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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:

‘missing’ mass

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



 (Torsten Bringmann) The (un)reasonable elusiveness of dark matter ‒  4

Cosmological scales
Image credit: Jimmy Harris

add tiny initial 
perturbations to 
background evolution

Strong impact 
of dark matter

Gravitational clustering 
(in linear regime) and 
collapse (non-linear)

homogeneity 
+ isotropy

no difference between 
dark and visible matter

Background evolution: 
‘Friedman equations’ fix         

d
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Cosmological scales
A Primer on Dark Matter 3
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Fig. 1 Illustration of the formation of structures in the early universe without (left) and with (right) dark matter. Only in the latter case
do non-linear structures form that lead to the creation of stars and galaxies (yellow). In the former case, in contrast, the universe
would remain largely uniform, developing only rather small density perturbations in ordinary matter (red). This largely agreed-upon
picture rests on two observational inputs: i) the temperature of the nearly uniform CMB radiation, and ii) the tiny fluctuations of this
temperature, depending on the direction in the sky (here strongly enhanced for visual purposes).

The average energy density ω̄ of the universe can only depend on time, not space, because of the cosmological principle. This is of
course not true for the local density ω at any given position x. We denote this local density as ω(t, x) → ω̄(t) [1 + ε(t, x)], where we have
introduced the density contrast ε. This density contrast thus indicates whether the local density is larger (ε > 0) or smaller (ε < 0) than the
average cosmological density; in the former case we speak of a local overdensity. How is such an overdensity expected to evolve in time?
The two most important effects in this context are gravity and the intrinsic pressure of radiation: The former is always attractive and will
hence tend to increase the overdensity, while the latter is repulsive and will therefore tend to decrease it. If an overdensity extends over a
sufficiently large region of space, the gravitational pull always dominates and the overdensity grows, attracting more and more matter from
the surrounding regions (as long as this is efficiently possible, i.e. until close to depletion). This is known as the Jeans instability.

We can further refine the above description by introducing average densities ω̄i and density contrasts εi for each of the various main
components that the universe consists of. Examples for this subscript i include in particular any form of ‘radiation’ (i = r), i.e. massless
particles such as photons or matter moving at velocities close to the speed of light, as well as more slowly moving or ‘cold’ matter (i = m).
At very early times, as evidenced by the CMB, the universe was highly homogeneous, which implies |εi| ↑ 1 for these components. Thus,
the underlying equations describing density contrasts become linear, since terms involving powers of εi are subdominant compared to εi
itself. This greatly simplifies the quantitative analysis of how such tiny overdensities evolve in an expanding universe. In fact, the resulting
equations can now be solved fully analytically. One finds that overdensities in radiation, εr, do not grow and instead slowly decrease in
time. Overdensities in matter, on the other hand, grow at the same rate as the universe expands:

εm(t) ↓ a(t) . (1)

Note that this crucial result is in accordance with our rough qualitative considerations above. It assumes that there are no additional
interactions between the different components, and that the overall energy density of the universe, ω̄, is dominated by rest mass – as is the
case during the times relevant for our discussion here. As we will explain further down, the situation becomes more complicated once
the perturbations start to become non-linear, εm ↭ 1, and sophisticated numerical simulations have to replace the simple analytic treatment
sketched here.

2.2 Evidence for dark matter

The early universe was a hot plasma of electrons and protons that frequently interacted with each other and with photons. As the universe
expanded and cooled down, electrons and protons combined to neutral hydrogen – releasing the photons that we now observe as CMB. The
observation of this background radiation, combined with the basic understanding of linear perturbation theory sketched above, immediately
demonstrates that the universe cannot only consist of ordinary matter (commonly denoted as ‘baryons’ in the cosmological context). Let us
take this important argument step by step:

1. Initially, the released CMB photon energy corresponded to the plasma temperature TCMB = 0.3 eV: at this point neutral hydrogen forms
because there are no longer sufficiently many energetic photons to overcome the ionization energy of hydrogen, EH ↔ 13.6 eV. As the
universe expanded the wavelengths of these photons were stretched, similar to the well-known Doppler effect for sound waves, thus
resulting in a decrease of their frequencies and hence energies. The observed CMB temperature of T

today
CMB ↗ 2.7 K ↗ 0.2 meV therefore

implies that the universe must have been a factor of about atoday/aCMB ↗ 103 smaller at CMB times than it is today.

Without dark matter, 
we would still be in the 
linear regime: no galaxies, 
stars, planets, …!
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Fig. 1 Illustration of the formation of structures in the early universe without (left) and with (right) dark matter. Only in the latter case
do non-linear structures form that lead to the creation of stars and galaxies (yellow). In the former case, in contrast, the universe
would remain largely uniform, developing only rather small density perturbations in ordinary matter (red). This largely agreed-upon
picture rests on two observational inputs: i) the temperature of the nearly uniform CMB radiation, and ii) the tiny fluctuations of this
temperature, depending on the direction in the sky (here strongly enhanced for visual purposes).

The average energy density ω̄ of the universe can only depend on time, not space, because of the cosmological principle. This is of
course not true for the local density ω at any given position x. We denote this local density as ω(t, x) → ω̄(t) [1 + ε(t, x)], where we have
introduced the density contrast ε. This density contrast thus indicates whether the local density is larger (ε > 0) or smaller (ε < 0) than the
average cosmological density; in the former case we speak of a local overdensity. How is such an overdensity expected to evolve in time?
The two most important effects in this context are gravity and the intrinsic pressure of radiation: The former is always attractive and will
hence tend to increase the overdensity, while the latter is repulsive and will therefore tend to decrease it. If an overdensity extends over a
sufficiently large region of space, the gravitational pull always dominates and the overdensity grows, attracting more and more matter from
the surrounding regions (as long as this is efficiently possible, i.e. until close to depletion). This is known as the Jeans instability.

We can further refine the above description by introducing average densities ω̄i and density contrasts εi for each of the various main
components that the universe consists of. Examples for this subscript i include in particular any form of ‘radiation’ (i = r), i.e. massless
particles such as photons or matter moving at velocities close to the speed of light, as well as more slowly moving or ‘cold’ matter (i = m).
At very early times, as evidenced by the CMB, the universe was highly homogeneous, which implies |εi| ↑ 1 for these components. Thus,
the underlying equations describing density contrasts become linear, since terms involving powers of εi are subdominant compared to εi
itself. This greatly simplifies the quantitative analysis of how such tiny overdensities evolve in an expanding universe. In fact, the resulting
equations can now be solved fully analytically. One finds that overdensities in radiation, εr, do not grow and instead slowly decrease in
time. Overdensities in matter, on the other hand, grow at the same rate as the universe expands:

εm(t) ↓ a(t) . (1)

Note that this crucial result is in accordance with our rough qualitative considerations above. It assumes that there are no additional
interactions between the different components, and that the overall energy density of the universe, ω̄, is dominated by rest mass – as is the
case during the times relevant for our discussion here. As we will explain further down, the situation becomes more complicated once
the perturbations start to become non-linear, εm ↭ 1, and sophisticated numerical simulations have to replace the simple analytic treatment
sketched here.

2.2 Evidence for dark matter

The early universe was a hot plasma of electrons and protons that frequently interacted with each other and with photons. As the universe
expanded and cooled down, electrons and protons combined to neutral hydrogen – releasing the photons that we now observe as CMB. The
observation of this background radiation, combined with the basic understanding of linear perturbation theory sketched above, immediately
demonstrates that the universe cannot only consist of ordinary matter (commonly denoted as ‘baryons’ in the cosmological context). Let us
take this important argument step by step:

1. Initially, the released CMB photon energy corresponded to the plasma temperature TCMB = 0.3 eV: at this point neutral hydrogen forms
because there are no longer sufficiently many energetic photons to overcome the ionization energy of hydrogen, EH ↔ 13.6 eV. As the
universe expanded the wavelengths of these photons were stretched, similar to the well-known Doppler effect for sound waves, thus
resulting in a decrease of their frequencies and hence energies. The observed CMB temperature of T

today
CMB ↗ 2.7 K ↗ 0.2 meV therefore

implies that the universe must have been a factor of about atoday/aCMB ↗ 103 smaller at CMB times than it is today.

⇢(t,x) = ⇢̄(t)[1 + �(t,x)]

pedagogical DM review: 
Balacs, TB, Kahlhoefer & White, 2411.05062
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Fig. 1 Illustration of the formation of structures in the early universe without (left) and with (right) dark matter. Only in the latter case
do non-linear structures form that lead to the creation of stars and galaxies (yellow). In the former case, in contrast, the universe
would remain largely uniform, developing only rather small density perturbations in ordinary matter (red). This largely agreed-upon
picture rests on two observational inputs: i) the temperature of the nearly uniform CMB radiation, and ii) the tiny fluctuations of this
temperature, depending on the direction in the sky (here strongly enhanced for visual purposes).

The average energy density ω̄ of the universe can only depend on time, not space, because of the cosmological principle. This is of
course not true for the local density ω at any given position x. We denote this local density as ω(t, x) → ω̄(t) [1 + ε(t, x)], where we have
introduced the density contrast ε. This density contrast thus indicates whether the local density is larger (ε > 0) or smaller (ε < 0) than the
average cosmological density; in the former case we speak of a local overdensity. How is such an overdensity expected to evolve in time?
The two most important effects in this context are gravity and the intrinsic pressure of radiation: The former is always attractive and will
hence tend to increase the overdensity, while the latter is repulsive and will therefore tend to decrease it. If an overdensity extends over a
sufficiently large region of space, the gravitational pull always dominates and the overdensity grows, attracting more and more matter from
the surrounding regions (as long as this is efficiently possible, i.e. until close to depletion). This is known as the Jeans instability.

We can further refine the above description by introducing average densities ω̄i and density contrasts εi for each of the various main
components that the universe consists of. Examples for this subscript i include in particular any form of ‘radiation’ (i = r), i.e. massless
particles such as photons or matter moving at velocities close to the speed of light, as well as more slowly moving or ‘cold’ matter (i = m).
At very early times, as evidenced by the CMB, the universe was highly homogeneous, which implies |εi| ↑ 1 for these components. Thus,
the underlying equations describing density contrasts become linear, since terms involving powers of εi are subdominant compared to εi
itself. This greatly simplifies the quantitative analysis of how such tiny overdensities evolve in an expanding universe. In fact, the resulting
equations can now be solved fully analytically. One finds that overdensities in radiation, εr, do not grow and instead slowly decrease in
time. Overdensities in matter, on the other hand, grow at the same rate as the universe expands:

εm(t) ↓ a(t) . (1)

Note that this crucial result is in accordance with our rough qualitative considerations above. It assumes that there are no additional
interactions between the different components, and that the overall energy density of the universe, ω̄, is dominated by rest mass – as is the
case during the times relevant for our discussion here. As we will explain further down, the situation becomes more complicated once
the perturbations start to become non-linear, εm ↭ 1, and sophisticated numerical simulations have to replace the simple analytic treatment
sketched here.

2.2 Evidence for dark matter

The early universe was a hot plasma of electrons and protons that frequently interacted with each other and with photons. As the universe
expanded and cooled down, electrons and protons combined to neutral hydrogen – releasing the photons that we now observe as CMB. The
observation of this background radiation, combined with the basic understanding of linear perturbation theory sketched above, immediately
demonstrates that the universe cannot only consist of ordinary matter (commonly denoted as ‘baryons’ in the cosmological context). Let us
take this important argument step by step:

1. Initially, the released CMB photon energy corresponded to the plasma temperature TCMB = 0.3 eV: at this point neutral hydrogen forms
because there are no longer sufficiently many energetic photons to overcome the ionization energy of hydrogen, EH ↔ 13.6 eV. As the
universe expanded the wavelengths of these photons were stretched, similar to the well-known Doppler effect for sound waves, thus
resulting in a decrease of their frequencies and hence energies. The observed CMB temperature of T

today
CMB ↗ 2.7 K ↗ 0.2 meV therefore

implies that the universe must have been a factor of about atoday/aCMB ↗ 103 smaller at CMB times than it is today.

With dark matter
Need simulations for non-linear 
evolution
obtain ~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

Percent-level 
measurements of a 
single parameter!

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

only gravitational Im
age credit: M

. H
. A

bdullah

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

Q: Can DM convert 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

Unfortunately, this still leaves quite a few options…

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
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Extra Dimensions

UED DM

Warped Extra 
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Little Higgs

T-odd DM
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Sterile Neutrinos
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Q-balls

T Tait
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Quark
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Techni-
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Dynamical 
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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]

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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Primordial black holes can be much smaller

overview: 
Carr, Kohri, 
Sendouda & 
Yokoyama, 
2002.12778

But this would also not be “SM physics” … !
formation (+ requirement of             ) requires BSM physics
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fPBH ⇠ 1

Black holes (II)
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FIG. 10. Constraints on f(M) from evaporation (red), lensing (magenta), dynamical e↵ects (green), gravitational waves (black),
accretion (light blue), CMB distortions (orange), large-scale structure (dark blue) and background e↵ects (grey). Evaporation
limits come from the extragalactic �-ray background (EGB), CMB anisotropies (CMB), the Galactic �-ray background (GGB)
and Voyager-1 e± limits (V). Lensing e↵ects come from 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 supernovae (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 binaries (XB),
CMB anisotropies measured by Planck (PA) and gravitational waves from binary coalescences (GW). Large-scale structure
constraints come from the Lyman-↵ forest (Ly↵) and various other cosmic structures (LSS). 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 Hubble volume. These constraints are broken down into di↵erent categories in subsequent
figures, these including some less certain limits which are omitted here.

As expected, this is equivalent to condition (33), which is represented in Fig. 7. We have seen that the Galactic �-ray
background may give a stronger limit but this depends sensitively on the form of the mass function.

PBHs smaller than 1015 g have evaporated completely and therefore cannot contribute to the DM. The function
f(M) is not defined in this range, so the abundance is usually described in terms of the collapse fraction �(M).
Nevertheless, one can still formally relate �(M) to f(M) using Eq. (57). The dominant constraints in Fig. 4 are
therefore also represented in Fig. 11, including the Voyager-1 limits [149]. However, we do not show constraints which
depend on the DM profile in the Galactic centre or dwarf galaxies because these are uncertain.

B. Lensing constraints

The lensing constraints on f(M) are summarised in Fig. 12. Where possible, we use 95% CL constraints but one
must distinguish between limits based on positive detections and null detections. Claimed positive detections come

?
D

M
 fr

ac
tio

n

PBHs can hardly form   
at all through direct 
collapse of primordial 
density fluctuations 

TB+, 2506.20704



 (Torsten Bringmann) The (un)reasonable elusiveness of dark matter ‒  10

The origin of dark matter
Existence of (particle) DM = evidence for BSM physics

Any convincing model for dark matter must include a 
production mechanism that can explain the observed 
abundance!
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Simplest generic interaction with the primordial heat bath: 
[     symmetry not strictly necessary, but automatically guarantees stability of DM]
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Weakly Interacting Massive Particles
well-motivated from particle physics

Relic density (today): Ωχh2 ∼ 3 · 10−27cm3/s
〈σv〉 ∼ O(0.1)

for weak-scale 
interactions

= a ‘miracle’ ?
Ωχh2 ∼ 3 · 10−27cm3/s

〈σv〉 ∼ O(0.1)

Appear as `by-products´ in attempts to cure fine-tuning problems 
of Standard Model problems [SUSY, Higgs sector extensions, …]
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WIMP DM is a predictive scenario

at colliders

directly indirectly

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

Arcadi+, EPJC ’18
Athron+, EPJC ’21

(+ many more)

Same interaction can be probed today, in multiple ways:
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Beyond WIMPs
Why should dark matter particles at all interact 
with ordinary matter?

Only well-known & well-studied concepts familiar from standard model

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

A nightmare scenario ?
Zero signals in traditional dark matter experiments!  

Very natural scenario: a secluded dark sector !

Standard 
Model

Dark 
Sector

SM particles Dark matter
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Generic dark sector models
Standard 

Model
Dark 

Sector
Dark matter, dark radiation, …SM particles

e.g. LHiggs � |�|2|⇥|2

 Tphoton 6= Tdark
<latexit sha1_base64="yhG7Lp2ufpVsC4ic4f1ybt8PBEg="></latexit>

‘Portal’ couplings expected
Likely strong enough to thermalize the DS at high temperatures…
…but no longer active at lower temperatures        well-defined

L
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imprints on power spectrum 
of matter density fluctuations

L
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imprints on inner 
(sub-)halo structure

Even ‘invisible interactions’ can affect cosmological observables
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Freeze-out of ‘hidden’ dark matter
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, PLB ‘21

dark radiation (DR) 
degrees of freedom

SM DR

(annihilation)
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Freeze-out = decoupling !
Expect WIMPs (and similar DM particles) to stay much longer in 
kinetic than in chemical equilibrium:

(annihilation) (scattering)

Review: TB, NJP ‘09

Density contrasts & cosmological 
structures can only grow after 
kinetic decoupling

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!! !!!! !! !!!!! !! !!!! !!!!!!!!!! !!!!!!!!! !!!!!!!!!!!!!!!!
! !!!!
!

"
"" """"
"" """""""
"""""""""""
"""""""""""
""""""""""""
"""""""""""
"""""""""
"""""""
""""""
""""""
"""""
""""
""

##
# ## #
#### ##
### # ##

## ### ###
## #### ## ###

# ########### ### ##
############ # # ### ##

############## ### ###
################ # ##
############# ######
############# #######
################## ###

# #################### ##
## ################ ##
## ##################
#### ################ #
#### ##################
#### ################
#### ##############
#### #### #############
#### ########## #

############ #
##########
###########

# ###########
##############

# # ##############
#################
######### ###
## ##

#

"
!
#

!

!

!

!

T. Bringmann, 2009

mχ [GeV]

M
cu

t/
M

!

Higgsino (Zg < 0.05)
mixed (0.05 ≤ Zg ≤ 0.95)
Gaugino (Zg > 0.95)

K′

I′

J∗

F∗

50 100 500 1000 5000

10−4

10−6

10−8

10−10

10−12

Model-dependent 
smallest proto-halo mass

<latexit sha1_base64="sxQ/n1SlBRduZQBp5wYVrjAT5Rk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1fKXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBRdY3W</latexit>⌧



 (Torsten Bringmann) The (un)reasonable elusiveness of dark matter ‒  17

Self-interacting DM (SIDM)
DM-DM scatterings

often 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
vel(r) =

GM
12a


12r(r + a)3

a4
ln

⇣r + a
r

⌘
(8)

�
r

r + a

✓
25 + 52

⇣ r
a

⌘
+ 42

⇣ r
a

⌘2
+ 12

⇣ r
a

⌘3
◆�

.

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):

⇢(r) =
Ma
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, (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-
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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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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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maps for each of those steps (     no need to re-compute each model!) 

Cyr-Racine+, PRD’16;  Vogelsberger+, MNRAS ’16
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But expect large degeneracies, so very inefficient…
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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

cosmological 
simulations

input: 
consistent initial 
conditions, non-
gravitational forces 
between “particles”

8 M. Vogelsberger et al.

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

© 2015 RAS, MNRAS 000, 1–13
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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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‘Pandemic’ dark matter Aside: SIR Model

I = # infected 
S = # susceptible 
β = infection rate 
γ = recovery rate
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NYC covid test positivity rate:

700 W . O. K erm ack  an d  A. G. M cK endrick.

Summary.

The various possible mechanisms for the production of ammonia in a nitrogen 
hydrogen mixture by means of thermions have been investigated in detail. 
It is shown that synthesis can occur due to the following reactions—

N2 +  H at the surface of platinum or nickel.
N2 +  H ' in the bulk at 13 volts.

The following molecular species are shown to be chemically reactive—

N 2+ in the bulk at 17 volts,
N+ in the bulk at 23 volts,

and possible modes of mechanism involving N2' and H ' are elaborated.

Our thanks are due to Prof. T. M. Lowry, F.R.S., who communicated 
this paper, and to Messrs. Brunner Mond and Co., for providing a grant to 
defray part of the cost of the apparatus employed.

A Contribution to the Mathematical Theory o f Epidemics.
By W. 0. Ke r ma c k  and A. G. Mc Ke n d r ic k .

(Communicated by Sir Gilbert Walker, F.R.S.—Received May 13, 1927.)

(From the Laboratory of the Royal College of Physicians, Edinburgh.)

Introduction.

(1) One of the most striking features in the study of epidemics is the difficulty 
of finding a causal factor which appears to be adequate to account for the 
magnitude of the frequent epidemics of disease which visit almost every popula-
tion. I t  was with a view to obtaining more insight regarding the effects of the 
various factors which govern the spread of contagious epidemics that the present 
investigation was undertaken. Reference may here be made to the work of Ross 
and Hudson (1915-17) in which the same problem is attacked. The problem is 
here carried to a further stage, and it is considered from a point of view which 
is in one sense more general. The problem may be summarised as follows : 
One (or more) infected person is introduced into a community of individuals, 
more or less susceptible to the disease in question. The disease spreads from
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The ‘SIR’ compartmental model
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 # infected individuals
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 # recovered   
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<latexit sha1_base64="cEHpXpLTDX9dFd8VgJi5lPeFjYw=">AAACAXicbVDLSsNAFL3xWeur6tLNYBFclURFXRbduKxgH9CGcjOdtGNnkjAzEUrpyh9wq3/gTtz6Jf6A3+GkzUJbD1w4nHNfnCARXBvX/XKWlldW19YLG8XNre2d3dLefkPHqaKsTmMRq1aAmgkesbrhRrBWohjKQLBmMLzJ/OYjU5rH0b0ZJcyX2I94yCkaKzU6fZQSu6WyW3GnIIvEy0kZctS6pe9OL6apZJGhArVue25i/DEqw6lgk2In1SxBOsQ+a1saoWTaH0+/nZBjq/RIGCtbkSFT9ffEGKXWIxnYTolmoOe9TPzXS3i2cO66Ca/8MY+S1LCIzo6HqSAmJlkcpMcVo0aMLEGquP2f0AEqpMaGVrTBePMxLJLGacW7qJzdnZer13lEBTiEIzgBDy6hCrdQgzpQeIBneIFX58l5c96dj1nrkpPPHMAfOJ8/7KuXnA==</latexit>�

<latexit sha1_base64="Ctaw8yvceru0ctP4Zz9WeBRs+pk=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVl047KCaQttKJPpTTt0MgkzE6GEbvwBt/oH7sStf+IP+B1O2iy09cCFwzn3xQkSzpR2nC+rtLK6tr5R3qxsbe/s7lX3D1oqTiVFj8Y8lp2AKORMoKeZ5thJJJIo4NgOxre5335EqVgsHvQkQT8iQ8FCRok2ktcLUJN+tebUnRnsZeIWpAYFmv3qd28Q0zRCoSknSnVdJ9F+RqRmlOO00ksVJoSOyRC7hgoSofKz2bNT+8QoAzuMpSmh7Zn6eyIjkVKTKDCdEdEjtejl4r9ewvKFC9d1eO1nTCSpRkHnx8OU2zq28zTsAZNINZ8YQqhk5n+bjogkVJvMKiYYdzGGZdI6q7uX9fP7i1rjpoioDEdwDKfgwhU04A6a4AEFBs/wAq/Wk/VmvVsf89aSVcwcwh9Ynz8hhZcr</latexit>

�
recovery rate

infection rate

<latexit sha1_base64="KMf8vIHgJ6NfCNKpPrpGKM6loGw="></latexit>

İ = �SI � �I

reproduction number, or ‘R-value’:
<latexit sha1_base64="OlE9U3cLl3jR4Wb8V6MswkRJXbk="></latexit>

R ⌘ �S

�
=

n
eq
 h�vi
3H

= heat bath 
   particle
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="zHgPUG63CHdqsfEFU6uptB31bBw=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSlJEXUnBjcsK9gFtLJPpTTt0MgkzN0IpXfoDbvUP3IlbP8Qf8DuctFlo64ELh3PuixMkUhh03S9nZXVtfWOzsFXc3tnd2y8dHDZNnGoODR7LWLcDZkAKBQ0UKKGdaGBRIKEVjG4yv/UI2ohY3eM4AT9iAyVCwRlaqd3FISB7qPZKZbfizkCXiZeTMslR75W+u/2YpxEo5JIZ0/HcBP0J0yi4hGmxmxpIGB+xAXQsVSwC409m/07pqVX6NIy1LYV0pv6emLDImHEU2M6I4dAsepn4r5eIbOHCdQyv/IlQSYqg+Px4mEqKMc0CoX2hgaMcW8K4FvZ/yodMM442tqINxluMYZk0qxXvouLenZdr13lEBXJMTsgZ8cglqZFbUicNwokkz+SFvDpPzpvz7nzMW1ecfOaI/IHz+QM975hM</latexit>

✓2

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="zHgPUG63CHdqsfEFU6uptB31bBw=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSlJEXUnBjcsK9gFtLJPpTTt0MgkzN0IpXfoDbvUP3IlbP8Qf8DuctFlo64ELh3PuixMkUhh03S9nZXVtfWOzsFXc3tnd2y8dHDZNnGoODR7LWLcDZkAKBQ0UKKGdaGBRIKEVjG4yv/UI2ohY3eM4AT9iAyVCwRlaqd3FISB7qPZKZbfizkCXiZeTMslR75W+u/2YpxEo5JIZ0/HcBP0J0yi4hGmxmxpIGB+xAXQsVSwC409m/07pqVX6NIy1LYV0pv6emLDImHEU2M6I4dAsepn4r5eIbOHCdQyv/IlQSYqg+Px4mEqKMc0CoX2hgaMcW8K4FvZ/yodMM442tqINxluMYZk0qxXvouLenZdr13lEBXJMTsgZ8cglqZFbUicNwokkz+SFvDpPzpvz7nzMW1ecfOaI/IHz+QM975hM</latexit>

✓2

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓
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χ

χ

ψ
+

<latexit sha1_base64="/wMsNXbzOJ+XmWhcQ6PyMfgkIZM=">AAACDXicbVDLSsNAFL2pr1pfUZduBovgqiQq6rLoxmUF+4AmhMl00g6dScLMpFBCv8EfcKt/4E7c+g3+gN/hpM1CqwcGDuecO/dywpQzpR3n06qsrK6tb1Q3a1vbO7t79v5BRyWZJLRNEp7IXogV5Symbc00p71UUixCTrvh+LbwuxMqFUviBz1NqS/wMGYRI1gbKbBtj5vwAAe5JwWK2Cyw607DmQP9JW5J6lCiFdhf3iAhmaCxJhwr1XedVPs5lpoRTmc1L1M0xWSMh7RvaIwFVX4+v3yGTowyQFEizYs1mqs/J3IslJqK0CQF1iO17BXiv17Kig+Xtuvo2s9ZnGaaxmSxPMo40gkqqkEDJinRfGoIJpKZ+xEZYYmJNgXWTDHucg1/Sees4V42zu8v6s2bsqIqHMExnIILV9CEO2hBGwhM4Ame4cV6tF6tN+t9Ea1Y5cwh/IL18Q0uUpwQ</latexit>

�fi

‘standard 2→2’

‘Pandemic’ production is a very generic 
mechanism for the genesis of DM!

<latexit sha1_base64="sIIwl9vol/oNPFgG1N5Bfo1wUbk=">AAACDXicbVDLSsNAFL2pr1pfUZduBovgqiQq6rLoxmUF+4AmhMlk2g6dScLMpFBCv8EfcKt/4E7c+g3+gN/hpM1CqwcGDuecO/dywpQzpR3n06qsrK6tb1Q3a1vbO7t79v5BRyWZJLRNEp7IXogV5Symbc00p71UUixCTrvh+LbwuxMqFUviBz1NqS/wMGYDRrA2UmDbHjfhCAe5JwXSchbYdafhzIH+ErckdSjRCuwvL0pIJmisCcdK9V0n1X6OpWaE01nNyxRNMRnjIe0bGmNBlZ/PL5+hE6NEaJBI82KN5urPiRwLpaYiNEmB9Ugte4X4r5ey4sOl7Xpw7ecsTjNNY7JYPsg40gkqqkERk5RoPjUEE8nM/YiMsMREmwJrphh3uYa/pHPWcC8b5/cX9eZNWVEVjuAYTsGFK2jCHbSgDQQm8ATP8GI9Wq/Wm/W+iFascuYQfsH6+AZTH5wn</latexit>

�tr

Adding freeze-in production
TB, Depta, Hufnagel, Rudermann 

& Schmidt-Hoberg,  PRL ‘22
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Signals ?
Necessarily model-dependent
‘Pandemic DM’ describes a class of models, just like ‘WIMP’ does 
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="zHgPUG63CHdqsfEFU6uptB31bBw=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSlJEXUnBjcsK9gFtLJPpTTt0MgkzN0IpXfoDbvUP3IlbP8Qf8DuctFlo64ELh3PuixMkUhh03S9nZXVtfWOzsFXc3tnd2y8dHDZNnGoODR7LWLcDZkAKBQ0UKKGdaGBRIKEVjG4yv/UI2ohY3eM4AT9iAyVCwRlaqd3FISB7qPZKZbfizkCXiZeTMslR75W+u/2YpxEo5JIZ0/HcBP0J0yi4hGmxmxpIGB+xAXQsVSwC409m/07pqVX6NIy1LYV0pv6emLDImHEU2M6I4dAsepn4r5eIbOHCdQyv/IlQSYqg+Px4mEqKMc0CoX2hgaMcW8K4FvZ/yodMM442tqINxluMYZk0qxXvouLenZdr13lEBXJMTsgZ8cglqZFbUicNwokkz+SFvDpPzpvz7nzMW1ecfOaI/IHz+QM975hM</latexit>

✓
2

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

FIG. 4. Diagrams for Bhabha-scattering-like transmission
(top row) and freeze-in (bottom row) processes for a sim-
ple virus-mediator model with fermion mass mixing, scaling
with the mixing angle as ✓ and ✓2, respectively. Also Møller-
scattering-like processes (involving only fermions, not anti-
fermions) contribute to the production of � through both
transmission and freeze-in, at the same orders in ✓.

transmission phase in a rather natural way (see also be-
low for concrete model building). It therefore becomes
possible to satisfy the relic density constraint with sig-
nificantly smaller couplings �fi than generally assumed,4

opening up new parameter space where freeze-in is rele-
vant for setting the DM energy density. Again, the trans-
mission couplings, �tr, needed for this purpose are only
logarithmically dependent on the freeze-in couplings.

Vector transmission model.— In the simple toy ex-
ample shown in Fig. 3 we treated freeze-in and transmis-
sion as completely independent processes, adjusting their
relative strength by hand to meet the necessary condition
for an IR-dominated initial outbreak, h�vifi ⌧ h�vitr.
We will now provide an explicit model where this condi-
tion is automatically satisfied in a simple and straight-
forward way. Concretely, we consider both  and � to
be Dirac fermions, with a tiny mass mixing �m. Addi-
tionally, we assume that � (but not  ) is charged under
a broken U(1)0, mediated by a massive vector V (the
‘virus’).5 The relevant parts of the Lagrangian are thus
given by L � ��m

�
 ̄�+ �̄ 

�
� g�̄ /V � . After diagonal-

izing the Lagrangian to new mass eigenstates, which for
ease of notation we again simply denote with  and �,
the relevant interaction terms are

L � �g
⇥
�̄ /V �+ ✓

�
 ̄ /V �+ �̄ /V  

�
+ ✓

2
 ̄ /V  

⇤
, (8)

4 Pure freeze-in without transmission (�tr = 0) would produce the
observed DM abundance if �fi ⇡ 6.39 ⇥ 10�11 for the masses
used in Fig. 3.

5 In fact transmission over some distance (air) can be at least as
e↵ective as infection via a contact interaction, as made painfully
clear in the current Covid-19 pandemic.

with ✓ ' �m/(m � m�) ⌧ 1 being the mixing angle.
Here we do not speculate further about the origin of
�m, but note in passing that it could be generated by
a Yukawa coupling to the same scalar whose vacuum ex-
pectation value is responsible for breaking the U(1)0.

As illustrated in Fig. 4, this simple setup leads to
both transmission and freeze-in processes, with relative
strengths given by h�vifi/h�vitr ⇠ ✓

2 ⌧ 1 as required.
We note that Møller-like scattering processes also need to
be taken into account for both transmission ( � ! ��)
and freeze-in (  ! ��) in this model, contributing at
the same order in ✓ as the Bhabha-scattering-like pro-
cesses explicitly shown in the figure. Other potential
DM production processes, such as   !  �, can be
safely neglected as they are suppressed by a further fac-
tor of ✓2. On the other hand, light vector mediators,
with mV < 2m�, would allow for unsuppressed DM an-
nihilation and inverse decay processes. While this would
somewhat complicate the description of the epi curves,
requiring to take into account additional terms in the
Boltzmann equation, this is a model building option that
allows for a rich phenomenology connected to late-time
DM observables.

Discussion.— The above example illustrates that
transmission is by no means restricted to specific model
realizations, but a general mechanism of DM produc-
tion that essentially interpolates between the tradition-
ally considered freeze-in and freeze-out regimes. At first
glance it may seem worrisome that the dark matter en-
ergy density depends exponentially on the transmission
cross section, implying that the cross section must be
carefully chosen to match observation. But this can be
turned around: in fact it implies that this mechanism is
highly predictive, as manifested by the logarithmic sen-
sitivity of the necessary cross section to the size of the
initial outbreak. We also note that exponential sensitiv-
ity is quite common in nature (beyond epidemics) and
for example is an implication of renormalization group
flows, where IR parameters can be exponentially sensi-
tive to UV parameters: the proton mass, e.g., depends
exponentially on the size of the strong coupling at high
energies [? ].

Let us finally stress that the mechanism proposed here
works for a large range of di↵erent particle masses, not
just the specific choice displayed in the epi curve ex-
amples, m� = 10GeV and m = 20GeV. We note
that primordial nucleosynthesis and the CMB constrain
an additional particle  in the SM heat bath to satisfy
m & 10 MeV [? ? ]; this could be lowered by consid-
ering the possibility of  being a SM particle. Even a
reverted mass hierarchy is possible, m� > m , in which
case it would be m� rather than m that determines
when the epi curves start to flatten. For m� > 3m ,
DM in general becomes unstable – but not necessarily on
cosmological time-scales (if only the contact interaction
shown in Fig. 1 is present, e.g., this decay would only oc-
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Sterile neutrinos

An excellent, well-motivated 
dark matter candidate 

Production by SM processes

Dodelson & Widrow, PRL ‘94

oscillations with active neutrinos, combined with (electroweak) scatterings

| Dark Matter from Exponential Growth | Paul Frederik Depta | 30 May 2022

Connection to sterile neutrinos

• Convenient way to realize : Two fermions 
with tiny mass mixing, only one (mostly ) 
interacts with some mediator via Yukawa coupling 

• After mass diagonalization: 

•  vertices  

•  vertices  

•  vertices  

• What if  further is in the SM? 

•  Sterile neutrino, mass-mixing with active, 
coupling between mediator and sterile in flavor-
space

λfi ≪ λtr
χ

χ̄χ ∝ cos2 θ ∼ 1
ψ̄χ ∝ cos θ sin θ ∼ θ
ψ̄ψ ∝ sin2 θ ∼ θ2

ψ
→
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Unfortunately, this 
scenario is ruled out 
by observations…

Fig.: Abazajian+, 2203.7377

X-ray lines

A right-handed neutrino would be 
neutral under all SM gauge forces 

SM fermions

Neutrino flavors

3 / 21

active neutrinos

+ sterile neutrino

The Particle Zoo
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Interacting sterile neutrinos
TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg,  PRD ’23 

Let’s add a scalar    that only couples to the sterile neutrinos
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Connection to sterile neutrinos

16

Preliminary

ℒ ⊃ y
2 ϕν̄sνs → y

2 ϕ[sin2 θν̄ανα − sin θ cos θ(ν̄ανs + ν̄sνα) + cos2 θν̄sνs]

Preliminary

Initial condition: 
Dodelson-Widrow; 

Thermalization with
μs = μϕ/2 ≃ − 15Ts

Exponential growth

Early times (~QCD PT): standard DW production
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m� > 2ms

Evolution afterwards:
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FIG. 2. Left: Comparison of relevant rates for the benchmark points BP1 (solid lines) and BP2 (dashed lines) specified in
Tab. I, as function of the inverse active neutrino temperature. Red lines show the Hubble rate, H, while blue lines refer to
the absolute value of the indicated processes’ contribution to Cns/ns (see App. for details). Right: Corresponding evolution of
⌫s (green) and � (orange) abundances, and temperature ratio (black, bottom panel). The dash-dotted gray line indicates the
observed DM abundance [60].

process becomes inefficient and the final ⌫s abun-
dance is obtained. Afterwards, since both � and
⌫s are non-relativistic, the dark sector temperature
decreases with Td / a

�2 both before and after ki-
netic decoupling (right panel, black).

BP2 In this case the larger coupling y (needed to com-
pensate for the smaller ✓) leads to another pro-
cess impacting the evolution of the system: at
ms/T⌫ ⇠ 0.01, the rate for ⌫s⌫s ! �� (left panel,
cyan , and middle panel of Fig. 1) starts to be com-
parable to H. As � predominantly decays into ⌫s⌫s

(left panel, blue), this effectively transforms kinetic
energy to rest mass by turning 2⌫s to 4⌫s – very
similar to the reproductive freeze-in mechanism de-
scribed by Refs. [24, 61, 62]. As expected, this leads
to a significant drop in the temperature Td (right
panel, black). This process becomes inefficient for
Td ⌧ m�, due to the Boltzmann suppression of
�. Subsequently the rate for ⌫s⌫↵ ! � (left panel,
red) becomes comparable to H, leading to a phase
of exponential growth in the same way as for BP1.

Observational constraints.— Due to the mixing with
active neutrinos, ⌫s is not completely stable and subject
to the same decays as in the standard scenario for keV-
mass sterile neutrino DM. The strongest constraints on
these decays come from a variety of X-ray line searches.
We take the compilation of limits from Ref. [9], but
only consider the overall envelope of constraints from

Refs. [63–68]. Furthermore, we consider projections for
eROSITA [69], Athena [70], and eXTP [71].

Observations of the Lyman-↵ forest using light from
distant quasars place stringent limits on a potential
cutoff in the matter-power spectrum at small scales,
where the scale of this cutoff is related to the time
of kinetic decoupling, tkd. In our scenario this is de-
termined by DM self-interactions and we estimate tkd

from Hns = C⌫s⌫s!⌫s⌫s [72], where the collision term
C⌫s⌫s!⌫s⌫s is stated in the App. A full evaluation of
Lyman-↵ limits would require evolving cosmological per-
turbations into the non-linear regime, which is beyond
the scope of this work. Instead, we recast existing lim-
its on the two main mechanisms that generate such a
cutoff. At times t < tkd, DM self-scatterings prevent
overdensities to grow on scales below the sound hori-
zon rs =

R tkd
0 cs/a, where cs =

p
dP/d⇢ is the speed

of sound in the dark sector [73]. We use the results from
Ref. [74] for cold DM in kinetic equilibrium with dark ra-
diation (with cs = 1/

p
3) to recast the current Lyman-↵

constraint on the mass of a warm DM (WDM) thermal
relic mWDM > 1.9 keV [75] to the bound rs < 0.34 Mpc.
Overdensities are also washed out by the free streaming
of DM after decoupling. We evaluate the free-streaming
length as �fs =

R tnl
tkd

dthvi/a, where hvi = hp/Ei is the
thermally averaged DM velocity and we integrate up to
times tnl where structure formation becomes relevant at
redshifts of roughly z ⇠ 50. We translate the WDM con-
straint of mWDM > 1.9 keV to �fs < 0.24 Mpc, which
we will employ in the following also in our scenario. We
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FIG. 1. Relevant diagrams for dark sector thermalization,
⌫s⌫s ! �

⇤ ! ⌫s⌫s (left), increasing the dark sector number
density after initial DW production, ⌫s⌫s ! �� (middle), and
exponential growth of DM, ⌫s⌫↵ ! �

⇤ ! ⌫s⌫s (right). Since
� is (almost) on shell for the 2 ! 2 processes in the left and
right diagrams, it is sufficient to include the rates for ⌫s⌫s $ �

and ⌫s⌫↵ ! �. See text for further details.

Lagrangian terms are given by
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c
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where repeated indices ↵ are summed over and the
spinors ⌫↵,s are left-handed. We will concentrate on the
case of heavy mediators, m� > 2 ms, for most of this let-
ter, but later also briefly discuss phenomenological con-
sequences of lighter mediators. We do not include any
mediator self-interactions; concretely, we will assume a
scalar potential where number changing interactions like
3� $ 2� and 4� $ 2� can be neglected compared to the
Hubble expansion.

We further assume, for simplicity and concreteness,
that ⌫s dominantly mixes only with the active neutrino
species ⌫e, and that ms � m↵. Expressed in terms of
mass eigenstates, which for ease of notation we denote by
the same symbols as flavor eigenstates, the interactions
of the mediator then take the form

L
int
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y
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s �

1

2
sin 2✓ [⌫↵⌫

c
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c
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+ sin2
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c
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◆
+ h.c. , (2)

where sin ✓ ' m↵s/(2ms) ⌧ 1. The unsuppressed cou-
plings among � and ⌫s turn out to be sufficiently strong
to equilibrate the dark sector during the new exponential
production phase that we consider below. On the other
hand, mass-mixing-induced interactions between ⌫s and
electroweak gauge bosons are suppressed by the Fermi
constant, GF , and will only be relevant in setting the
initial sterile neutrino abundance.

Evolution of ⌫s number density.— For an initially
vanishing abundance, in particular, the interactions in
Eq. (2) only allow freeze-in production of ⌫s. While
the corresponding rate scales as / sin4

✓, active-sterile
neutrino oscillations at temperatures above and around
⇤QCD ⇠ 150 MeV, in combination with neutral and
charged current interactions with the SM plasma, lead
to a production rate scaling as / sin2(2✓) [12]. Adopting
results from Ref. [57], we use the ⌫s number density, ns,
and energy density, ⇢s ⇠ hpins, that result from the DW

ms m� sin2(2✓) y

BP1 12 keV 36 keV 2.5 ⇥ 10�13 1.905 ⇥ 10�4

BP2 20 keV 60 keV 3.0 ⇥ 10�15 1.602 ⇥ 10�3

TABLE I. Parameter values for the two benchmark points
considered in Fig. 2.

mechanism. Once DW production is completed, and in
the absence of dark sector interactions, the expansion of
the Universe will decrease these quantities as ns / a

�3

and ⇢s / a
�4, respectively, where a is the scale factor.

Some time later various decay and scattering processes
(cf. Fig. 1) become relevant due to the new interactions
appearing in Eq. (2) and, for the parameter space we are
interested in here, eventually thermalize the dark sec-
tor via the (inverse) decays ⌫s⌫s $ �. From that point
on, the phase-space densities of ⌫s and � follow Fermi-
Dirac and Bose-Einstein distributions, respectively, that
are described by a common dark-sector temperature Td

as well as chemical potentials µs and µ�. Similar to the
situation of freeze-out in a dark sector [58], the evolution
of these quantities is determined by a set of Boltzmann
equations for the number densities ns,� and total dark
sector energy density ⇢ = ⇢� + ⇢s:

ṅs + 3Hns = Cns , (3)
ṅ� + 3Hn� = Cn� , (4)

⇢̇ + 3H(⇢ + P ) = C⇢ , (5)

where H ⌘ ȧ/a is the Hubble rate, P = Ps +P� is the to-
tal dark sector pressure, and Ci are the various collision
operators (see App. for details). With � $ ⌫s⌫s in equi-
librium, the chemical potentials are related by 2µs = µ�,
allowing us to replace the first two of the above equa-
tions with a single differential equation for ñ ⌘ ns +2n�.
Noting that ⇢ / a

�4 and ñ / a
�3 both right before and

after � $ ⌫s⌫s starts to dominate over the Hubble rate,
the initial conditions to the coupled differential equations
for ñ and ⇢ can then be determined at the end of DW
production.

In order to illustrate the subsequent evolution of the
system let us consider two concrete benchmark points,
cf. Tab. I, for which the sterile neutrinos obtain a relic
density that matches the observed DM abundance of
⌦DMh

2
' 0.12 [59], with a mixing angle too small to

achieve this with standard DW production. As demon-
strated in Fig. 2, with solid (dashed) lines for BP1

(BP2 ), this leads to qualitatively different behaviour:

BP1 Here the only additional process (beyond � $

⌫s⌫s) where the rate becomes comparable to H,
at ms/T⌫ ⇠ 0.2 with T⌫ the active neutrino tem-
perature, is ⌫s⌫↵ ! � (left panel, blue). This trig-
gers exponential growth in the abundance for both
⌫s and � (right panel, green and orange) through
⌫s⌫↵ ! �

⇤
! ⌫s⌫s, with � being (almost) on shell
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FIG. 1. Relevant diagrams for dark sector thermalization,
⌫s⌫s ! �

⇤ ! ⌫s⌫s (left), increasing the dark sector number
density after initial DW production, ⌫s⌫s ! �� (middle), and
exponential growth of DM, ⌫s⌫↵ ! �

⇤ ! ⌫s⌫s (right). Since
� is (almost) on shell for the 2 ! 2 processes in the left and
right diagrams, it is sufficient to include the rates for ⌫s⌫s $ �

and ⌫s⌫↵ ! �. See text for further details.
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where repeated indices ↵ are summed over and the
spinors ⌫↵,s are left-handed. We will concentrate on the
case of heavy mediators, m� > 2 ms, for most of this let-
ter, but later also briefly discuss phenomenological con-
sequences of lighter mediators. We do not include any
mediator self-interactions; concretely, we will assume a
scalar potential where number changing interactions like
3� $ 2� and 4� $ 2� can be neglected compared to the
Hubble expansion.

We further assume, for simplicity and concreteness,
that ⌫s dominantly mixes only with the active neutrino
species ⌫e, and that ms � m↵. Expressed in terms of
mass eigenstates, which for ease of notation we denote by
the same symbols as flavor eigenstates, the interactions
of the mediator then take the form
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where sin ✓ ' m↵s/(2ms) ⌧ 1. The unsuppressed cou-
plings among � and ⌫s turn out to be sufficiently strong
to equilibrate the dark sector during the new exponential
production phase that we consider below. On the other
hand, mass-mixing-induced interactions between ⌫s and
electroweak gauge bosons are suppressed by the Fermi
constant, GF , and will only be relevant in setting the
initial sterile neutrino abundance.

Evolution of ⌫s number density.— For an initially
vanishing abundance, in particular, the interactions in
Eq. (2) only allow freeze-in production of ⌫s. While
the corresponding rate scales as / sin4

✓, active-sterile
neutrino oscillations at temperatures above and around
⇤QCD ⇠ 150 MeV, in combination with neutral and
charged current interactions with the SM plasma, lead
to a production rate scaling as / sin2(2✓) [12]. Adopting
results from Ref. [57], we use the ⌫s number density, ns,
and energy density, ⇢s ⇠ hpins, that result from the DW

ms m� sin2(2✓) y

BP1 12 keV 36 keV 2.5 ⇥ 10�13 1.905 ⇥ 10�4

BP2 20 keV 60 keV 3.0 ⇥ 10�15 1.602 ⇥ 10�3

TABLE I. Parameter values for the two benchmark points
considered in Fig. 2.

mechanism. Once DW production is completed, and in
the absence of dark sector interactions, the expansion of
the Universe will decrease these quantities as ns / a

�3

and ⇢s / a
�4, respectively, where a is the scale factor.

Some time later various decay and scattering processes
(cf. Fig. 1) become relevant due to the new interactions
appearing in Eq. (2) and, for the parameter space we are
interested in here, eventually thermalize the dark sec-
tor via the (inverse) decays ⌫s⌫s $ �. From that point
on, the phase-space densities of ⌫s and � follow Fermi-
Dirac and Bose-Einstein distributions, respectively, that
are described by a common dark-sector temperature Td

as well as chemical potentials µs and µ�. Similar to the
situation of freeze-out in a dark sector [58], the evolution
of these quantities is determined by a set of Boltzmann
equations for the number densities ns,� and total dark
sector energy density ⇢ = ⇢� + ⇢s:

ṅs + 3Hns = Cns , (3)
ṅ� + 3Hn� = Cn� , (4)

⇢̇ + 3H(⇢ + P ) = C⇢ , (5)

where H ⌘ ȧ/a is the Hubble rate, P = Ps +P� is the to-
tal dark sector pressure, and Ci are the various collision
operators (see App. for details). With � $ ⌫s⌫s in equi-
librium, the chemical potentials are related by 2µs = µ�,
allowing us to replace the first two of the above equa-
tions with a single differential equation for ñ ⌘ ns +2n�.
Noting that ⇢ / a

�4 and ñ / a
�3 both right before and

after � $ ⌫s⌫s starts to dominate over the Hubble rate,
the initial conditions to the coupled differential equations
for ñ and ⇢ can then be determined at the end of DW
production.

In order to illustrate the subsequent evolution of the
system let us consider two concrete benchmark points,
cf. Tab. I, for which the sterile neutrinos obtain a relic
density that matches the observed DM abundance of
⌦DMh

2
' 0.12 [59], with a mixing angle too small to

achieve this with standard DW production. As demon-
strated in Fig. 2, with solid (dashed) lines for BP1

(BP2 ), this leads to qualitatively different behaviour:

BP1 Here the only additional process (beyond � $

⌫s⌫s) where the rate becomes comparable to H,
at ms/T⌫ ⇠ 0.2 with T⌫ the active neutrino tem-
perature, is ⌫s⌫↵ ! � (left panel, blue). This trig-
gers exponential growth in the abundance for both
⌫s and � (right panel, green and orange) through
⌫s⌫↵ ! �

⇤
! ⌫s⌫s, with � being (almost) on shell
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FIG. 1. Relevant diagrams for dark sector thermalization,
⌫s⌫s ! �

⇤ ! ⌫s⌫s (left), increasing the dark sector number
density after initial DW production, ⌫s⌫s ! �� (middle), and
exponential growth of DM, ⌫s⌫↵ ! �

⇤ ! ⌫s⌫s (right). Since
� is (almost) on shell for the 2 ! 2 processes in the left and
right diagrams, it is sufficient to include the rates for ⌫s⌫s $ �

and ⌫s⌫↵ ! �. See text for further details.
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where repeated indices ↵ are summed over and the
spinors ⌫↵,s are left-handed. We will concentrate on the
case of heavy mediators, m� > 2 ms, for most of this let-
ter, but later also briefly discuss phenomenological con-
sequences of lighter mediators. We do not include any
mediator self-interactions; concretely, we will assume a
scalar potential where number changing interactions like
3� $ 2� and 4� $ 2� can be neglected compared to the
Hubble expansion.

We further assume, for simplicity and concreteness,
that ⌫s dominantly mixes only with the active neutrino
species ⌫e, and that ms � m↵. Expressed in terms of
mass eigenstates, which for ease of notation we denote by
the same symbols as flavor eigenstates, the interactions
of the mediator then take the form

L
int
� =

y

2
�

✓
cos2✓ ⌫s⌫

c
s �

1

2
sin 2✓ [⌫↵⌫

c
s + ⌫s⌫

c
↵]

+ sin2
✓ ⌫↵⌫

c
↵

◆
+ h.c. , (2)

where sin ✓ ' m↵s/(2ms) ⌧ 1. The unsuppressed cou-
plings among � and ⌫s turn out to be sufficiently strong
to equilibrate the dark sector during the new exponential
production phase that we consider below. On the other
hand, mass-mixing-induced interactions between ⌫s and
electroweak gauge bosons are suppressed by the Fermi
constant, GF , and will only be relevant in setting the
initial sterile neutrino abundance.

Evolution of ⌫s number density.— For an initially
vanishing abundance, in particular, the interactions in
Eq. (2) only allow freeze-in production of ⌫s. While
the corresponding rate scales as / sin4

✓, active-sterile
neutrino oscillations at temperatures above and around
⇤QCD ⇠ 150 MeV, in combination with neutral and
charged current interactions with the SM plasma, lead
to a production rate scaling as / sin2(2✓) [12]. Adopting
results from Ref. [57], we use the ⌫s number density, ns,
and energy density, ⇢s ⇠ hpins, that result from the DW

ms m� sin2(2✓) y

BP1 12 keV 36 keV 2.5 ⇥ 10�13 1.905 ⇥ 10�4

BP2 20 keV 60 keV 3.0 ⇥ 10�15 1.602 ⇥ 10�3

TABLE I. Parameter values for the two benchmark points
considered in Fig. 2.

mechanism. Once DW production is completed, and in
the absence of dark sector interactions, the expansion of
the Universe will decrease these quantities as ns / a

�3

and ⇢s / a
�4, respectively, where a is the scale factor.

Some time later various decay and scattering processes
(cf. Fig. 1) become relevant due to the new interactions
appearing in Eq. (2) and, for the parameter space we are
interested in here, eventually thermalize the dark sec-
tor via the (inverse) decays ⌫s⌫s $ �. From that point
on, the phase-space densities of ⌫s and � follow Fermi-
Dirac and Bose-Einstein distributions, respectively, that
are described by a common dark-sector temperature Td

as well as chemical potentials µs and µ�. Similar to the
situation of freeze-out in a dark sector [58], the evolution
of these quantities is determined by a set of Boltzmann
equations for the number densities ns,� and total dark
sector energy density ⇢ = ⇢� + ⇢s:

ṅs + 3Hns = Cns , (3)
ṅ� + 3Hn� = Cn� , (4)

⇢̇ + 3H(⇢ + P ) = C⇢ , (5)

where H ⌘ ȧ/a is the Hubble rate, P = Ps +P� is the to-
tal dark sector pressure, and Ci are the various collision
operators (see App. for details). With � $ ⌫s⌫s in equi-
librium, the chemical potentials are related by 2µs = µ�,
allowing us to replace the first two of the above equa-
tions with a single differential equation for ñ ⌘ ns +2n�.
Noting that ⇢ / a

�4 and ñ / a
�3 both right before and

after � $ ⌫s⌫s starts to dominate over the Hubble rate,
the initial conditions to the coupled differential equations
for ñ and ⇢ can then be determined at the end of DW
production.

In order to illustrate the subsequent evolution of the
system let us consider two concrete benchmark points,
cf. Tab. I, for which the sterile neutrinos obtain a relic
density that matches the observed DM abundance of
⌦DMh

2
' 0.12 [59], with a mixing angle too small to

achieve this with standard DW production. As demon-
strated in Fig. 2, with solid (dashed) lines for BP1

(BP2 ), this leads to qualitatively different behaviour:

BP1 Here the only additional process (beyond � $

⌫s⌫s) where the rate becomes comparable to H,
at ms/T⌫ ⇠ 0.2 with T⌫ the active neutrino tem-
perature, is ⌫s⌫↵ ! � (left panel, blue). This trig-
gers exponential growth in the abundance for both
⌫s and � (right panel, green and orange) through
⌫s⌫↵ ! �

⇤
! ⌫s⌫s, with � being (almost) on shell

Reproductive 
freeze-in



 (Torsten Bringmann) The (un)reasonable elusiveness of dark matter ‒  27

Sterile neutrinos… 4

Ly-↵
rs

y = 10�6

10�5

10�4

10�3

10�2

10�1

100 101 102

ms [keV]

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

si
n

2
(2

�)

Ly-↵
�fs

self-interactions

Dodelson-Widrow

X-rays

⌦
sh 2

> 0.12
eR

O
SITA

Athena

eXTP

m� = 3ms

FIG. 3. Available parameter space in the sin2(2✓)�ms plane,
for m� = 3ms. The Yukawa coupling y (green lines) is chosen
such that the correct DM relic abundance is achieved every-
where below the DW line. Present and projected bounds from
X-rays (filled gray and black lines), Lyman-↵ (orange, pink)
and DM self-interactions (violet) are evaluated as described
in the text. The two benchmark points BP1 and BP2 from
Tab. I, see also Fig. 2, are indicated as red stars.

note that the WDM bounds from Ref. [76] are based on
marginalizing over different re-ionization histories. Fixed
re-ionization models tend to produce less conservative
constraints, which however illustrate the future poten-
tial of Lyman-↵ probes once systematic errors are fur-
ther reduced (mWDM > 5.3 keV [76], e.g., corresponds to
rs < 0.09 Mpc and �fs < 0.07 Mpc, respectively).

DM self-interactions are also constrained by a variety
of astrophysical observations at late times [77]. We adopt
�T /ms < 1 cm2

/g as a rather conservative limit, where
�T is the momentum transfer cross-section as defined in
Ref. [78]. Far away from the s-channel resonance we find
�T /ms ' y

4
ms/(4⇡m

4
�) + O(v2), largely independent of

the DM velocity v. For such cross sections cluster obser-
vations [79, 80], or the combination of halo surface den-
sities over a large mass range [81], can be (at least) one
order of magnitude more competitive than our reference
limit of �T /ms < 1 cm2

/g. [TB: further refs welcome!]
Viable parameter space for sterile neutrino DM.— In

Fig. 3 we show a slice of the overall available parameter
space for our setup in the sin2(2✓)�ms plane, for a fixed
mediator to DM mass ratio of m�/ms = 3. For every
point in parameter space the dark sector Yukawa cou-
pling y is chosen such that the sterile neutrino ⌫s makes
up all of DM after the era of exponential growth. In
the yellow region DW production can give the correct
relic abundance, including QCD and lepton flavor un-

certainties [58]; the dashed gray line corresponds to the
central prediction, which is the basis for our choice of ini-
tial conditions for number and energy densities of ⌫s. In
the blue region DM will be overproduced, ⌦⌫sh

2
> 0.12,

while the filled regions are excluded by bounds from X-
rays (gray), Lyman-↵ (orange) and DM self-interactions
(violet). The white region corresponds to the presently
allowed parameter space.

It is worth noting that, unlike in standard freeze-out
scenarios [82], later kinetic decoupling implies a shorter

free-streaming length in our case because the DS temper-
ature scales as Td / T

2
⌫ already before that point. At the

same time, the sound horizon increases for later kinetic
decoupling. The shape of the Lyman-↵ exclusion lines
reflects this, as kinetic decoupling occurs later for larger
values of y.

In Fig. 3 we also show the projected sensitivities of
the future X-ray experiments eROSITA [69], Athena [70],
and eXTP [71], which will probe smaller values of
sin2(2✓). Similarly, observables related to structure for-
mation will likely result in improved future bounds, or
in fact reveal anomalies that are not easily reconcil-
able with a standard non-interacting cold DM scenario.
While the precise reach is less clear here, we indicate
with dashed orange and violet lines, respectively, the im-
pact of choosing �fs < 0.12 Mpc, rs < 0.15 Mpc, and
�T /m < 0.1 cm2

/g rather than the corresponding lim-
its described further up. Overall, prospects to probe a
sizable region of the presently allowed parameter space
appear very promising.

Discussion.— While an X-ray line would be the
cleanest signature to claim DM discovery of the scenario
suggested here, let us briefly mention other possible direc-
tions. For example, the power-spectrum of DM density
perturbations at small, but only mildly non-linear, scales
may be affected in a way that could be discriminated
from alternative DM production scenarios by 21 cm and
high-z Lyman-↵ observations [83–86]. Another possibil-
ity would be to search for a suppression of intense astro-
physical neutrino fluxes due to � production on ⌫s DM
at rest. We leave an investigation of these interesting,
though rather challenging, avenues for future work.

We stress that the scenario presented here is much
more general than what the specific mass ratio of
m�/ms = 3 chosen for illustration in Fig. 3 may sug-
gest. Larger mass ratios, in particular, simply have the
effect of tightening (weakening) bounds on �fs (rs), be-
cause kinetic decoupling happens earlier, and to weaken
self-interaction constraints; this moves the viable param-
eter space shown in Fig. 3 to smaller mixing angles and
allows for a larger range of ms (cf. Fig. 5 in the App.).
Changing the interaction structure in the dark sector,
e.g. by charging the sterile neutrinos under a gauge sym-
metry, is a further obvious route for model building that
will not qualitatively change the new production scenario
suggested here.

New parameter space
Bounded from above and below
Significant parts in observational reach

Observational constraints
(Standard) X-ray lines 
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Yet another ‘dark’ way of probing new physics! 

Gravitational wave signals
Many individual merger events seen by LIGO/Virgo/KAGRA

Picture: D. Chamion, MPI Picture: NASA

Stochastic GW background 
at nHz frequencies observed 
by pulsar timing arrays 

The LISA mission is now 
fully approved, and will 
target mHz frequencies 

Cosmological signals are just as exciting

BH/BH, BH/NS, NS/NS
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Cosmological phase transitions
GW signal requires first-order transition

Not in the standard model: new physics… !

Triggered by temperature 
corrections to the potential

First Order Phase Transition: bubble nucleation

Temperature corrections to the potential
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First Order Phase Transition: bubble nucleation

Temperature corrections to the potential
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Possible cosmological sources of the nHz background.

Inflation
Reentering of tensor fluctuations

Phase transitions
Connection to dark matter?

Topological defects
Cosmic strings and domain walls

Scalar perturbations
Incl. primordial black hole formation

9

Need numerical simulations
highly non-linear dynamics
GWs produced through bubble wall collisions, 
sound waves and plasma turbulence 

3.4.2 Bubble nucleation

Broken phaseBroken phase

Symmetric phase

6B;m`2 jX9, *QbKQHQ;B+�H T?�b2 i`�MbBiBQM BM i?2 2�`Hv lMBp2`b2X h?2 H27i TB+im`2 `2T`2b2Mib i?2
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After the scalar field at a point in space has tunnelled to a non-vanishing VEV, a small
bubble of the broken phase forms. The energy difference in the potential at the new
and false vacuum is released and accelerates the bubble walls, converting more space
into the broken phase. The onset of a FOPT is marked by the nucleation temperature.
It is defined as the temperature at which, on average, one bubble has nucleated per
Hubble volume. This translates into [33, 48]
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Evaluating the Hubble parameter as � =
p

8c⌧/3 d, the condition reads [49]
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This condition was (and is) commonly used to estimate the point in time when the
phase transition occurs, i.e. the parameters describing the PT were calculated at this
temperature.
Recently however, it has been shown that a better description of the PT and the emitted
GWs is given by the percolation temperature [50]. This temperature is defined as the
point in time when the Universe is permeated with a connected web of bubbles of the
broken phase. That is the case when a fraction of approximately 70% of the Universe is
converted into the broken phase. Fig. 3.4 shows a schematic slice through the Universe
at those different characteristic temperatures.
We can start the calculation of the percolation temperature)perc by defining the fraction
of the Universe in the broken phase as

%̄(C) =
4c

3

π
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3|      {z      }

A
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. (3.4.8)

This counts the spherical volume occupied by bubbles nucleating with the rate � and
expanding with velocity Ew. However, the above expression does not account for over-
lapping bubbles. The space which is already converted into the new phase %̄(C) is no

33

Bubbles of new vacuum phase
nucleate spontaneously
quickly expand and percolate

J. Matuszak, ‘23
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Resulting GW spectrum
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Impact of the phase transition parameters on the GWB spectrum

Figure 2: Plot showing the NANOGrav “violins” (red) [3], their standard explanation
through a power-law spectrum from the inspiral of SMBHBs with ASMBHB = 1.53 ⇥ 10�15

and �SMBHB = 13/3 (grey) and two phase transition spectra. A characteristic bubble wall
collision spectrum is shown in orange. A sound wave-induced GWB spectrum is shown in
blue. These spectra correspond to the best-fit parameter points found in section 5 (including
cosmological constraints and demanding �/H > 1). The blue arrows indicate how an increase
in the phase transition parameters ↵tot, T

perc

SM
or �/H would shift the spectra.

In figure 2 we illustrate the generic influence of increasing ↵tot, �/H, and T
perc

SM
on the sound

wave and bubble wall collision spectra.4 The spectra shown here correspond to the best-fit
points of the analysis including cosmological constraints presented in section 5 (with a prior
of �/H > 1).

3 PTA data analysis

In this section, we briefly go over the methods used to analyse PTA data for common red
processes. We start by commenting on two often adapted approaches that are used to fit
arbitrary GWBs to such signals. After that, we discuss in detail why model comparisons
based on global fits require a more rigorous analysis.

In order to fit a given spectrum to the PTA data, one first has to define a deterministic
timing model for each pulsar. The timing residuals are then analysed for “white” noise
(being uncorrelated in time) and time-correlated “red” noise. To make the fit to di↵erent red
noise models computationally feasible, the timing model parameters are treated as nuisance
parameters and the initial likelihood is marginalized over those. The remaining likelihood
for the low-frequency red noise is modelled as a Fourier-series at multiples of the inverse
observation period 1/Tobs of the PTA. Correlations between observed pulsars then help to
further distinguish a GWB from the intrinsic noise, as well as from other sources of red

4The influence of ⇠
perc
DS on the GWB spectrum turns out to be negligible in our work since cosmological

constraints limit it to a su�ciently small value, cf. section 5.
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A LISA miracle ?
Ordinary matter acquired mass in EW phase transition

TB, Gonzalo, Kahlhoefer, 
Matuszak & Tasillo, JCAP ‘24

dark matter can be 
produced via 
thermal freeze-out 
in dark sector

Striking correlation 
between GW peak 
frequency and DM 
abundance

aka Higgs mechanism

What if dark matter acquired mass in dark phase transition ?
‘dark Higgs’ mechanism
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Conclusions

Thanks for your attention!

Dark matter = evidence for new physics              

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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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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can use the entire cosmos as laboratory to 
probe truly ‘hidden’ (and quite reasonable!) models
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FIG. 3. Available parameter space in the sin2(2✓)�ms plane,
for m� = 3ms. The Yukawa coupling y (green lines) is chosen
such that the correct DM relic abundance is achieved every-
where below the DW line. Present and projected bounds from
X-rays (filled gray and black lines), Lyman-↵ (orange, pink)
and DM self-interactions (violet) are evaluated as described
in the text. The two benchmark points BP1 and BP2 from
Tab. I, see also Fig. 2, are indicated as red stars.

note that the WDM bounds from Ref. [76] are based on
marginalizing over different re-ionization histories. Fixed
re-ionization models tend to produce less conservative
constraints, which however illustrate the future poten-
tial of Lyman-↵ probes once systematic errors are fur-
ther reduced (mWDM > 5.3 keV [76], e.g., corresponds to
rs < 0.09 Mpc and �fs < 0.07 Mpc, respectively).

DM self-interactions are also constrained by a variety
of astrophysical observations at late times [77]. We adopt
�T /ms < 1 cm2

/g as a rather conservative limit, where
�T is the momentum transfer cross-section as defined in
Ref. [78]. Far away from the s-channel resonance we find
�T /ms ' y

4
ms/(4⇡m

4
�) + O(v2), largely independent of

the DM velocity v. For such cross sections cluster obser-
vations [79, 80], or the combination of halo surface den-
sities over a large mass range [81], can be (at least) one
order of magnitude more competitive than our reference
limit of �T /ms < 1 cm2

/g. [TB: further refs welcome!]
Viable parameter space for sterile neutrino DM.— In

Fig. 3 we show a slice of the overall available parameter
space for our setup in the sin2(2✓)�ms plane, for a fixed
mediator to DM mass ratio of m�/ms = 3. For every
point in parameter space the dark sector Yukawa cou-
pling y is chosen such that the sterile neutrino ⌫s makes
up all of DM after the era of exponential growth. In
the yellow region DW production can give the correct
relic abundance, including QCD and lepton flavor un-

certainties [58]; the dashed gray line corresponds to the
central prediction, which is the basis for our choice of ini-
tial conditions for number and energy densities of ⌫s. In
the blue region DM will be overproduced, ⌦⌫sh

2
> 0.12,

while the filled regions are excluded by bounds from X-
rays (gray), Lyman-↵ (orange) and DM self-interactions
(violet). The white region corresponds to the presently
allowed parameter space.

It is worth noting that, unlike in standard freeze-out
scenarios [82], later kinetic decoupling implies a shorter

free-streaming length in our case because the DS temper-
ature scales as Td / T

2
⌫ already before that point. At the

same time, the sound horizon increases for later kinetic
decoupling. The shape of the Lyman-↵ exclusion lines
reflects this, as kinetic decoupling occurs later for larger
values of y.

In Fig. 3 we also show the projected sensitivities of
the future X-ray experiments eROSITA [69], Athena [70],
and eXTP [71], which will probe smaller values of
sin2(2✓). Similarly, observables related to structure for-
mation will likely result in improved future bounds, or
in fact reveal anomalies that are not easily reconcil-
able with a standard non-interacting cold DM scenario.
While the precise reach is less clear here, we indicate
with dashed orange and violet lines, respectively, the im-
pact of choosing �fs < 0.12 Mpc, rs < 0.15 Mpc, and
�T /m < 0.1 cm2

/g rather than the corresponding lim-
its described further up. Overall, prospects to probe a
sizable region of the presently allowed parameter space
appear very promising.

Discussion.— While an X-ray line would be the
cleanest signature to claim DM discovery of the scenario
suggested here, let us briefly mention other possible direc-
tions. For example, the power-spectrum of DM density
perturbations at small, but only mildly non-linear, scales
may be affected in a way that could be discriminated
from alternative DM production scenarios by 21 cm and
high-z Lyman-↵ observations [83–86]. Another possibil-
ity would be to search for a suppression of intense astro-
physical neutrino fluxes due to � production on ⌫s DM
at rest. We leave an investigation of these interesting,
though rather challenging, avenues for future work.

We stress that the scenario presented here is much
more general than what the specific mass ratio of
m�/ms = 3 chosen for illustration in Fig. 3 may sug-
gest. Larger mass ratios, in particular, simply have the
effect of tightening (weakening) bounds on �fs (rs), be-
cause kinetic decoupling happens earlier, and to weaken
self-interaction constraints; this moves the viable param-
eter space shown in Fig. 3 to smaller mixing angles and
allows for a larger range of ms (cf. Fig. 5 in the App.).
Changing the interaction structure in the dark sector,
e.g. by charging the sterile neutrinos under a gauge sym-
metry, is a further obvious route for model building that
will not qualitatively change the new production scenario
suggested here.
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Global fit results
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Loud PT on top of astro-
physical SMBH merger signal

addresses issues with signal slope and 
normalization
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