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Figure 3. A schematic representation of the DM relic density as a function of the coupling between
DM and the visible sector. The plot corresponds to a transition between regimes 1 and 2 in Fig. 1.

The required coupling values and assumptions of the initial abundance are not the only
di↵erences between the freeze-in and freeze-out scenarios, as also the relation between the
relevant mass scale and the bath temperature at the time of DM production is di↵erent.
In the freeze-out mechanism the relic abundance is produced at m�/T ' 10 . . . 30, whereas
for the freeze-in mechanism it arises during the epoch m/T ' 2 . . . 5 [19], where m is the
relevant mass scale in the DM production process. In the case of � ! �� decays this is
m�, and for annihilations �� ! �� it is max(m�,m�). Despite the fact that the decays
and annihilations of visible sector particles can start early and gradually build up the DM
abundance, the standard freeze-in involving only renormalizable operators is almost entirely
an IR process. This can be seen, in the simplest case where the DM is produced by decays of
bath particles, by either straightforwardly integrating Eq. (3.8) or considering the estimate
presented in Ref. [18], where in order to find the comoving DM number density at T ' m�,
one multiplies the number density of � particles by its decay rate and the time available for
these decays to populate the DM abundance,

n�

T 3
' t��!�� ' y2

MP

m�
, (3.13)

where t ⇠ MP/T 2 is the time-temperature relation for a radiation dominated Universe. The
result shows that the freeze-in is essentially an IR process, and is indeed consistent with
Eq. (3.9). The e↵ect of annihilations at higher temperatures has been further discussed in
Refs. [15, 240, 262, 266, 267].

The above calculation assumed that the initial number density of DM particles is neg-
ligible. Because the DM particles are assumed to have not been in thermal equilibrium with
the visible sector particles in the early Universe, their production mechanism can be sensitive
to the e↵ect of non-renormalizable operators, the so-called ultraviolet freeze-in [16, 19, 268–
273], or to the initial conditions set by cosmic inflation [259, 274–276]. This is again in
contrast to the freeze-out mechanism, where thermal equilibrium destroys all dependence on
initial conditions. This important feature of the freeze-in mechanism can be used to constrain
di↵erent models of feebly interacting DM, as we will discuss in Section 5.
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The origin of dark matter
Existence of (particle) DM = evidence for BSM physics

Guiding principle: any convincing model for dark matter 
must include a production mechanism
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Let’s postulate some interaction with the primordial heat bath: 
[     symmetry not strictly necessary, but automatically guarantees stability of DM]
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Boltzmann equation
Evolution of DM phase-space density:
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Collision term:

‘production’ ‘annihilation’
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Detailed balance:  ‘production’ = ‘annihilation’ in equilibrium
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Pauli suppression / Bose enhancement
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Weakly Interacting Massive Particles
well-motivated from particle physics [SUSY, EDs, …]
thermal production in early universe:

Torsten Bringmann, Stockholm

The WIMP “miracle”

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

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

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

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

time

increasing��v⇥

a3
n

�

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

��v⇥ :

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

n�eq

Relic density (today): ��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)
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‘s-wave’ vs. ‘p-wave’

2

10
�2

10
�1

10
0

10
1

10
2

10
3

10
4

10
5

m� [GeV]

2

3

4

5

h�
vi

[1
0�

26
cm

3
/s

]

gS
= 1

gS
= 5

SM Majorana Dirac

4

6

8

10

FIG. 1. The value of a constant thermally averaged annihila-
tion cross-section, h�vi, resulting in a relic density of Majo-
rana (orange) or Dirac (blue) 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 ⌦DMh2 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 Appendix A.

is that the DM phase-space distribution is of the form

fi / f�,eq = exp(�E�/T ), i.e. that the freeze-out hap-

pens for m� � T and well before kinetic decoupling (see

Ref. [45] for a treatment of early kinetic decoupling). The

second assumption is that the annihilation products con-

stitute a heat bath, in the sense that none of them builds

up significant chemical potentials. Crucially, both as-

sumptions 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. [34] with a more re-

cent measurement of ⌦DM and recent lattice QCD results

for the evolution of SM d.o.f. in the early Universe [46].

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 [18–22, 26] 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 [29, 36, 47–52]. In such scenarios, both sectors may

well have been in thermal contact at high temperatures,

until they decoupled at a temperature Tdec. The sepa-

rate conservation of entropy in both sectors then 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↵). We note that existing relic density

calculations for decoupled DSs very often only take into

account a subset of these e↵ects, or implement them in

a simplified, not fully self-consistent way.

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 (2) for Majorana (Dirac) DM. In

Fig. 1 we show the ‘thermal’ annihilation cross-section for

��̄ ! SS in such a scenario, for di↵erent values of gS .

The fact that this di↵ers significantly from the standard

case illustrates the importance of including 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 annihila-

tion also proceeds via an s-wave [20, 26, 29, 47, 53–56] –

even though �v is often velocity-dependent in these cases,

impeding a literal interpretation of the curves shown in

Fig. 1. In order to facilitate the study of such more realis-

tic scenarios, we have updated the general-purpose relic

density routines of DarkSUSY [14] to perform precision

calculations of DS freeze-out that self-consistently take

into account all three e↵ects discussed above. This al-

lows to consider a broad range of relevant models with

in principle arbitrary amplitudes, including p-wave an-

Precision calculations of ‘thermal cross section’:
TB, Depta, Hufnagel & Schmidt-Hoberg, PLB ’21
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FIG. 4. Same as Fig. 1 in the main text, but for p-wave
annihilation with �vlab = b v2

lab.

A. DM annihilation via p-wave

In the case of s-wave annihilation to massless final

states, the velocity-weighted annihilation cross-section is

constant in the limit of small DM velocities, resulting in

h�vi = �vlab. This simplified ansatz for h�vi (neglecting

higher-order contributions in v, following common prac-

tice) has been presented in Fig. 1 in the main text, both

for DM annihilating to SM particles and for situations

in which the relic abundance is set via freeze-out in a

hidden sector.

Here we complement this by considering instead the

case of p-wave annihilation, which also has been fre-

quently considered for DS freeze-out production of

DM [29, 30, 32, 55, 63–65]. To describe such models, we

will again take a simplified ansatz for the cross-section

by only keeping the leading term in the DM velocities,

�vlab = b v
2
lab , (7)

where we assume b to be constant. For the thermally

averaged cross-section entering in the Boltzmann equa-

tion, Eq. (1) in the main text, this implies h�vi =

b⇥
⇥
6(x/⇠)

�1 � 27(x/⇠)
�2

+ ...
⇤
. The value of b resulting

in the correct DM relic abundance in this case is shown in

Fig. 4, for the same choice of DM models (Dirac and Ma-

jorana fermions, respectively) and heat bath components

as in Fig. 1 in the main text.

In comparison, the main di↵erences in these figures

are that i) the value of b resulting in the correct relic

density is about one order of magnitude larger than the

value of h�vi required in the case of s-wave annihilation

and that ii) this ‘thermal’ value of b rises faster with

m� than its s-wave counterpart. Both of this can be

traced back to the fact that also for p-wave annihilation

it is h�vi around chemical decoupling, and not b, that

sets the relic density. In the SM case, e.g., b/h�vi ⇡
xcd/6, where xcd depends logarithmically on the DM

mass and rises from xcd ⇡ 18.8 (for m� = 100 MeV)

to xcd ⇡ 31.6 (for m� = 100 TeV). The above estimate

should be corrected by another factor of about 2 be-

cause decoupling does not happen instantaneously, andR
dT h�vip�wave

/
R

dT h�vis�wave ⇡ 1/2 (as first stressed

in Ref. [73]). The same general trend, finally, is also vis-

ible for annihilations in the hidden sector, with ⇠ 6= 1.

Compared to Fig. 1 in the main text, furthermore, the

di↵erence between SM and DS results is somewhat larger

because ⇠ enters directly in h�vi.

B. Collision term including chemical potentials

For general two-body annihilation processes ��̄ $
SS

0
, and assuming CP -invariance, the integrated colli-

sion operator from Eq. (4) in the main text takes the

form

C = g
2
�

Z
(2⇡)

4
�(p� + p�̄ � pS � pS0)|M��̄!SS0 |2

⇥
⇥
fSfS0(1 � f�)(1 � f�̄) � f�f�̄(1 + fS)(1 + fS0)

⇤

⇥ d⇧�d⇧�̄d⇧Sd⇧S0 , (8)

where d⇧a = d
3
pa/(2⇡)

3
2Ea, integration is implied over

all (not only physically distinct) momentum configura-

tions, and |M��̄!SS0 |2 is the squared matrix element,

averaged (summed) over the spins and other internal

degrees of freedom of all initial (final) state particles.

We assume all involved particles to be in kinetic equi-

librium, i.e. the phase-space distributions take the form

fa = 1/[e
(Ea�µa)/T� ± 1], with a 2 {�, �̄, S, S

0} and the

� (+) sign is used for bosons (fermions). In the special

case of a constant matrix element – which is justified for

contact-like interactions and which we adopt as bench-

mark scenario in the main text – Eq. (8) can be simplified

to

C =
g
2
�|M��̄!SS |2

512⇡5

Z 1

m�

Z 1

m�

Z 1

�1
p�p�̄K d cos ✓dE�dE�̄ .

(9)

Moreover,

K ⌘ ↵⇤(1 � f�)(1 � f�̄) � f�f�̄ (� + 2↵ + ↵⇤) , (10)

<latexit sha1_base64="1FwZlnkO2RYDIxs3VK11WyjH9LI="></latexit>

h�vi = b v2

<latexit sha1_base64="uKtWN0yelwMswj5PE3wzlqb/jxQ=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQkZDRWuuu4MZlBfuANpTJdNIOnTyYmQgl9B/8DX/Arf6BO9GlG7/DSRpBWw9cOJxzXxw34kwq2/4wCkvLK6trxfXSxubW9o65u9eSYSwIbZKQh6LjYkk5C2hTMcVpJxIU+y6nbXd8nfrteyokC4M7NYmo4+NhwDxGsNJS3zxJetmSrhi6TmJbFza6qtqntmVnyEgNnaOpO+2b5R8ZLhKUkzLI0eibX71BSGKfBopwLGUX2ZFyEiwUI5xOS71Y0giTMR7SrqYB9ql0kuydKTzSygB6odAVKJipvycS7Es58V3d6WM1kvNeKv7rRSxdOHddeTUnYUEUKxqQ2XEv5lCFMA0NDpigRPGJJpgIpv+HZIQFJkpHW9LBoPkYFknrzEJVq3JbKdfreURFcAAOwTFA4BLUwQ1ogCYg4AE8gWfwYjwar8ab8T5rLRj5zD74A+PzG4jtook=</latexit> b

<latexit sha1_base64="daBmKMXc1oHuvGlqnMsSVqd8UGA=">AAACA3icdVDLSgMxFM3UV62vqks3wSK4GjK21roruHFZwT6gHUomzbShmcyQZApl6NIfcKt/4E7c+iH+gN9hZjqCFj0QOJxzXzlexJnSCH1YhbX1jc2t4nZpZ3dv/6B8eNRRYSwJbZOQh7LnYUU5E7Stmea0F0mKA4/Trje9Sf3ujErFQnGv5xF1AzwWzGcEayP1ZgPFAmRXh+UKsi+Rc11HENkoQ0YaTtWBTq5UQI7WsPw5GIUkDqjQhGOl+g6KtJtgqRnhdFEaxIpGmEzxmPYNFTigyk2yexfwzCgj6IfSPKFhpv7sSHCg1DzwTGWA9USteqn4pxexdODKdu033ISJKNZUkOVyP+ZQhzANBI6YpETzuSGYSGbuh2SCJSbaxFYywXz/Hv5POhe2U7drd7VKs5FHVAQn4BScAwdcgSa4BS3QBgRw8AiewLP1YL1Yr9bbsrRg5T3H4Bes9y/oMZgW</latexit>

v ⇠ 0.3
<latexit sha1_base64="6wFZRskiZfC75QKaM/RVa9cl1AM=">AAACB3icdVDLSgMxFM3UV62vqks3wSK4ccjYWuuu4MZlBfuAzlgyaaYNzTxIMoUy9AP8Abf6B+7ErZ/hD/gdZqYjaNEDgcM595XjRpxJhdCHUVhZXVvfKG6WtrZ3dvfK+wcdGcaC0DYJeSh6LpaUs4C2FVOc9iJBse9y2nUn16nfnVIhWRjcqVlEHR+PAuYxgpWW7KktmW+h++SsOh+UK8i8QNZVHUFkogwZaVhVC1q5UgE5WoPypz0MSezTQBGOpexbKFJOgoVihNN5yY4ljTCZ4BHtaxpgn0onyW6ewxOtDKEXCv0CBTP1Z0eCfSlnvqsrfazGctlLxT+9iKUDl7Yrr+EkLIhiRQOyWO7FHKoQpqHAIROUKD7TBBPB9P2QjLHAROnoSjqY79/D/0nn3LTqZu22Vmk28oiK4Agcg1NggUvQBDegBdqAgAg8gifwbDwYL8ar8bYoLRh5zyH4BeP9C/d8mcQ=</latexit>

v ⇠ 10�3
               around freeze-out
               today

works also in secluded dark sectors (with gS heat bath d.o.f.)  



 (Torsten Bringmann) DM production from thermal bath ‒ ￼6

Feably Interacting Massive Particles

<latexit sha1_base64="RUes0WmSGc1jAGJzfmm5xQa0eMM=">AAACHnicdVDLSgMxFM3UV62vUZduokVwNc5YrXVXcOOygn1AZyiZNG1DM5mQZAqldO1v+ANu9Q/ciVv9Ab/DzLSCFj0QODnn3tzcEwpGlXbdDyu3tLyyupZfL2xsbm3v2Lt7DRUnEpM6jlksWyFShFFO6ppqRlpCEhSFjDTD4XXqN0dEKhrzOz0WJIhQn9MexUgbqWMf+kLGQsfQO/UZ4n1GoK9oP0Jw5Mvs3rGLrnPheldlF7qOmyEjFa/kQW+uFMEctY796XdjnESEa8yQUm3PFTqYIKkpZmRa8BNFBMJD1CdtQzmKiAom2SpTeGyULuzF0hyuYab+7JigSKlxFJrKCOmBWvRS8U9P0PTBhem6VwkmlItEE45nw3sJgyaONCvYpZJgzcaGICyp+T/EAyQR1ibRggnme3v4P2mcOV7ZKd2eF6uVeUR5cACOwAnwwCWoghtQA3WAwT14BE/g2XqwXqxX621WmrPmPfvgF6z3Lwuaots=</latexit>/
1/h�vi

χ

ψ

χ

χ

χ

ψ
V

χ

χ
V

χ

ψ

χ

χ

V
χ

ψ

χ

χ

<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>

✓

ψ

χ

χ

ψ

insensitive to 
initial conditions

freeze-out

fre
ez
e-
in

freeze-out

-10 -8 -6 -4 -2 0

-4

-2

0

2

4

log10y

lo
g 1
0(
Ω
D
M
h2

/0
.1
2)

Figure 3. A schematic representation of the DM relic density as a function of the coupling between
DM and the visible sector. The plot corresponds to a transition between regimes 1 and 2 in Fig. 1.

The required coupling values and assumptions of the initial abundance are not the only
di↵erences between the freeze-in and freeze-out scenarios, as also the relation between the
relevant mass scale and the bath temperature at the time of DM production is di↵erent.
In the freeze-out mechanism the relic abundance is produced at m�/T ' 10 . . . 30, whereas
for the freeze-in mechanism it arises during the epoch m/T ' 2 . . . 5 [19], where m is the
relevant mass scale in the DM production process. In the case of � ! �� decays this is
m�, and for annihilations �� ! �� it is max(m�,m�). Despite the fact that the decays
and annihilations of visible sector particles can start early and gradually build up the DM
abundance, the standard freeze-in involving only renormalizable operators is almost entirely
an IR process. This can be seen, in the simplest case where the DM is produced by decays of
bath particles, by either straightforwardly integrating Eq. (3.8) or considering the estimate
presented in Ref. [18], where in order to find the comoving DM number density at T ' m�,
one multiplies the number density of � particles by its decay rate and the time available for
these decays to populate the DM abundance,

n�

T 3
' t��!�� ' y2

MP

m�
, (3.13)

where t ⇠ MP/T 2 is the time-temperature relation for a radiation dominated Universe. The
result shows that the freeze-in is essentially an IR process, and is indeed consistent with
Eq. (3.9). The e↵ect of annihilations at higher temperatures has been further discussed in
Refs. [15, 240, 262, 266, 267].

The above calculation assumed that the initial number density of DM particles is neg-
ligible. Because the DM particles are assumed to have not been in thermal equilibrium with
the visible sector particles in the early Universe, their production mechanism can be sensitive
to the e↵ect of non-renormalizable operators, the so-called ultraviolet freeze-in [16, 19, 268–
273], or to the initial conditions set by cosmic inflation [259, 274–276]. This is again in
contrast to the freeze-out mechanism, where thermal equilibrium destroys all dependence on
initial conditions. This important feature of the freeze-in mechanism can be used to constrain
di↵erent models of feebly interacting DM, as we will discuss in Section 5.
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Smooth transition between two regimes:

Fig: Bernal+, IJMP ’17

observed DM abundance
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

Hall+, JHEP ’10
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n�eq

WIMP DM is seriously pressured (but not dead!)



 (Torsten Bringmann) DM production from thermal bath ‒ ￼7

Collision term for FIMPs 

‘production’ ‘annihilation’

<latexit sha1_base64="OCxAXwp3uRc/cmA+7Y/x3Fj/A0w="></latexit>

C[f�] =
1

2g�

Z
d3p̃

(2⇡)32Ẽ
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We stress that in arriving at this result we did not make any assumptions about the actual

phase-space distribution of the DM particles, other than f� ⌧ 1 (assumption 1 above).

This implies that the r.h.s. of the Boltzmann equation for the number density can be

written as

C[f�] = h�vi��!  
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n

MB

�

�2

, (2.6)
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Here, vMøl ⌘ F/(EẼ) ⌘
q

(p · p̃)2 � m4
�/(EẼ) is the Møller velocity and ���!  is the

in-medium annihilation cross section in the cosmic rest frame, i.e. taking into account the

e↵ect of quantum statistics in the final state:
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where the spin-averaged amplitude squared is as usual denoted as
��M

��2 ⌘ |M|2 /g
2
�.

Let us briefly pause, and compare our result to the situation in the standard freeze-out

scenario [27] where, formally, the DM production term is identical to that in eq. (2.6). The

physical di↵erence is two-fold: i) during the freeze-out of non-relativistic particles, f
MB
�

describes the actual equilibrium distribution, and ii) in-medium e↵ects due to quantum

statistics are irrelevant for the annihilation cross section; this is because energy conserva-

tion restricts the SM phase-space densities to their high-energy tails, thus e↵ectively im-

plementing ‘" = 0’ in eq. (2.8). Still, as we will demonstrate below, the fact that eqs. (2.6,

2.7) take the same form as in the freeze-out case is highly beneficial both from the point

of view of the numerical implementation and when estimating higher-order corrections to

the scattering cross sections.

2.2 Relativistic collision operator for quantum gases

Evaluating the phase-space integrals appearing in eq. (2.7) is most easily done in the centre-

of-mass (CMS) frame. This has the additional advantage that the final result will also

depend on the annihilation cross section in that frame (or any other frame boosted along

the collision axis), and thus on the standard frame in which cross sections are typically

stated. From now on, ���!  will thus always refer to the CMS cross section; in particular,

we will drop the explicit dependence on (p, p̃) to avoid confusion with the cross section in

the cosmic frame appearing in eq. (2.7). Neglecting quantum statistics factors in eq. (2.8),

then results in the often quoted expression for the thermally averaged annihilation cross

section as derived by Gelmini and Gondolo [27]:

h�viGG =

Z 1

1

ds̃

4x
p

s̃(s̃ � 1) K1

⇣
2
p

s̃x
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�
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, (2.9)
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annihilation of would-be MB population

This allows to rewrite the thermal average appearing in eq. (2.7) in the following, compact

form:

h�vi��!  =
8x

2

K2
2(x)

Z 1

1

ds̃ s̃ (s̃ � 1)

Z 1

1

d�

p
�2 � 1e

�2
p

s̃x�
���!  (s, �) . (2.14)

Eq. (2.14), along with eqs. (2.11, 2.12), constitutes one of our central results. We stress

that it is valid under fairly general conditions, and applies independently of whether either

of the � or  particles is self-conjugate or not. In fact, eqs. (2.12, 2.14) take the same form

also for DM annihilation processes where the two final-state (SM) particles have di↵erent

masses; only the expression for G(�, s, cos ✓) in eq. (2.11) has to be replaced in that case,

and we state the corresponding generalised version in appendix B. In the same appendix,

we also provide analytical results for the angular integration in eq. (2.12) for the case of

amplitudes without dependence on the scattering angle,
��M

��2 =
��M

��2(s). We finally note

that without in-medium e↵ects due to quantum statistics, i.e. for G ⌘ 1, the integral over

� in eq. (2.14) can be performed analytically, leading as expected to the familiar result

stated in eq. (2.9).

To summarise this Section so far, the Boltzmann equation governing the evolution of

the � number density in the freeze-in regime can always be written as

ṅ� + 3Hn� = h�vi
�
n

MB

�

�2

, (2.15)

where � may be self-conjugate (� = �̄) or not, and we introduced the total DM annihilation

rate as � ⌘
P

i,j
���̄! i j , the sum being over all heat bath particles  i. Despite its

appearance, this equation fully takes into account both relativistic kinematics and the

e↵ect of quantum statistics. Writing it in this form, thus stressing the formal analogy with

the production term for freeze-out in the non-relativistic limit, is clearly advantageous

from a numerical implementation point of view, c.f. appendix A; as we will see in Section

4, furthermore, it also allows a more sophisticated treatment of DM production from the

heat bath through an o↵-shell Higgs resonance (compared to what is easily achievable with

the standard formulation). It is also worth stressing that, in contrast to the freeze-out

situation, the above Boltzmann equation for n� can be straight-forwardly solved by direct

integration. This becomes more apparent when rewriting it as

dY�

dx
=

�
n

MB
�

�2

xsH̃
h�vi , (2.16)

where we have assumed entropy conservation and denoted the abundance of � as Y� ⌘ n�/s,

with s being the entropy density; we also introduced H̃ ⌘ H/ [1 + (1/3)d(log g
s

e↵
)/d(log T )]

and the e↵ective entropy degrees of freedom, g
s

e↵
. Integrating this equation for x ! 1

then gives the abundance of � today, Y
0
� , which is related to the observed DM density as

⌦DMh
2 = 2.755 ⇥ 1010 (m�/100 GeV) (2/N�) Y

0
� , with N� = 2 (1) for self-conjugate (not

self-conjugate) DM particles �.

2.3 Dark matter production from decay

While our emphasis is on 2 ! 2 processes, we note that freeze-in production of DM is also

possible through the decay A ! �� of some bosonic particle A. The general form of the
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Figure 1. The Higgs vev (left) and mass (right) as a function of temperature. The red lines
correspond to results obtained by using a high-temperature expansion of the e↵ective potential,
whereas the blue lines correspond to the ones used in this work, obtained by numerical minimisation
of eq. (3.1). The dashed-dotted black lines represent the zero temperature values of the Higgs
vev (left) and mass (right). The vertical grey line indicates the approximate temperature of the
electroweak phase transition.

transition. This is the main origin of the small but finite value of mh(TEW) ⇡ 10 GeV that

is visible in the right panel of figure 1. We note that a full determination of the e↵ective

potential is anyway beyond the scope of this work, likely involving lattice calculations [38],

and that the exact behaviour of mh and v very close to the phase transition has a negligible

impact on our results. In practice, to avoid numerical instabilities at the electroweak phase

transition (EWPT), we smooth out the reaction rates over a small window around TEW.

3.2 Thermal masses

Interactions in the plasma also modify the dispersion relations of SM particles, thereby

generating e↵ective mass terms both before and after the electroweak phase transition. For

T < TEW, the masses acquired via the Higgs mechanism dominate, except for temperatures

very close to the phase transition where the two contributions may be comparable and hence

need to be added (in quadrature for bosons). For T > TEW, however, gauge bosons and

fermions only have thermal masses generated as a result of screening e↵ects in the plasma.

For gauge bosons, the e↵ective thermal mass at leading order is given by [39]

m
2

V =
1

6
g
2
T

2(N + NS +
NF

2
) , (3.7)

where g denotes the gauge coupling and the coe�cients N, NF and NS parameterise the

1-loop contributions from vectors, fermions and scalars charged under the given gauge

group. In the SM, N = 3, NF = 6, NS = 0 for SU(3)c, N = 2, NF = 6, NS = 1/2 for

SU(2)L and N = 0, NF = 10, NS = 1/2 for U(1)Y . More precisely, the above expression

corresponds to the transverse mass, which for a relativistic gauge boson is larger than the

plasma frequency by a factor 3/2 [40].

Fermions before the electroweak phase transition are chiral, with left- and right-handed

particles having di↵erent e↵ective mass terms. For leptons, the thermal masses receive
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DM from decays
ψ

ψ

χ

χ

2→2 or 1→2 ?

10�1 100 101
p

s [GeV]

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

�
h

⇤
[G

eV
]

p
s

=
2

G
eV

cc
gg

ss

��
µµ

��

KK4�
bb

�tot

Valid for all T

Valid for T > TQCD

Valid for T < TQCD

10�1 100 101 102 103 104

1/T [GeV�1]

10�44

10�42

10�40

10�38

10�36

10�34

10�32

10�30
h�

vi
[c

m
3
s�

1
]

for T < TQCD

QCD
Phase

Transition

�hs = 10�5

mS = 1 MeV

mS = 10 MeV

mS = 100 MeV

mS = 1 GeV

no confinement

Figure 3. Left: Partial decay widths of an o↵-shell SM Higgs boson as a function of the CMS energy.
For

p
s < 2 GeV we use the decay widths into hadrons from ref. [55] for T < TQCD (short-dashed

lines) and leading-order estimates of the decay widths into free quarks and gluons for T > TQCD

(long-dashed lines). For higher CMS energies we use the results from HDECAY [49] based on the
assumption of free quarks and gluons in the final states and including higher-order corrections (solid
lines). In the grey area the decay widths su↵er from significant uncertainties due to the transition
between the two regimes, see text for details. Right: Thermally averaged annihilation cross section
as a function of inverse temperature, including quantum statistics and for DM masses as indicated.
Solid lines show the result obtained when using hadronic final states for the o↵-shell Higgs decay
widths for T < TQCD, while dot-dashed lines result from (incorrectly) assuming decays into free
quarks even below the QCD phase transition (indicated by the grey band).

in terms of the zero-temperature decay width �h⇤(
p

s).

As T approaches the temperature of EWSB from below, v(T ) ! 0 and hence
p

svh/v(T )

diverges. The modification of the DM annihilation cross section at large
p

s that we in-

troduced above to avoid unitarity violation therefore also becomes relevant close to the

EWPT (see also the red and purple lines in figure 2). By construction this modification

ensures that the limit v(T ) ! 0 is smooth and converges to the annihilation cross section

in the unbroken phase, cf. eq. (4.9) above.

4.4 Chiral symmetry breaking

HDECAY in principle also allows for the calculation of the o↵-shell Higgs decay width

for
p

s as small as 1 GeV. However, it is implicitly assumed that the Higgs boson still

decays into free quarks and gluons. This is a valid assumption for temperatures above

the QCD phase transition, but it becomes inappropriate at smaller temperatures, where

the confinement into hadrons must be taken into account. For temperatures below the

QCD phase transition and
p

s . 2 GeV, the o↵-shell decay width into QCD bound states

can instead be calculated in chiral perturbation theory with form factors obtained from

dispersion relations [55].

In the present work we therefore take the predictions from HDECAY for
p

s > 2 GeV

and those from ref. [55] for
p

s < 2 GeV and T < TQCD. For T > TQCD one could in

principle continue using the results from HDECAY also for
p

s < 2 GeV. However, we find
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For a SM Higgs mediator, e.g., we can directly use tabulated 
partial widths, both below and above QCD PT (for “→”, but not for “←”!)

For a fully thermalized mediator A, this requires

For a scalar resonance A, the averaged amplitude squared for the annihilation process

�� ! A
⇤ !   can be written as1

|M��!  |2 =
|M��!A⇤ |2 |MA⇤!  |2
(s � m

2

A
)2 + m

2

A
�2

BW

, (2.20)

where �BW is the total width of A as it appears in the Breit-Wigner propagator. If

kinematically accessible, the mediators will be dominantly produced on-shell and we can

adopt the narrow width approximation (NWA),

1

(s � m
2

A
)2 + m

2

A
�2

BW

! ⇡

mA�BW

�(s � m
2

A) =
⇡

2mA!
0�BW

�(E + Ẽ � !
0) . (2.21)

Assuming furthermore CP symmetry, implying |M��!A|2 = |MA!��|2, the collision term

for annihilations, eq. (2.6), thus becomes

Cann[f�] =
1

N�

Z
d

3
p

(2⇡)32E

Z
d

3
p̃

(2⇡)32Ẽ
|M|2

A!��
f

MB

� (E)fMB

� (Ẽ)
⇡

!0 �(!
0 � E � Ẽ)

⇥
�  
�BW

G  (�, m2

A) , (2.22)

where G is defined in eq. (B.4) and

�  =
1

2mA

Z
d

3
k

(2⇡)32!

Z
d

3
k̃

(2⇡)32!̃
�
(4)(p̃ + p � k̃ � k)

��M
��2
A!  

(2.23)

is the standard partial decay width for A !   .

In the NWA, with all mediators created on-shell, we expect eq. (2.22) and eq. (2.19)

to agree. This implies that the Breit-Wigner width for a mediator in thermal equilibrium

must in general be chosen as

�BW =
1

1 + fA(!0)

X

 1 2

� 1 2
G 1 2

(�, m2

A) , (2.24)

where the sum runs over all relevant heat bath particle  i. In fact, the origin of the

additional terms (compared to the total decay width in vacuum) is straight-forward to

understand: (i) the factor of G 1 2
modifies the partial decay rate in vacuum, � 1 2

, such

as to include the e↵ect of Bose enhancement or Pauli blocking in the final state plasma

particles; (ii) the overall suppression factor of 1/(1+fA) is a direct consequence of the fact

that the imaginary part of the mediator self-energy at finite temperature is not given by the

total decay rate, but rather by the di↵erence between decay and inverse decay rates [33].

The prescription for the mediator width in the s-channel given in eq. (2.24) ensures that

the contribution from decay (of the same mediator from the thermal bath) is automatically

1
We note that eq. (2.20) no longer holds as an equality for vector resonances A – but can still be used in

the form of a replacement when calculating the total cross section in vacuum, i.e. eq. (2.8) without quantum

correction factors. In general, however, this replacement is only valid if spin correlations can be neglected.

For a more detailed discussion see, e.g., ref. [32].

– 9 –
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width in propagator width in vacuum final state quantum enhancement/suppression

Expect difference 
only at NLO !
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Freeze-in: Case study
Scalar Singlet DM

5 Freeze-in of scalar singlet dark matter

We now apply the largely model-independent formalism outlined in the previous sections to
a specific DM model. For this purpose we consider a new real singlet scalar S, which is
stabilised by a Z2 symmetry. The most general renormalisable Lagrangian is then

L =
1

2
@µS@

µ
S +

1

2
µ
2
SS

2 +
1

2
�hsS

2|H|2 + 1

4
�sS

4
. (5.1)

After EWSB the term involving the Higgs field induces terms proportional to h
2
S
2, vhS2

and vS
2. The latter gives a contribution to the scalar singlet mass, which as a result is given

by

ms(T ) =

r
µ
2
S
+

1

2
�hsv(T )2 . (5.2)

This e↵ect leads to a temperature dependence of the mass term even if the scalar singlet is
not in equilibrium with the SM thermal bath.

In the following we will be interested in the case where the phenomenology of the model
is driven by ms and �hs. In particular, we assume that �hs is su�ciently small that the
scalar singlet never entered into thermal equilibrium with the SM heat bath and that its relic
abundance is determined by the freeze-in mechanism.4 The latter requirement also means
that the quartic self-coupling �s should be smaller than very roughly 10�3(ms/GeV)1/3, in
order to avoid equilibration of the scalar singlet with itself via 2 $ 4 processes [29, 51].

The processes that contribute to the freeze-in yield are fundamentally di↵erent before
and after the EWPT. In the former case, the only process that leads to the production
of scalar singlets is HH ! SS, which in our approach is calculated by considering the
annihilation cross section for SS ! HH. In the latter case, on the other hand, a multitude of
SM states can contribute and we need to calculate the annihilation cross section for processes
like SS ! h

⇤ ! ff̄ . Hence, the di↵erential equation that determines the yield Ys, Eq. (2.16),
needs to be solved separately for T > Tc and T < Tc, with continuity of Ys imposed as the
boundary condition between the two regimes.

For ms < mh/2 one finds that the dominant contribution to the scalar singlet yield
stems from temperatures T ⇠ mh/2. This can equivalently be interpreted as either equilib-
rium decays of SM Higgs bosons or annihilations enhanced by an s-channel resonance (see
section 2.3). For ms > mh/2, on the other hand, there is no such resonant enhancement,
as the decays of on-shell Higgs bosons into scalar singlets are kinematically forbidden. In
this case freeze-in production proceeds dominantly via o↵-shell Higgs decays at higher tem-
peratures, such that the thermal e↵ects discussed in sections 3 and 4 become particularly
relevant.

Another interesting scenario is that the reheating temperature TR is small compared to
the Higgs boson mass: TR ⌧ mh. In this case the density of Higgs bosons in the thermal
plasma is exponentially suppressed for all relevant temperatures and there is no resonant
enhancement of the freeze-in production even for ms < TR. Instead, the processes relevant
for the freeze-in production of scalar singlets can be written as an e↵ective dimension-5
operator of the form

L � 1

⇤f

f̄fS
2
, (5.3)

4The regime where scalar singlet DM is produced via the freeze-out mechanism has been extensively studied
elsewhere [20, 21, 23, 24, 50].
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A new production mechanism
In the past, many variants of freeze-out scenario 
have been explored:

Hidden sector freeze-out


Forbidden dark matter


Cannibal dark matter


Zombie dark matter


Elder dark matter


Kinder dark matter


SIMP dark matter


Can we get a qualitatively different freeze-in scenario?
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A new production mechanism

TB, Depta, Hufnagel, Rudermann 
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‘Pandemic’ dark matter Aside: SIR Model

I = # infected 
S = # susceptible 
β = infection rate 
γ = recovery rate
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• reproduction number:
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R > 1

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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We propose a novel thermal production mechanism for dark matter based on the idea that dark
matter particles � can transform (‘infect’) heat bath particles  : � ! ��. For a small initial
abundance of � this induces an exponential growth in the dark matter number density, closely
resembling the epidemic curves of a spreading pathogen after an initial outbreak. To quantify this
relation we present a sharp duality between the Boltzmann equation for the dark matter number
density and epidemiological models for the spread of infectious diseases. Finally we demonstrate
that the exponential growth naturally stops before � thermalizes with the heat bath, corresponding
to a triumphant ‘flattening of the curve’ that matches the observed dark matter abundance.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions, is
its creation out of a thermal bath. The most commonly
adopted paradigm falling into this category is thermal
freeze-out from the primordial plasma of Standard Model
(SM, cf. Ref. [2]) particles in the early Universe [3]. How-
ever, given the increasingly strong constraints on this
setup, as well as the natural productivity of DM phe-
nomenologists, a plethora of alternate production scenar-
ios with DM initially in thermal equilibrium have recently
been proposed, including hidden sector freeze-out [4–10],
Forbidden DM [11, 12], Cannibal DM [13, 14], Coscat-
tering DM [15], Zombie DM [16], Elder DM [17], Kinder
DM [18], and SIMP DM [19–21].

Another possibility is that DM never entered thermal
equilibrium at all, in which case it can be produced via
a ‘leakage’ out of a thermal bath, often referred to as
freeze-in [22, 23]. While a large number of variants of
the freeze-out paradigm have been suggested, less model
building has been performed around the freeze-in idea
(see however Refs. [24–31]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities which we
refer to as Pandemic DM. The name derives from the
observation that a DM particle � can ‘infect’ a heat bath
particle  to convert it into another �, cf. Fig. 1. We
will refer to this type of interaction process as transmis-
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FIG. 1. The transmission process leading to exponential pro-
duction of DM (�) from the heat bath ( ). This illustration of
the e↵ective operator was created at the Centers for Disease
Control and Prevention [32].

sion. For a small initial abundance n� it results in an
exponential growth of the DM abundance and therefore
strongly resembles the epidemic curves (epi curves) en-
countered in the case of a spreading pathogen. To be in
accord with observations this mechanism requires the ex-
ponential growth to shut o↵ before the DM particle � is
fully thermalized, so one can also think of this mechanism
as a ‘failed thermalization’. Interestingly, the exponen-
tial growth of n� comes to an end naturally, e.g. due
to the Boltzmann suppression of the heat bath particle
 , so that the observed DM relic abundance is readily
obtained in our framework.

Transmission as a novel DM production mechanism.—
Quantitatively, the evolution of the DM number density
n�, due to the interaction depicted in Fig. 1, is governed
by the Boltzmann equation

ṅ� + 3Hn� = h�vitr
⇣
n�n

eq
 � n

2
�

⌘
. (1)
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We propose a novel mechanism for the production of dark matter (DM) from a thermal bath, based
on the idea that DM particles � can transform heat bath particles  : � ! ��. For a small initial
abundance of � this leads to an exponential growth of the DM number density, in close analogy
to other familiar exponential growth processes in nature. We demonstrate that this mechanism
complements freeze-in and freeze-out production in a generic way, opening new parameter space to
explain the observed DM abundance, and we discuss observational prospects for such scenarios.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions,
is its creation out of a thermal bath. The most com-
monly adopted paradigm falling into this category is ther-
mal freeze-out from the primordial plasma of Standard
Model (SM) particles in the early Universe [2]. How-
ever, given the increasingly strong constraints on this
setup, a plethora of alternate production scenarios with
DM initially in thermal equilibrium have recently been
proposed, including hidden sector freeze-out [3–9], For-
bidden DM [10, 11], Cannibal DM [12, 13], Coscattering
DM [14–16], Zombie DM [17], Elder DM [18], Kinder
DM [19], and SIMP DM [20–22]. Another possibility
is that DM never entered thermal equilibrium at all, in
which case it can be produced via a ‘leakage’ out of a ther-
mal bath, often referred to as freeze-in [23, 24]. While a
large number of variants of the freeze-out paradigm have
been suggested, less model building has been performed
around the freeze-in idea (see however Refs. [25–32]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities, based on
the idea that a DM particle � can ‘transform’ a heat bath
particle  into another �, cf. Fig. 1. For a small initial
abundance n�, as shown below, this results in an expo-
nential growth of the DM abundance. To be in accord
with observations the exponential growth is required to
shut o↵ before the DM particle � is fully thermalized, so
one can also think of this mechanism as a ‘failed ther-
malization’. Interestingly, the exponential growth of n�
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FIG. 1. The transformation process leading to exponential
production of DM (�) from the heat bath ( ).

comes to an end naturally in our framework, so that the
observed DM abundance is readily obtained.

A novel DM production mechanism.— Quantita-
tively, the evolution of the DM number density n� is
governed by the Boltzmann equation

ṅ� + 3Hn� = h�vitrn�n
eq
 � h�viann

2
� . (1)

Here, n
eq
 is the number density of  in equilibrium, H is

the Hubble rate, and h�vitr (h�vian) is the cross-section
for the process � ! �� (�� ! � ), averaged over the
phase-space of the initial state. We assume that  is
in equilibrium with the SM heat bath; this equilibrium
can be maintained for example by rapid annihilations of
  to SM states. We note that the zombie collisions of
Refs. [17, 33] involve a similar process to Fig. 1, but the
roles of the DM and bath particles are reversed.

As long as n
eq
� � n�, we can neglect the second term

on the r.h.s. of the above equation. Introducing x ⌘
m /T and Y� ⌘ n�/s, with s being the entropy density
of the heat bath, the solution of the Boltzmann equation

PRL wasn’t very happy… 🤷
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We propose a novel mechanism for the production of dark matter (DM) from a thermal bath, based
on the idea that DM particles � can transform heat bath particles  : � ! ��. For a small initial
abundance of � this leads to an exponential growth of the DM number density, in close analogy
to other familiar exponential growth processes in nature. We demonstrate that this mechanism
complements freeze-in and freeze-out production in a generic way, opening new parameter space to
explain the observed DM abundance, and we discuss observational prospects for such scenarios.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions,
is its creation out of a thermal bath. The most com-
monly adopted paradigm falling into this category is ther-
mal freeze-out from the primordial plasma of Standard
Model (SM) particles in the early Universe [2]. How-
ever, given the increasingly strong constraints on this
setup, a plethora of alternate production scenarios with
DM initially in thermal equilibrium have recently been
proposed, including hidden sector freeze-out [3–9], For-
bidden DM [10, 11], Cannibal DM [12, 13], Coscattering
DM [14–16], Zombie DM [17], Elder DM [18], Kinder
DM [19], and SIMP DM [20–22]. Another possibility
is that DM never entered thermal equilibrium at all, in
which case it can be produced via a ‘leakage’ out of a ther-
mal bath, often referred to as freeze-in [23, 24]. While a
large number of variants of the freeze-out paradigm have
been suggested, less model building has been performed
around the freeze-in idea (see however Refs. [25–32]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities, based on
the idea that a DM particle � can ‘transform’ a heat bath
particle  into another �, cf. Fig. 1. For a small initial
abundance n�, as shown below, this results in an expo-
nential growth of the DM abundance. To be in accord
with observations the exponential growth is required to
shut o↵ before the DM particle � is fully thermalized, so
one can also think of this mechanism as a ‘failed ther-
malization’. Interestingly, the exponential growth of n�
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FIG. 1. The transformation process leading to exponential
production of DM (�) from the heat bath ( ).

comes to an end naturally in our framework, so that the
observed DM abundance is readily obtained.

A novel DM production mechanism.— Quantita-
tively, the evolution of the DM number density n� is
governed by the Boltzmann equation

ṅ� + 3Hn� = h�vitrn�n
eq
 � h�viann

2
� . (1)

Here, n
eq
 is the number density of  in equilibrium, H is

the Hubble rate, and h�vitr (h�vian) is the cross-section
for the process � ! �� (�� ! � ), averaged over the
phase-space of the initial state. We assume that  is
in equilibrium with the SM heat bath; this equilibrium
can be maintained for example by rapid annihilations of
  to SM states. We note that the zombie collisions of
Refs. [17, 33] involve a similar process to Fig. 1, but the
roles of the DM and bath particles are reversed.

As long as n
eq
� � n�, we can neglect the second term

on the r.h.s. of the above equation. Introducing x ⌘
m /T and Y� ⌘ n�/s, with s being the entropy density
of the heat bath, the solution of the Boltzmann equation
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We propose a novel mechanism for the production of dark matter (DM) from a thermal bath based on the
idea that DM particles χ can transform heat bath particles ψ : χψ → χχ. For a small initial abundance of χ,
this leads to an exponential growth of the DM number density in close analogy to other familiar exponential
growth processes in nature. We demonstrate that this mechanism complements freeze-in and freeze-out
production in a generic way, opening new parameter space to explain the observed DM abundance, and we
discuss observational prospects for such scenarios.
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Introduction.—While the identity and underlying proper-
ties of the dark matter (DM) in our Universe remain
mysterious, its energy density has been precisely inferred
by a series of satellite missions studying the cosmic
microwave background (CMB). Any theoretical descrip-
tion of DM must therefore include a DM production
mechanism that leads to the observed DM relic abundance
of ΩDMh2 ≃ 0.12 [1].
A particularly appealing framework for the genesis of

DM, minimizing the dependence on initial conditions, is its
creation out of a thermal bath. The most commonly adopted
paradigm falling into this category is thermal freeze-out
from the primordial plasma of standard model (SM)
particles in the early Universe [2]. However, given the
increasingly strong constraints on this setup, a plethora of
alternate production scenarios with DM initially in thermal
equilibrium have recently been proposed, including “hid-
den sector freeze-out” [3–9], “Forbidden DM” [10,11],
“Cannibal DM” [12,13], “Coscattering DM” [14–16],
“Zombie DM” [17], “Elder DM” [18], “Kinder DM”
[19], and “SIMP DM” [20–22]. Another possibility is that
DM never entered thermal equilibrium at all, in which case
it can be produced via a “leakage” out of a thermal bath,
often referred to as “freeze-in” [23,24]. While a large

number of variants of the freeze-out paradigm have been
suggested, less model building has been performed around
the freeze-in idea (see, however, Refs. [25–32]).
In this Letter, we propose a novel and generic DM

production scenario between these two polarities based on
the idea that a DM particle χ can “transform” a heat bath
particle ψ into another χ; cf. Fig. 1. For a small initial
abundance nχ , as shown below, this results in an expo-
nential growth of the DM abundance. To be in accord with
observations, the exponential growth is required to shut off
before the DM particle χ is fully thermalized, so one can
also think of this mechanism as a “failed thermalization.”
Interestingly, the exponential growth of nχ comes to an
end naturally in our framework, so that the observed DM
abundance is readily obtained.
A novel DM production mechanism.—Quantitatively, the

evolution of the DM number density nχ is governed by the
Boltzmann equation

FIG. 1. The transformation process leading to exponential
production of DM (χ) from the heat bath (ψ ).
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3Service de Physique Théorique, Université Libre de Bruxelles, Boulevard du Triomphe, CP225, B-1050 Brussels, Belgium
4Center for Cosmology and Particle Physics, Department of Physics, New York University, New York, NY 10003, USA

5Kavli Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106, USA

(Dated: April 1st, 2021)

We propose a novel thermal production mechanism for dark matter based on the idea that dark
matter particles � can transform (‘infect’) heat bath particles  : � ! ��. For a small initial
abundance of � this induces an exponential growth in the dark matter number density, closely
resembling the epidemic curves of a spreading pathogen after an initial outbreak. To quantify this
relation we present a sharp duality between the Boltzmann equation for the dark matter number
density and epidemiological models for the spread of infectious diseases. Finally we demonstrate
that the exponential growth naturally stops before � thermalizes with the heat bath, corresponding
to a triumphant ‘flattening of the curve’ that matches the observed dark matter abundance.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions, is
its creation out of a thermal bath. The most commonly
adopted paradigm falling into this category is thermal
freeze-out from the primordial plasma of Standard Model
(SM, cf. Ref. [2]) particles in the early Universe [3]. How-
ever, given the increasingly strong constraints on this
setup, as well as the natural productivity of DM phe-
nomenologists, a plethora of alternate production scenar-
ios with DM initially in thermal equilibrium have recently
been proposed, including hidden sector freeze-out [4–10],
Forbidden DM [11, 12], Cannibal DM [13, 14], Coscat-
tering DM [15], Zombie DM [16], Elder DM [17], Kinder
DM [18], and SIMP DM [19–21].

Another possibility is that DM never entered thermal
equilibrium at all, in which case it can be produced via
a ‘leakage’ out of a thermal bath, often referred to as
freeze-in [22, 23]. While a large number of variants of
the freeze-out paradigm have been suggested, less model
building has been performed around the freeze-in idea
(see however Refs. [24–31]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities which we
refer to as Pandemic DM. The name derives from the
observation that a DM particle � can ‘infect’ a heat bath
particle  to convert it into another �, cf. Fig. 1. We
will refer to this type of interaction process as transmis-

χ

ψ

χ

χ

χ

ψ

χ

χ
FIG. 1. The transmission process leading to exponential pro-
duction of DM (�) from the heat bath ( ). This illustration of
the e↵ective operator was created at the Centers for Disease
Control and Prevention [32].

sion. For a small initial abundance n� it results in an
exponential growth of the DM abundance and therefore
strongly resembles the epidemic curves (epi curves) en-
countered in the case of a spreading pathogen. To be in
accord with observations this mechanism requires the ex-
ponential growth to shut o↵ before the DM particle � is
fully thermalized, so one can also think of this mechanism
as a ‘failed thermalization’. Interestingly, the exponen-
tial growth of n� comes to an end naturally, e.g. due
to the Boltzmann suppression of the heat bath particle
 , so that the observed DM relic abundance is readily
obtained in our framework.

Transmission as a novel DM production mechanism.—
Quantitatively, the evolution of the DM number density
n�, due to the interaction depicted in Fig. 1, is governed
by the Boltzmann equation

ṅ� + 3Hn� = h�vitr
⇣
n�n

eq
 � n

2
�

⌘
. (1)
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We propose a novel mechanism for the production of dark matter (DM) from a thermal bath, based
on the idea that DM particles � can transform heat bath particles  : � ! ��. For a small initial
abundance of � this leads to an exponential growth of the DM number density, in close analogy
to other familiar exponential growth processes in nature. We demonstrate that this mechanism
complements freeze-in and freeze-out production in a generic way, opening new parameter space to
explain the observed DM abundance, and we discuss observational prospects for such scenarios.

Introduction.— While the identity and underlying
properties of the dark matter (DM) in our Universe re-
main mysterious, its energy density has been precisely
inferred by a series of satellite missions studying the Cos-
mic Microwave Background (CMB). Any theoretical de-
scription of DM must therefore include a DM production
mechanism which leads to the observed DM relic abun-
dance of ⌦DMh

2 ' 0.12 [1].

A particularly appealing framework for the genesis of
DM, minimizing the dependence on initial conditions,
is its creation out of a thermal bath. The most com-
monly adopted paradigm falling into this category is ther-
mal freeze-out from the primordial plasma of Standard
Model (SM) particles in the early Universe [2]. How-
ever, given the increasingly strong constraints on this
setup, a plethora of alternate production scenarios with
DM initially in thermal equilibrium have recently been
proposed, including hidden sector freeze-out [3–9], For-
bidden DM [10, 11], Cannibal DM [12, 13], Coscattering
DM [14–16], Zombie DM [17], Elder DM [18], Kinder
DM [19], and SIMP DM [20–22]. Another possibility
is that DM never entered thermal equilibrium at all, in
which case it can be produced via a ‘leakage’ out of a ther-
mal bath, often referred to as freeze-in [23, 24]. While a
large number of variants of the freeze-out paradigm have
been suggested, less model building has been performed
around the freeze-in idea (see however Refs. [25–32]).

In this letter we propose a novel and generic DM pro-
duction scenario between these two polarities, based on
the idea that a DM particle � can ‘transform’ a heat bath
particle  into another �, cf. Fig. 1. For a small initial
abundance n�, as shown below, this results in an expo-
nential growth of the DM abundance. To be in accord
with observations the exponential growth is required to
shut o↵ before the DM particle � is fully thermalized, so
one can also think of this mechanism as a ‘failed ther-
malization’. Interestingly, the exponential growth of n�
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FIG. 1. The transformation process leading to exponential
production of DM (�) from the heat bath ( ).

comes to an end naturally in our framework, so that the
observed DM abundance is readily obtained.

A novel DM production mechanism.— Quantita-
tively, the evolution of the DM number density n� is
governed by the Boltzmann equation

ṅ� + 3Hn� = h�vitrn�n
eq
 � h�viann

2
� . (1)

Here, n
eq
 is the number density of  in equilibrium, H is

the Hubble rate, and h�vitr (h�vian) is the cross-section
for the process � ! �� (�� ! � ), averaged over the
phase-space of the initial state. We assume that  is
in equilibrium with the SM heat bath; this equilibrium
can be maintained for example by rapid annihilations of
  to SM states. We note that the zombie collisions of
Refs. [17, 33] involve a similar process to Fig. 1, but the
roles of the DM and bath particles are reversed.

As long as n
eq
� � n�, we can neglect the second term

on the r.h.s. of the above equation. Introducing x ⌘
m /T and Y� ⌘ n�/s, with s being the entropy density
of the heat bath, the solution of the Boltzmann equation



 (Torsten Bringmann) DM production from thermal bath ‒ ￼15

Exponential DM production

10°18

10°15

10°12

10°9

Y
¬

=
n

¬
/s

≠¬h2 = 0.12

m¬ = 1 GeV
m√/m¬ = 2

∏tr = 4.5 £ 10°7

∏tr = 5.0 £ 10°7

∏tr = 5.5 £ 10°7

10°3 10°2 10°1 100 101 102

x√ = m√/T

0

1

2

3

R

<latexit sha1_base64="OlE9U3cLl3jR4Wb8V6MswkRJXbk="></latexit>

R ⌘ �S

�
=

n
eq
 h�vi
3H

Tiny initial 
DM abundance

exponential 
growth

<latexit sha1_base64="u8gsGb6DLkHGi0aBZgFqn1iZbB4=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5dV7EPaoWTSTBuaZIYkI5ShW3/Arf6BO3Hrf/gDfoeZdhbaeuDC4Zz74gQxZ9q47pdTWFpeWV0rrpc2Nre2d8q7e00dJYrQBol4pNoB1pQzSRuGGU7bsaJYBJy2gtF15rceqdIskvdmHFNf4IFkISPYWOnhrjsw1hRer1xxq+4UaJF4OalAjnqv/N3tRyQRVBrCsdYdz42Nn2JlGOF0UuommsaYjPCAdiyVWFDtp9OHJ+jIKn0URsqWNGiq/p5IsdB6LALbKbAZ6nkvE//1YpYtnLtuwks/ZTJODJVkdjxMODIRyhJBfaYoMXxsCSaK2f8RGWKFibG5lWww3nwMi6R5UvXOq6e3Z5XaVR5REQ7gEI7BgwuowQ3UoQEEBDzDC7w6T86b8+58zFoLTj6zD3/gfP4AH0SY0A==</latexit>

R & 1

large small 
<latexit sha1_base64="GbZpvZUObRPvJFrFmogEBIkz3fk=">AAAB/HicdVDLSgMxFL1TX7W+qi7dBIvgqsz4qLoruumyBfuAdiiZNNOGZjJDkhHKUH/Arf6BO3Hrv/gDfoeZdoRa9EDgcM595XgRZ0rb9qeVW1ldW9/Ibxa2tnd294r7By0VxpLQJgl5KDseVpQzQZuaaU47kaQ48Dhte+O71G8/UKlYKO71JKJugIeC+YxgbaRGrV8s2WV7BrRALm3npuIgJ1NKkKHeL371BiGJAyo04ViprmNH2k2w1IxwOi30YkUjTMZ4SLuGChxQ5SazQ6foxCgD5IfSPKHRTF3sSHCg1CTwTGWA9Ugte6n4pxexdODSdu1fuwkTUaypIPPlfsyRDlGaBBowSYnmE0Mwkczcj8gIS0y0yatggvn5PfqftM7KTqV83rgoVW+ziPJwBMdwCg5cQRVqUIcmEKDwBM/wYj1ar9ab9T4vzVlZzyH8gvXxDfnPlWk=</latexit>

H
<latexit sha1_base64="IMx05vXBTbSCZtv5dzdOOl3kV5o=">AAACDHicdVBNSsNAGJ3Uv1p/GnXpZrAIrkJitdZd0Y3LCvYHmlom00k7dDKJMxOhhF7BC7jVG7gTt97BC3gOJ2kELfpg4PHe9zfPixiVyrY/jMLS8srqWnG9tLG5tV02d3bbMowFJi0cslB0PSQJo5y0FFWMdCNBUOAx0vEml6nfuSdC0pDfqGlE+gEacepTjJSWBmaZD9xI0tvEFQEkd7OBWbGtU9s5r9nQtuwMGak7VQc6uVIBOZoD89MdhjgOCFeYISl7jh2pfoKEopiRWcmNJYkQnqAR6WnKUUBkP8kOn8FDrQyhHwr9uIKZ+rMjQYGU08DTlQFSY7nopeKfXkTTgQvblV/vJ5RHsSIcz5f7MYMqhGkycEgFwYpNNUFYUH0/xGMkEFY6v5IO5vv38H/SPracmlW9Pqk0LvKIimAfHIAj4IAz0ABXoAlaAIMYPIIn8Gw8GC/Gq/E2Ly0Yec8e+AXj/QvPSZvm</latexit>

neq
 

χ

ψ

χ

χ

χ

ψ
V

χ

χ
V

χ

ψ

χ

χ

V
χ

ψ

χ

χ

<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>

✓

χ

ψ

χ

χ

<latexit sha1_base64="BlR40baXOGs82CuAJvqsPpnQZvI=">AAACEnicbVDLSgMxFM3UV62vUXHlJlgEF1pmpKgboejGZQX7gM4wZDKZNjTJDElGKEP/wh9wq3/gTtz6A/6A32Gm7UJbDwQO59yTezlhyqjSjvNllZaWV1bXyuuVjc2t7R17d6+tkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8LfzOI5GKJuJBj1Lic9QXNKYYaSMF9sH1GfVOPWYSEQpyT3Ko5Tiwq07NmQAuEndGqmCGZmB/e1GCM06Exgwp1XOdVPs5kppiRsYVL1MkRXiI+qRnqECcKD+fnD+Gx0aJYJxI84SGE/V3IkdcqREPzSRHeqDmvUL810tp8eHcdh1f+TkVaaaJwNPlccagTmDRD4yoJFizkSEIS2ruh3iAJMLatFgxxbjzNSyS9nnNvajV7+vVxs2sojI4BEfgBLjgEjTAHWiCFsAgB8/gBbxaT9ab9W59TEdL1iyzD/7A+vwBTxydtQ==</latexit>

= �i�tr

_nχ þ 3Hnχ ¼ hσvitrnχn
eq
ψ − hσviann2χ : ð1Þ

Here, neqψ is the number density of ψ in equilibrium,H is the
Hubble rate, and hσvitr (hσvian) is the cross section for the
process χψ → χχ (χχ → χψ), averaged over the phase
space of the initial state. We assume that ψ is in equilibrium
with the SM heat bath; this equilibrium can be maintained,
for example, by rapid annihilations of ψψ to SM states. We
note that the zombie collisions of Refs. [17,33] involve a
similar process to Fig. 1, but the roles of the DM and bath
particles are reversed.
As long as neqχ ≫ nχ , we can neglect the second term on

the rhs of the above equation. Introducing xψ ≡mψ=T and
Yχ ≡ nχ=s, with s being the entropy density of the heat
bath, the solution of the Boltzmann equation is given by

YχðxψÞ ≃ Y0
χ exp

!Z
xψ

x0ψ

dx
x
PðxÞ

"
; ð2Þ

where

PðxÞ ¼ H̃−1neqψ hσvitr: ð3Þ

Here, Y0
χ denotes the DM abundance at some initial “time”

x0ψ , and we have defined H̃ ≡H=½1þ ð1=3Þdðlog gseffÞ=
dðlogTÞ&, where gseff encodes the entropy degrees of
freedom.
Equation (2) describes exponential growth of the DM

abundance, with growth rate P, as long as P0ðxÞ > 0.
For highly relativistic heat bath particles (with neqψ ∝ x−3ψ ),
this is automatically achieved for hσvitr ¼ ðσvÞ0trxkψ , with
ðσvÞ0tr ≃ const: and k > 1, i.e., infrared (IR) dominated
transformation processes since H ∝ x−2ψ . Later, once the
heat bath particles become nonrelativistic, exponential
growth will inevitably come to an end for any value of
k due to the Boltzmann suppression of neqψ , leading to an
asymptotically flat YχðxψÞ. Parametrically, we thus find

Yfinal
χ ∼ Y0

χ exp
!

λ'
k − 1

xk−1ψ ;NR

"
ð4Þ

for the final DM abundance, where xψ ;NR ∼ 3 and

λ' ∼ 6 × 10−2gψg
−1
2

effmψmPlðσvÞ0tr, with geff the energy
degrees of freedom and mPl the Planck mass.
We confirm this expectation in Fig. 2, where we show

(with solid lines) the full solution of Eq. (1), adopting for
illustration a constant amplitude jMtrj2 ¼ λ2tr, which is
realized if χ and ψ are real scalars with interaction
L ⊃ ðλtr=3!Þψχ3. We calculate, for simplicity, hσvitr for
a Maxwell-Boltzmann distribution [34], leaving a deter-
mination of its precise phase space distribution for future
work; this leads to hσvitr ∝ T−2 for T ≫ mχ, mψ . Starting
from an initial value of the DM abundance (indicated by the

dashed lines), the onset of exponential growth is clearly
visible as P becomes larger than ∼0.2 for xψ ≳ 0.01 until it
stalls because P is heavily suppressed again for xψ ≳ 5. The
figure also illustrates an attractive feature of exponential
growth from a phenomenological point of view: the
coupling strength required to match the observed DM relic
abundance is only logarithmically sensitive to the initial
abundance. In the examples shown here, e.g., decreasing
the initial abundance by 4 orders of magnitude (from the
green to the red line) is compensated by a mere increase of
about 22% in λtr.
Exponential growth in nature.—It is intriguing how

closely the evolution of the DM abundance in Fig. 2
mimics other well-known examples of exponential growth
in nature—like, for example, the progression of an illness
after an initial outbreak. In fact, we can formalize this
analogy by referring to the SIR (susceptible, infected, and
recovered) epidemiological model [35], where the number
of infected individuals, I, evolves according to

_I ¼ βSI − γI; ð5Þ

with S the number of susceptible individuals and β and γ
the infection and recovery rates, respectively. We recognize
that this is simply Eq. (1), in the limit nχ ≪ neqχ , after
identifying I ↔ nχ , S ↔ neqψ , β ↔ hσvitr, and γ ↔ 3H.
This mathematically exact correspondence motivates us to
further introduce

FIG. 2. Top: Number density of χ relative to the entropy density
of the heat bath (solid lines) for mχ ¼ 1 GeV, mψ ¼ 2 GeV and
different values of the transformation coupling λtr . For each value
of λtr , we fix the initial abundance of χ (dashed lines) such that
the final abundance corresponds to the observed DM density.
Bottom: R value corresponding to the abundance evolution in the
top panel.
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Signals ?
Necessarily model-dependent
‘Pandemic DM’ describes a class of models, just like ‘WIMP’ does 

Thermal Production of DM

    is itself a thermal relic (freeze-out!)  

Example: Higgs portal coupling
<latexit sha1_base64="n2GnWIrqMk/7KX3n2NJ9svhr5BI="></latexit>

L � 1

2
�h |H|2  2

χ

ψ

χ

χ

χ

ψ
V

χ

χ
V

χ

ψ

χ

χ

V
χ

ψ

χ

χ

<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>

✓

ψ

χ

χ

χ

2

10
2

10
3

10
4

m� [GeV]

10
�6

10
�5

�
tr

freeze-in

exponential

growth

⌧�
<

2.
4
⇥ 10

24 s

⌧�
<

0.
8
⇥ 10

24 s

Higgs portal

m = mh/2

�fi s.t. �� = 0.8 �DM

�h s.t. � = 0.2 �DM

SM
SM

!
 
��
�

do
m

in
an

t

FIG. 2. Phenomenological consequences of a specific example
realization of exponential production, where  is coupled to
the SM via the Higgs portal in the regime of resonant annihi-
lations (m = mh/2). We fix �h = 3.9 ⇥ 10�4, giving 20%
of DM in  , and choose �fi for each m� and �tr such that �
provides 80% of the observed DM abundance. Green and blue
regions indicate which production mechanism dominates the
�-abundance. Red lines (and the hatched area) show where
CMB signatures can naturally be expected. Within the light
blue region, freeze-in via hh !  ��� dominates the initial �
abundance over �� !   , thus generically leading to over-
production of DM.

may be tested by CMB-S4 with the hatched area and red

lines in Fig. 2. For m� < m +mh = (3/2)mh, the Higgs

can only be produced o↵-shell, resulting in a significant

suppression of the decay width and hence the absence of

CMB limits in this parameter range.
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 (Torsten Bringmann) DM production from thermal bath ‒ ￼18

Further model building
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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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FIG. 3. As in Fig. 2, but now with a vanishing initial DM
abundance and, on top of the transformation interaction,
freeze-in production based on a constant matrix element. The
coupling �fi for the latter is chosen such that the final abun-
dance of � corresponds to the observed DM density. Dashed
lines show the would-be abundance from freeze-in alone (when
setting �tr = 0, for which �fi ⇡ 5.81 ⇥ 10�11 would give
⌦DMh2 = 0.12).

the inflaton or other heavy particles [38] – but could also
be related to more exotic examples like false vacua after
a phase transition in the dark sector [39, 40] or by the
evaporation of black holes. Common to all these scenar-
ios is that the final DM abundance is independent of how
exactly the initial abundance is set: the only phenomeno-
logically relevant input is the DM abundance at the onset
of the era of exponential growth, thus providing a direct
map to the generic situation depicted in Fig. 2.

In the second class of relevant scenarios, the initial and
exponential phases of DM production are intertwined.
This is particularly relevant for IR dominated freeze-in
rates [23] that are too small to explain the observed DM
abundance without a subsequent phase of exponential
growth. A nice feature of the mechanism proposed here is
in fact that a non-vanishing freeze-in contribution due to
the transformation coupling �tr is automatically built-in,
as discussed below. In general, the Boltzmann equation
including 2 ! 2 freeze-in processes becomes

ṅ� + 3Hn� ' h�vitr n�n
eq
 + h�vifi (neq

 )2 , (7)

where h�vifi is the total cross-section for   ! �� and
  ! � . Since n

eq
 � n�, a necessary condition for

transformation processes to be non-negligible compared
to traditional freeze-in is thus h�vifi ⌧ h�vitr. Once
the two terms on the r.h.s. of the above equation are of
a similar size, on the other hand, � ! �� will very
quickly take over due to the exponential growth of n�.

FIG. 4. Phase diagram of transformation (�tr) and freeze-in
(�fi) couplings that can result in the correct DM abundance,
for a fixed mass ratio m /m� = 1.2. Colored regions indicate
the respective mechanism that is responsible for thermal pro-
duction, while dashed lines show the required value of m�.
Gray regions would require a new heat bath particle  too
light to be compatible with constraints from BBN [41]. In
the light blue region an additional 2 ! 4 freeze-in contribu-
tion is expected.

We show the evolution of the DM abundance for this
scenario in Fig. 3, assuming for simplicity that all ampli-
tudes are constant. We also choose the same masses and
transformation couplings as in Fig. 2, to facilitate com-
parison. Instead of fixing the initial abundance, however,
we now fix the freeze-in coupling to result in the cor-
rect relic abundance (thus taking a vanishing DM abun-
dance as the initial condition). The above discussed three
phases – freeze-in, transformation, and the final flatten-
ing of the abundance evolution curve – are clearly visible
in the figure. We stress that this brings a new perspec-
tive to the widely studied freeze-in mechanism, which can
trigger a subsequent phase of exponential growth in a
rather natural way. It therefore becomes possible to sat-
isfy the relic density constraint with significantly smaller
couplings �fi than generally assumed, opening up new pa-
rameter space where freeze-in is relevant for setting the
DM energy density.

To further illustrate the last point we show in Fig. 4 a
full ‘phase diagram’ of the combination of couplings �tr

and �fi that allow the production of DM from the heat
bath, for a fixed mass ratio of m /m� = 1.2. At each
point in this plane, we thus adjust the mass m� such
that ⌦DMh

2 = 0.12 (with dashed lines indicating iso-
contours of m�). Depending on the couplings, the relic
abundance can be set via di↵erent mechanisms. In the
green (red) region, the relic is mainly set via freeze-in
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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: oscillations with active 
neutrinos, combined with CC and NC scatterings

Dodelson & 
Widrow, PRL ‘94

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

Fig.: Abazajian+, 2203.7377
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 (Torsten Bringmann) DM production from thermal bath ‒ ￼20

Sterile neutrinos — a new life ?
TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630 

Simply 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
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Initial condition: 
Dodelson-Widrow; 

Thermalization with
μs = μϕ/2 ≃ − 15Ts

Exponential growth

Early times (~QCD PT): standard DW production
Adopt resulting number & energy density as initial condition

from Asaka, Laine & Shaposhnikov, JHEP ‘15 

    Use Boltzmann equations

2

FIG. 1. Rate comparison (as function of T ) for all relevant
processes, for one benchmark point. [TB: Range of x axis
should be same in both figures. Maybe use a thick black
line for 3Hn (or something else for better discrimination from
interaction rates)?] [TB: DISCUSS constant factor between
1 ! 2 and 2 ! 2...!] [TB: Finally: what about dividing
everything by ns, such that rates can actually be stated in
1/2 or keV?]

⌫
s
M ⌘ ⌫

s
L +⌫

s
L

c. The model symmetries also allow a term
L � �`

↵
LY↵H⌫

s
L

c, where `
↵
L and H are the SM lepton

and Higgs doublets, respectively. After electroweak sym-
metry breaking this term contributes to (or creates) the
off-diagonal mass m↵s in Eq. (1). We will concentrate
on the case of heavy mediators, m� > 2 ms, for most of
this letter, but later also briefly discuss phenomenological
consequences of allowing for lighter mediators.

We further assume, for simplicity, that ⌫s dominantly
mixes with only one active neutrino species ⌫

a, and that
m

s � m
a. Expressed in mass eigenstates, which for

ease of notation we denote by the same symbols as prior
to diagonalization, the interactions of the mediator then
take the following form:

Lint
� =

y

4
�
�
cos2✓⌫s

L⌫
s
L

c+sin 2✓ ⌫
a
L⌫

s
L

c+sin2
✓ ⌫

a
L⌫

a
L

c�+h.c. ,
(2)

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

Evolution of ⌫s number density.— For an initially
vanishing abundance, in particular, the interactions in

FIG. 2. Evolution of number density for different parameter
values (one of them as in Fig. 1)

Eq. (2) only allow freeze-in production of ⌫s. While this
scales as / sin4

✓, active-sterile neutrino oscillations at
temperatures above and around ⇤QCD ⇠ 150 MeV, in
combination with neutral and charged current interac-
tions with the SM plasma, lead to a production rate scal-
ing as / sin2(2✓) [3]. Adopting results from Ref. [4], we
thus take the ⌫s number density, ns, and energy density,
⇢s ⇠ hpins, that result from the Dodelson-Widrow (DW)
mechanism. Once DW production is negligible, and in
the absence of dark sector interactions, the expansion of
the universe will decrease these quantities as ni / a

�3

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

Some time later, elastic scatterings and in particular
the (inverse) decays � $ ⌫s⌫s thermalize the dark sec-
tor for most of the parameter space we are interested in
here. The phase-space distribution functions of ⌫s and �

are therefore of Fermi-Dirac/Bose-Einstein type and can
be described by a common dark-sector temperature Td

as well as chemical potentials µs and µ� (initially with
2µs = µ�). Similar to the situation of freeze-out in a
dark sector [5], the evolution of these quantities is deter-
mined by a set of Boltzmann equations for the number
densities ns,� and total dark sector energy density ⇢:

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 pressure and we state the various collision opera-
tors Ci explicitly in Ref. [? ]. The initial conditions
to the above system of differential equations is given as
described above, noting that ⇢ / a

�4 and ns+2n� / a
�3

to solve for
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Td(T ), µs(T ), µ�(T )

Soon afterwards: efficient dark sector thermalization
          follow FD/BE distributions with large (negative) chemical potentials 
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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

L � �
1

2
⌫sms⌫

c
s �

1

2
⌫↵m↵s⌫

c
s �

1

2
⌫sms↵⌫

c
↵

�
1

2
⌫↵m↵⌫

c
↵ +

y

2
⌫s�⌫

c
s + h.c. , (1)

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
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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

L � �
1

2
⌫sms⌫

c
s �

1

2
⌫↵m↵s⌫

c
s �

1

2
⌫sms↵⌫

c
↵

�
1

2
⌫↵m↵⌫

c
↵ +

y

2
⌫s�⌫

c
s + h.c. , (1)

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
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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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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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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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Sterile neutrinos — a new life !
TB, Depta, Hufnagel, Kersten, Ruderman & Schmidt-Hoberg, arXiv:2206.10630 
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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.

New parameter space below DW line
Bounded from above and below
Significant parts are (or will be) in observational reach
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FIG. 5. Same as Fig. 3 in the main text, but for m� = 5ms.

Other mass ratios.— In the main text we already dis-
cussed the general impact of changing the mass ratio of
m�/ms = 3 that we chose for defining our benchmark
points, as well as for illustrating the newly opened param-
eter space for sterile neutrino DM in Fig. 3. In Fig. 5 we
further complement this discussion by explicitly showing
the situation for m�/ms = 5. We note that, apart from
the general strengthening or weakening of constraints dis-
cussed in the main text, the Lyman-↵ forest constraint on
the sound horizon first becomes stronger when increas-
ing from very small mixing angles, against what would be
expected from a later kinetic decoupling due to a larger
Yukawa y. This feature can be explained by the fact that
at larger y also the process ⌫s⌫s ! �� is more important,
which can decrease Td (after the decays of �) and thereby
lower the speed of sound.

Collision operators.— Here we provide explicit ex-
pressions for the types of collision operators that we used
in our analysis. As discussed in the main text, we can
restrict ourselves to 1 ! 2, 2 ! 1, and 2 ! 2 interac-
tions. We always state the collision operators Cn for the
number density of some particle � 2 {⌫s, �} from a given
reaction, assuming that � appears only once in the initial
state (for an appearance in the final state the expressions
need to be multiplied by �1). Multiple occurences can
be treated by summation over the corresponding expres-
sions, and the total collision operator is given by the sum
over all possible processes. We do not state explicitly the
collision operators C⇢ for the energy density; these can
be obtained in the same way as the Cn, after multiplying
the integrand with the energy E� of �.

We assume CP -conservation for all reactions and de-
note particles by numbers i 2 {1, 2, 3, 4} (� being one

of the particles i), four-momenta by pi, three-momenta
by pi, absolute values of three-momenta by pi, and ener-
gies by Ei =

p
m

2
i + p

2
i , where mi is the particle’s mass.

The matrix elements in our expressions are summed over
the initial- and final-state spin degrees of freedom. As
the dark sector is in general not non-relativistic (or satis-
fies µ ⌧ �Td), we fully keep spin-statistical factors and
the complete Fermi-Dirac or Bose-Einstein distributions
everywhere. This is particularly important for scenar-
ios where the reaction ⌫s⌫s ! �� is relevant (roughly
y & 4⇥10�4 in Fig. 3, cf. dashed lines in Fig. 2) and can
lead to a change in the final sterile-neutrino abundance
by more than two orders of magnitude compared to a
simplified treatment assuming Boltzmann distributions
and no Pauli blocking or Bose enhancement.1

Starting with inverse decays, 12 ! 3, the collision op-
erator for the number density takes the form

Cn,12!3

12!3
=

Z
d3

p1

(2⇡)32E1

d3
p2

(2⇡)32E2

d3
p3

(2⇡)32E3
(2⇡)4

⇥ �(p1 + p2 � p3)f1f2(1 ± f3)|M12!3|
2

=
1

4(2⇡)3

Z 1

m1

dE1

Z

R2

dE3

⇥ f1f2(1 ± f3)|E3=E1+E2 |M12!3|
2
, (6)

R2 = {E2 � m2 | E2,�  E2  E2,+} , (7)

E2,± =
1

2m
2
1

 
E1[m

2
3 � m

2
1 � m

2
2] (8)

± p1

q
m

4
3 + (m2

1�m
2
2)

2 � 2m
2
3(m

2
1+m

2
2)

!
,

where the symmetry factor 12!3 = 1/2 if particles 1
and 2 are identical and 12!3 = 1 if not, and the phase-
space distribution functions are denoted by the fi (with
± denoting Bose enhancement/Pauli suppression if 3 is
a boson/fermion, analogously for other particles hence-
forth). Similarly, for the reverse reaction 3 ! 12, we
find

Cn,3!12

3!12
=

1

4(2⇡)3

Z 1

m1

dE1

Z

R2

dE3

⇥ f3(1 ± f2)(1 ± f1)|E3=E1+E2 |M12!3|
2
. (9)

Turning to 2-to-2 reactions, with particle identifica-
tions 12 ! 34, the collision operator for the number den-
sity is given by

Cn,12!34

12!34
=

Z
d3

p1

(2⇡)32E1

d3
p2

(2⇡)32E2

d3
p3

(2⇡)32E3

d3
p4

(2⇡)32E4

⇥ (2⇡)4�(p1 + p2 � p3 � p4)

⇥ f1f2(1 ± f3)(1 ± f4)|M12!34|
2
, (10)

1 Due to the exponential dependence on y, this however only
changes the required value of y for the correct DM abundance
by a few percent.

Larger mediator masses widen possible window 
for sterile neutrino dark matter
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Maybe this even brings new life 
to sterile neutrino DM ?!

3

100 101 102

ms [keV]

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

si
n

2
(2

�)
y = 10�6

10�5

10�4

10�3

10�2

Ly-↵

self-interactions

Dodelson-Widrow

X-rays

�
sh 2

> 0.12eR
O
SITA

Athena

eXTP

m� = 2.5ms
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• discuss relevant rates, refer to Fig. 1

• describe Fig. 2: evolution of Y

Observational constraints.—

• X-ray

• WDM / Ly-↵

• active ⌫ flux depression (� production on DM at
rest)

• anything else ?

Re-assessing the parameter space for sterile neutrino

DM.—

• describe scan setup

• describe Fig. 3

Discussion.—

• Discussion of mass range:

– m� < ms  � is DM, but unsta-
ble/decaying (� ! ⌫̄⌫). NB: For very small
yukawas/mixings, ⌫s could also be DM (tree-
level decay!?)

– 2ms > m� > ms  exponential growth with
log ns / y

4; but log ⇢ / y
2. Problem: self-

interaction constraints + huge energy density
(WDM constraints). Way out: scalar poten-
tial  number violations  cannibalism /
2 ! 4.

FIG. 4. a) ??? y vs. m�. Relic fixes ✓. Mass ratio as only
free parameter (only one example mass). b)??? mass ratio
vs. ms. ✓ just below bounds, y fixed by relic density.

– m� > 2ms  exponential growth with
log ns / y

2

– m� � 2ms  production IR-dominated  
thermalization at high T (update: not true –
� / T

2 only for T . m� !)

• scalar potentials

• mention further model-building options, in partic-
ular gauge interactions
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Conclusions
There are a handful of 
generic ways of DM genesis 
from the primordial heat bath             
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Pandemic dark matter is a novel such mechanism. 
Mathematical analogy to spread of diseases works almost scarily well
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DarkSUSY

http://
darksusy.hepforge.org

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

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

Module ...

..

.

Module generic_wimp
libds_generic_wimp.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Possible (but not used) calling
Calling sequence

Main DS 
library
src/
libds_main.a

Observables 
(rates, relic 
density etc)

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

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

TB, Edsjö, Gondolo, 
Ullio & Bergström,  

JCAP ‘18

since 6.1: DM self-interactions

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

Since version 6: 
no longer restricted to 
supersymmetric DM !

since 6.2: ‘reverse’ direct detection 
(incl. full Q2 -dependent scattering!)

since 6.3: freeze-in
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