
⇤ (T )/gDS

⇤ (Tdec)]
1
3

, (3)

where g
SM,DS
⇤ denotes the e↵ective number of relativistic

entropy d.o.f. in the two sectors. Let us stress that this

commonly used relation tacitly assumes that DM is in

full equilibrium with at least one species S with vanishing

chemical potential, µS = 0 (implying µ� = �µ�̄ as long

as DM is in chemical equilibrium).

For a precise description of the freeze-out process of

� in such a situation the standard Boltzmann equation

(1) needs to be adapted at three places: both i) the

equilibrium density neq and ii) the thermal average h�vi
must be evaluated at T� rather than the SM tempera-

ture T , and iii) the Hubble rate must be increased to

take into account the energy content of the DS. Dur-

ing radiation domination, in particular, this means that

H
2

= (8⇡
3
/90)ge↵M

�2
Pl T

4
, where ge↵ ' gSM + (

P
b gb +

7
8

P
f gf )⇠

4
and the sums runs over the internal d.o.f. of

all fully relativistic DS bosons (b) and DS fermions (f)

(in our numerical treatment, we always use the full ex-

pression for ge↵). To the best of our knowledge, precision

calculations of the relic density in a decoupled DS that

fully and self-consistently implement all three e↵ects have

not been performed previously. Here we adapt the relic

density routines of DarkSUSY to allow calculations of this

kind for a large range of DS models [50].

Model setup.— Let us for concreteness consider a

simple setup where the DS consists of massive fermions

�, acting as DM, and massless scalars S with µS = 0,

constituting the heat bath. We assume that the DS de-

coupled from the SM at high temperatures, such that

g
SM
⇤ (Tdec) = 106.75 and g

DS
⇤ (Tdec) = gS + (7/4)N� in

Eq. (3), where N� = 1 (N� = 2) for Majorana (Dirac)

DM. In Fig. 1 we show the ‘thermal’ annihilation cross

section for ��̄ ! SS in such a scenario, for di↵erent val-

ues of gS . The fact that this di↵ers significantly from

the standard case illustrates the importance of includ-

ing the e↵ects outlined above in a consistent way. In this

sense, the updated procedure for relic density calculations

directly impacts a large number of DS models where an-

nihilation also proceeds via an s-wave [18, 24, 27, 44, 51–

54], – even though �v is often not velocity-independent

in these cases, impeding a literal interpretation of the

curves shown in Fig. 1.

To understand the behaviour of these curves, we first

note that a constant h�vi is of course not a↵ected by

a change in ⇠. For gS = 1, furthermore, the change

in ge↵ and hence the Hubble rate has only a subdomi-

nant e↵ect (but becomes somewhat more important for

gS = 5). The main e↵ect visible in the figure thus orig-

inates from changing n�,eq(x) ! n�,eq(x/⇠). For large

but details need to be implemented 
correctly for precision treatment

observational uncertainty
on DM abundance

TB, Depta, Hufnagel & 
Schmidt-Hoberg, 2007.03696

dark radiation (DR) 
degrees of freedom
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Freeze-out = decoupling !
Expect WIMPs (and similar DM particles) to stay much longer in 
kinetic than in chemical equilibrium:

� SM

SM SM SM�

� �

(annihilation) (scattering)

Density contrasts can only grow after 
kinetic decoupling

Review: TB, NJP ‘09

Model-dependent small-scale cutoff in 
power-spectrum (not ‘about earth-mass’ !)
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Self-interacting DM (SIDM)
DM-DM scatterings

do not affect linear perturbations (number densities too small)

but isotropise DM distribution in inner parts of halo:  

Spergel & Steinhardt, PRL ‘99

4 M. Vogelsberger et al.

Figure 2. Density (left panels) and velocity dispersion profiles (right panels) of haloes of different masses. The top panels are for the case of a constant
cross section (�max

T /m� = 10 cm2 g�1) showing the profiles after 25 t0. Bottom panels are for the case of a velocity-dependent cross section (vmax =
30 km s�1, �max

T /m� = 10 cm2 g�1) after 1 Gyr. In scaled units, the constant cross section curves for all masses collapse to a single one. For the
velocity-dependent case, evolution progresses faster for lower mass systems, because (�T v) peaks at a velocity of 30 km/s.

and velocity distribution functions we can now calculate the num-
ber of expected scattering events and compare this to the N-body
/ Monte Carlo results obtained with the technique presented in the
paragraphs above.

As an example of the number of scattering events expected in
a DM halo, we take a smooth spherical distribution of DM with a
Hernquist density profile (Hernquist 1990):

⇢(r) =
Ma
2⇡r

1
(r + a)3

, (7)

where M is the total mass of the halo and a its scale length. The
velocity dispersion profile for the Hernquist halo follows from the
Jeans equation, which for an isotropic velocity distribution and us-

ing Eq. (7) gives:

�2
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GM
12a


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It is then straightforward to compute the scattering rate using
Eq. (5). To compare these analytical expectations with N-body
simulations, it is necessary to take into account the mass resolu-
tion of the simulation. We therefore need to multiply Eq. (5) with
m�/mdm, where mdm is the DM particle mass of the simulation,
which yields the number of scatter events in the simulation volume.

The left panel of Figure 1 shows the analytically calcu-
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velocity dispersion profile for the Hernquist halo follows from the
Jeans equation, which for an isotropic velocity distribution and us-
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It is then straightforward to compute the scattering rate using
Eq. (5). To compare these analytical expectations with N-body
simulations, it is necessary to take into account the mass resolu-
tion of the simulation. We therefore need to multiply Eq. (5) with
m�/mdm, where mdm is the DM particle mass of the simulation,
which yields the number of scatter events in the simulation volume.

The left panel of Figure 1 shows the analytically calcu-
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Figure 2. Density (left panels) and velocity dispersion profiles (right panels) of haloes of different masses. The top panels are for the case of a constant
cross section (�max

T /m� = 10 cm2 g�1) showing the profiles after 25 t0. Bottom panels are for the case of a velocity-dependent cross section (vmax =
30 km s�1, �max

T /m� = 10 cm2 g�1) after 1 Gyr. In scaled units, the constant cross section curves for all masses collapse to a single one. For the
velocity-dependent case, evolution progresses faster for lower mass systems, because (�T v) peaks at a velocity of 30 km/s.

and velocity distribution functions we can now calculate the num-
ber of expected scattering events and compare this to the N-body
/ Monte Carlo results obtained with the technique presented in the
paragraphs above.

As an example of the number of scattering events expected in
a DM halo, we take a smooth spherical distribution of DM with a
Hernquist density profile (Hernquist 1990):
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where M is the total mass of the halo and a its scale length. The
velocity dispersion profile for the Hernquist halo follows from the
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It is then straightforward to compute the scattering rate using
Eq. (5). To compare these analytical expectations with N-body
simulations, it is necessary to take into account the mass resolu-
tion of the simulation. We therefore need to multiply Eq. (5) with
m�/mdm, where mdm is the DM particle mass of the simulation,
which yields the number of scatter events in the simulation volume.

The left panel of Figure 1 shows the analytically calcu-
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Figure 3. Density profiles of Pippin (left) and Merry (right) in collisionless CDM and in SIDM (see legend) at z = 0. All SIDM runs with �/m �
0.5 cm2 g�1 produce central density profiles with well-resolved cores within ⇠ 500 pc. Core densities are the lowest (and core sizes the largest) for cross
sections in the range �/m = 5�10 cm2 g�1. The 50 cm2 g�1 run of Pippin has undergone a mild core collapse, with a resultant central density intermediate
between the 10 cm2 g�1 run and 1 cm2 g�1 run. For velocity dispersion profiles of these halos, see Appendix A. NFW fits to the CDM profiles of each halo
yield scale radii of ⇠ 2.7 kpc.

dense enough to reside in a CDM halo larger than 40 km s�1. The
rest appear to reside in halos that are significantly less dense than
expected for the ten most massive systems predicted in CDM sim-
ulations. These missing, or overdense, Vmax ' 40 km s�1 halos
are the systems of concern for the TBTF problem.

Figure 4 illustrates this problem explicitly by comparing the
circular velocities of nearby field dwarfs at their half-light radius
(data points) to the circular velocity profiles of our simulated ha-
los (lines), each of which has Vmax ' 40 km s�1 and is there-
fore nominally a TBTF halo. The data points indicate dwarf galax-
ies (M⇤ < 1.7 ⇥ 107) farther than 300 kpc from both the Milky
Way and Andromeda that are dark matter dominated within their
half-light radii ( r1/2), with estimates for their circular velocities
at r1/2 (V1/2). We have excluded Tucana, which has an implied
central density so high that it is hard to understand even in the
context of CDM (see Garrison-Kimmel et al., 2014b, for a discus-
sion). V1/2 for the purely dispersion galaxies are calculated using
the Wolf et al. (2010) formula, where measurements for stellar ve-
locity dispersion, �?, are taken from Hoffman et al. (1996), Simon
& Geha (2007), Epinat et al. (2008), Fraternali et al. (2009), Collins
et al. (2013), and Kirby et al. (2014). However, WLM and Pegasus
also display evidence of rotational support, indicating that they are
poorly described by the Wolf et al. (2010) formalism. For the for-
mer, we use the Leaman et al. (2012) estimate of the mass within
the half-light radius, obtained via a detailed dynamical model. The
data point for Pegasus is obtained via the method suggested by
Weiner et al. (2006), wherein �2

? is replaced with �2
? + 1

2 (v sin i)
2

in the Wolf et al. (2010) formula, where v sin i is the projected ro-
tation velocity (also see §5.2 of Kirby et al., 2014).

As expected, the data points all lie below the CDM curves
(black lines), demonstrating explicitly that both Merry and Pippin
are TBTF halos. The SIDM runs, however, provide a much better

match, and in fact all of the SIDM runs with �/m � 0.5 cm2 g�1

alleviate TBTF.

3.3 Expectations for the stellar-mass halo-mass relation

A problem related to TBTF, but in principle distinct from it, con-
cerns the relationship between the observed core densities of galax-
ies and their stellar masses. Specifically, there does not appear to be
any correlation between stellar mass and inner dark matter den-
sity inferred from dynamical estimates of dwarf galaxies in the
Local Group (Strigari et al., 2008; Boylan-Kolchin et al., 2012;
Garrison-Kimmel et al., 2014b). If dark matter halos behave as ex-
pected in dissipationless ⇤CDM simulations, then we would ex-
pect more massive galaxies to have higher dark matter densities at
fixed radius. This ultimately stems from the expectation, borne out
at higher halo masses, that more massive dark matter halos tend to
host more massive galaxies.

Consider, for example, the two galaxies Pegasus (r1/2 ' 1
kpc) and Leo A (r1/2 ' 500 pc) in Figure 4. Both of these
galaxies have about the same stellar mass M? ' 107M�. Ac-
cording to the expectations of abundance matching (Garrison-
Kimmel et al., 2014b), each of these galaxies should reside within
a Vmax ' 40 km s�1 halo. Instead, their central densities are such
that, if their dark matter structure follows the CDM-inspired NFW
form, they need to have drastically different potential well depths:
Vmax ' 30 and 12 km s�1 for Pegasus and Leo A, respectively
(see Figure 12 of Garrison-Kimmel et al., 2014b). However, if we
instead interpret their densities in the context of SIDM, the results
are much more in line with abundance matching expectations.

Abundance matching relations remain unchanged in SIDM
because halo mass functions in SIDM are identical to those in
CDM (Rocha et al., 2013). That is, in SIDM, just like CDM, we
would naively expect both Pegasus and Leo A to reside in ha-
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Figure 1: Interaction processes that set the DM relic density
and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto↵
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant �T .
We also note that �T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v

2
max = g

2
�mV /(2⇡2

m�) at
which �T v becomes maximal and �

max
T ⌘ �T (vmax) =

22.7m�2
V . In particular, vmax should not be too di↵er-

ent from the typical velocity dispersion �v ⇠ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of �max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g� by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m�,mV ) and the astrophysically relevant param-
eters (vmax,�

max
T ). As demonstrated in Fig. 2, a so-

lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m� & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m� . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m� an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto↵.— For small kinetic decou-
pling temperatures Tkd, acoustic oscillations [52] are
more e�cient than free streaming e↵ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto↵
can be translated into a smallest protohalo mass of

Mcut ⇡
4⇡

3

⇢�

H3

���
T=Tkd

= 1.7⇥ 108
✓
Tkd

keV

◆�3

M� , (4)

where H is the Hubble rate and we assumed late kinetic
decoupling such that the e↵ective number of relativistic
degrees of freedom ge↵ = 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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Figure 3: This plane shows the mediator mass mV vs. the
coupling strength g⌫ . Large values of g⌫ and small values of
mV lead to late kinetic decoupling and thus a large mass Mcut

of the smallest protohalos. Mcut & 5 ⇥ 1010M� is excluded
by Ly-↵ data while Mcut & 109M� may solve the small-scale
abundance problems of ⇤CDM cosmology.

those expressions to allow for T⌫ 6= T , we find
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where N⌫ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
Tkd, and thus Mcut, is essentially independent of g� and
m�.

Using for definiteness N⌫ = 3 and T⌫ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant Mcut in the (g⌫ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⌫ & 10�7 (assuming m� ⇠ 1TeV and
mV ⇠ 1MeV; this value is even lower for larger m� and
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Figure 7. DM density projections of the selected MW-like halo for the four different models. The suppression of substructure can clearly be seen for M1 to
M3 compared to the CDM model, which does include power down to small scales without a resolved cutoff, which is present in the ETSF models M1 to M3.
The projection has a side length and depth of 500 kpc.

true although the self-interaction cross-section is smallest for this
model. This trend continues up to MW masses. Those halo masses
are not so strongly affected by the damping so the self-interactions
take offer such that the reduction of the central density is following
the strength of the cross section.

4.2 Galactic halo

NOTE: All results are based on level-2. Level-1 is still running

(those are expensive and running around 1-2 months).

We will now consider the galactic scales by studying the
zoom-in simulation of the selected MW-sized halo. We start by
looking at the density distribution on these scales. Fig. 7 shows

density projections of the halo for CDM simulations and compares
to models M1-M3. At these scales, the suppression of small scale
structure is clearly visible, which is largely driven by the resolved
cutoff scale in the linear power spectra of M1-M3 compared to
CDM. This cutoff reduces the number of resolved subhaloes very
strongly for model M1, which has the largest damping scale. We
stress that self-interactions of the order discussed here largely af-
fect only the internal structure of haloes, but do not significantly
alter the number of subhaloes within MW-like haloes. This would
only happen for cross sections of the order of 10 cm2 g�1 on full
galactic scales, which is prevented in the the models discussed here
prevents due to the strong velocity-dependence. Fig. 7 also demon-

© 2015 RAS, MNRAS 000, 1–13
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Table 3. Basic characteristics of the MW-size halo formed in the different
DM models. We list the mass (M200, crit), radius (R200, crit), maximum circular
velocity (Vmax), radius where the maximum circular velocity is reached
(Rmax), and the number of resolved subhaloes within 300 kpc (Nsub).

Name M200, crit R200, crit Vmax Rmax Nsub
(1010 M⊙) (kpc) (km s−1) (kpc)

CDM 161.28 244.05 176.82 68.29 16 108
ETHOS-1 160.47 243.64 178.12 62.58 590
ETHOS-2 164.70 245.75 181.49 63.72 971
ETHOS-3 163.36 245.09 180.60 64.37 1080
ETHOS-4 163.76 245.30 178.78 69.18 1366

2014). It was also used to find that self-interactions can leave im-
prints in the stellar distribution of dwarf galaxies by performing the
first SIDM simulation with baryons presented in Vogelsberger et al.
(2014a).

4 R ESULTS

In the following, we first discuss some features of the large-scale
(100 h−1 Mpc) parent simulations, followed by the main focus of
our work, the resimulated galactic halo. We show here only the
results for CDM, and ETHOS-1 to ETHOS-3 since ETHOS-4 has
the same initial power spectrum as ETHOS-3 and a significantly
smaller self-interaction cross-section. The impact of SIDM effects
on large scales is thus much smaller for ETHOS-4 compared to
ETHOS-1 to ETHOS-3. We have therefore not performed a uniform
box simulation for ETHOS-4.

4.1 Large-scale structure

We first quantify the large-scale distribution of matter in Fig. 2,
where we present the dimensionless power spectra, !(k)2 =
k3P (k)/(2π2), at redshifts z = 10, 6, 4, 2, 0 for our parent simula-
tions. The dashed grey line shows the shot-noise power spectrum
caused by the finite particle number of the simulation, it gives an
indication of the resolution limit in this plot at low redshifts. The
DAO features of the ETHOS-1 to ETHOS-3 models, clearly visible
on the primordial power spectrum (see left-hand panel of Fig. 1),
are only preserved down to z ∼ 10 (where the first oscillation is
marginally resolved for model ETHOS-1). At lower redshifts, the
imprint of these features is significantly reduced and is essentially
erased at z = 0. At this time, although the power spectra of the
non-CDM simulations are relatively close to the CDM case, there is
a slight suppression of power in the ETHOS-1 to ETHOS-3 models
for scales smaller than k ! 102 h Mpc−1. This suppression is largest
for ETHOS-1 and smallest for ETHOS-3, which reflects the fact
that the initial power spectrum damping is largest for ETHOS-1
and smallest for ETHOS-3. Our results therefore confirm the previ-
ous finding of Buckley et al. (2014), namely that in the weak DAO
regime, the non-linear evolution makes the differences with CDM
in the power spectra relatively small at low redshifts. We note that
we do not present images of the large-scale density field since the
different models are indistinguishable on these scales.

Although the power spectra are similar at z = 0 between the
different DM models, there are significant differences in the halo
mass function today due to the delay in the formation of low mass
haloes at high redshift. This is shown in Fig. 3 where we plot the
differential FoF mass function at z = 0. Here we see a clear suppres-
sion of low-mass haloes in ETHOS-1 to ETHOS-3 compared to the
CDM case (below a few times ∼1011 M⊙ for model ETHOS-1).

Figure 2. Non-linear dimensionless power spectra, !(k)2 =
k3P (k)/(2π2), of the parent simulations for the different DM mod-
els at the indicated redshifts (z = 10, 6, 4, 2, 0). The dashed grey line
denotes the shot-noise limit expected if the simulation particles are a
Poisson sampling from a smooth underlying density field. The sampling
is significantly sub-Poisson at high redshifts and in low-density regions,
but approaches the Poisson limit in non-linear structures. The non-CDM
models deviate significantly from CDM at high redshifts, but this difference
essentially vanishes towards z = 0.

Figure 3. Differential FoF halo mass function (multiplied by FoF mass
squared) for the different DM models at z = 0. Approximating the first DAO
feature in the linear power spectrum with a sharp power-law cutoff, we show
the resulting analytic estimates for the differential halo mass function of the
different DM models (yellow dashed). The lower panel shows the ratios
between the different simulation models relative to CDM.

The strongest suppression is seen for ETHOS-1 and the weakest for
ETHOS-3. This is again expected given the initial power spectra
of the different models. The lower panel of Fig. 3 shows that the
suppression factor for haloes around ∼1010 h−1 M⊙ is more than
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Figure 1. Characteristics of effective models. Left: Linear initial matter power spectra ( (�linear(k)2 = k3Plinear(k)/(2⇡2))) for the different models
(CDM and ETSF models M1 to M3) as a function of comoving wavenumber k. The ETSF models M1 to M3 differ in the strength of the damping and the dark
acoustic oscillations present at large k. Right: Velocity dependence of the cross-section for the different models. All ETSF models M1 to M3 have velocity
dependent cross sections which decrease as v�4

rel
for large relative velocities. For low velocities the cross sections can reach up to 100 cm2 g�1

.

els discussed above can be mapped to the same effective lin-
ear power spectrum and effective velocity-dependent DM self-
interaction cross section (see Cyr-Racine et al. 2015, for details).
The models discussed in this study are benchmark cases of such
a mapping, which result in specific combinations of linear power
spectra and interaction cross-sections. Various particle models can
therefore be described by an effective theory specified by an ini-
tial power spectrum and a self-interaction cross section. We call
the resulting framework “effective theory for structure formation”
(ETSF), which aims at generalising the theory of DM structure for-
mation to include a wide range of allowed DM phenomenology.

This paper has the following structure. We present the models
discussed in this work in Section 2. Section 3 then discusses the
different simulations carried out to explore these models. Results
are then presented in Section 4. In this section we will also try to
construct a model which solves some of the outstanding small-scale
problems of the MW satellites. Finally, we present our summary
and conclusions in Section 5.

2 EFFECTIVE MODELS

The different DM models that we investigate in this paper are
are summarised in 1. For all simulations we use the following
cosmological parameters: ⌦m = 0.301712, ⌦⇤ = 0.698288,
⌦b = 0.046026, h = 0.6909, �8 = 0.839 and ns = 0.9671,
which are consistent with Planck (Planck Collaboration et al. 2014;
Spergel et al. 2013). We study four different DM models, which
we label CDM and M1 to M3 for the ETSF models. M1 to M3
are models that in our effective structure formation theory space
can be represented by a specific transfer function (see left panel
of Fig. 1 for the resulting linear non-dimensional power spectra),
and a specific velocity-dependent cross-section for DM (see right

Name ↵� ↵⌫ m� m� rDAO rSD
[MeV c�2] [GeV c�2] [h�1Mpc] [h�1Mpc]

CDM – – – – – –
M1 0.071 0.041 0.723 2000 0.362 0.225
M2 0.016 0.01 0.83 500 0.217 0.113
M3 0.006 0.006 1.15 178 0.141 0.063

Table 1. Parameters of the effective models considered in this paper. We
study in total four different scenarios (CDM and ETSF models M1 to M3).
CDM corresponds to the vanilla CDM case. We also provide two character-
istic comoving length scales: the DM sound horizon (rDAO), and the Silk
damping scale (rSD). The ETSF models are characterised by their linear
power spectra (transfer function) and the DM-DM cross sections, which we
present in Fig. 1.

panel of Fig. 1 for the resulting cross-sections). The underlying
particle physics model for those assumes a massive DM particle
(�) interacting with a massless “neutrino” (⌫) via a massive vector
mediator (�). These models are characterised by an interaction be-
tween DM and dark radiation (DR) and DM-DM self-interactions.
The DM-DR interaction give rise to the features in the power spec-
trum, which are absent in ordinary CDM transfer functions. Ta-
ble 1 specifies the relevant scales in the initial power spectrum:
the comoving diffusion (Silk) damping scale (rSD) and the DM
comoving sound horizon rDAO). These are generic scales which
occur in many models where DM is coupled to relativistic parti-
cles until relatively late times. There are two interesting regimes:
rSD ⌧ rDAO and rSD ⇠ rDAO. For the first case, the power
spectrum shows significant oscillations on small scales since dif-
fusion is ineffective around the sound horizon. The other case, on
the other hand, only shows a few oscillations since the damping is
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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for
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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for
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Figure 9. Division of structure formation models in the parameter space h and kpeak of eq. 3 based on the power spectra at z = 5 for
kprobe = 500 hMpc�1. The contour lines correspond to the ratio of the power spectrum with respect to CDM at kprobe. The color scale
shows the re-scaled I (kprobe), where a value of 1 corresponds to areas that are degenerate with WDM. The black dashed line shows the
area where DAO features survive until z = 5. To the right of the blue dashed line, the models can be considered as CDM up to kprobe.
The green dashed line encloses the area of models that are degenerate with WDM of mass <3.5keV , which is ruled out by Lyman-↵ data
(Iršič et al. 2017).

6 CONCLUSIONS

ACKNOWLEDGEMENTS

SB and JZ acknowledges support by a Grant of Excellence
from the Icelandic Research Fund (grant number 173929-
051). The simulations were performed on resources provided
by the Icelandic High Performance Computing Centre at the
University of Iceland, and the Odyssey cluster supported by
the FAS Division of Science, Research Computing Group at
Harvard University.

REFERENCES

Chiang C.-T., Wagner C., Schmidt F., Komatsu E., 2014, J. Cos-
mology Astropart. Phys., 5, 048

Hahn O., Abel T., 2011, MNRAS, 415, 2101

Iršič V., et al., 2017, Phys. Rev. D, 96, 023522
Murgia R., Merle A., Viel M., Totzauer M., Schneider A., 2017,

J. Cosmology Astropart. Phys., 11, 046
Springel V., 2010, MNRAS, 401, 791

APPENDIX A: DERIVING LINEAR POWER
SPECTRUM

The goal is to connect the parameters that we are currently
using to characterise the structure formation space: h, kpeak

and h2, to the parameters used in the ETHOS I paper to de-
scribe the linear power spectrum, essentially an, n and ↵l .
The former can be used more directly to quantify the dif-
ferences between di↵erent structure formation models, while
the latter can be connected to the particle physics param-
eters of a given model. The connection between these two
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Outlook ?
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Conclusions

The cosmos might be the only laboratory 
to test the particle DM hypothesis      
(though of course it would be nicer to detect DM in multiple experiments)

We have not yet detected DM, 
other than gravitationally

The field is at the crossroad                
— which implies interesting times ahead!

Thanks for your attention!

Impossible to find DM without first installing DarkSUSY ;)


