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In these notes we complement the discussion in the

main text with additional, more technical information

about the scenario that we study.

Chemical potentials.— In the main text, in Fig. 2,

we showed and discussed the evolution of the dark sector

temperature and number densities for the two benchmark

points specified in Tab. I. Here we complement in partic-

ular the discussion of the number densities by directly

showing, in Fig. 1, the evolution of the chemical poten-

tials µs and µ� for these benchmark points. In both

cases, DW production leads to an abundance of sterile

neutrinos with average momentum of the same order of

magnitude as the SM neutrino temperature at the time

of production, but a highly suppressed number density

compared to the SM neutrino density. This leads to a

large negative chemical potential µs = µ�/2 ⌧ �Td af-

ter thermalization in the dark sector. For BP1 (solid

lines) this only changes when the exponential growth of

the dark sector abundance starts.

For BP2 (dashed lines) the process ⌫s⌫s ! �� be-

comes important around ms/T⌫ ⇠ 0.01, which increases

the abundance by effectively converting 2⌫s ! 4⌫s (see

main text). This transformation of kinetic energy to rest

mass decreases the temperature and very efficiently in-

creases the chemical potential. If equilibrium with the

inverse reaction �� ! ⌫s⌫s was to be established (enforc-

ing µ� = µs) this would eventually result in a vanishing

FIG. 1. Evolution of the chemical potentials µs and µ� for the

benchmark points BP1 (solid lines) and BP2 (dashed lines)

discussed in the main text.
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FIG. 2. Same as Fig. 3 in the main text, but for m� = 5ms.

chemical potential (since µ� = 2µs is still enforced by

⌫s⌫s $ ��). This point is never quite reached for BP2,

however, because � becomes Boltzmann suppressed due

to Td ⌧ m� before that could happen.

Other mass ratios.— In the main text, we already

discussed 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 pa-

rameter space for sterile neutrino DM in Fig. 3 (of the

main text). In Fig. 2 we further complement this discus-

sion by explicitly showing the situation for m�/ms = 5.

We note that, apart from the general strengthening or

weakening of constraints discussed in the main text, the

Lyman-↵ forest constraint on the sound horizon first be-

comes stronger when increasing from very small mixing

angles, against what would be expected from an earlier

kinetic decoupling due to a smaller Yukawa y. This fea-

ture can be explained by the fact that at larger y also

the process ⌫s⌫s ! �� is more important, which can de-

crease 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
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Ruderman & Schmidt-Hoberg, PRL ‘21
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Part I

Dark matter production 
from the thermal bath

⌦CDMh2 = 0.1188± 0.0010
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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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Correct relic abundance in two regimes:

Fig: Bernal+, IJMP ’17

observed DM abundance
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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‘Generic’ interactions with 
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="zHgPUG63CHdqsfEFU6uptB31bBw=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSlJEXUnBjcsK9gFtLJPpTTt0MgkzN0IpXfoDbvUP3IlbP8Qf8DuctFlo64ELh3PuixMkUhh03S9nZXVtfWOzsFXc3tnd2y8dHDZNnGoODR7LWLcDZkAKBQ0UKKGdaGBRIKEVjG4yv/UI2ohY3eM4AT9iAyVCwRlaqd3FISB7qPZKZbfizkCXiZeTMslR75W+u/2YpxEo5JIZ0/HcBP0J0yi4hGmxmxpIGB+xAXQsVSwC409m/07pqVX6NIy1LYV0pv6emLDImHEU2M6I4dAsepn4r5eIbOHCdQyv/IlQSYqg+Px4mEqKMc0CoX2hgaMcW8K4FvZ/yodMM442tqINxluMYZk0qxXvouLenZdr13lEBXJMTsgZ8cglqZFbUicNwokkz+SFvDpPzpvz7nzMW1ecfOaI/IHz+QM975hM</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="zHgPUG63CHdqsfEFU6uptB31bBw=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSlJEXUnBjcsK9gFtLJPpTTt0MgkzN0IpXfoDbvUP3IlbP8Qf8DuctFlo64ELh3PuixMkUhh03S9nZXVtfWOzsFXc3tnd2y8dHDZNnGoODR7LWLcDZkAKBQ0UKKGdaGBRIKEVjG4yv/UI2ohY3eM4AT9iAyVCwRlaqd3FISB7qPZKZbfizkCXiZeTMslR75W+u/2YpxEo5JIZ0/HcBP0J0yi4hGmxmxpIGB+xAXQsVSwC409m/07pqVX6NIy1LYV0pv6emLDImHEU2M6I4dAsepn4r5eIbOHCdQyv/IlQSYqg+Px4mEqKMc0CoX2hgaMcW8K4FvZ/yodMM442tqINxluMYZk0qxXvouLenZdr13lEBXJMTsgZ8cglqZFbUicNwokkz+SFvDpPzpvz7nzMW1ecfOaI/IHz+QM975hM</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>
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<latexit sha1_base64="6PxL1pE9QYX7I3B6CHZJl3hM31U=">AAACFnicbZC7TsMwFIadcivlFmBCLBYVElOVAIKOlVgYi0QvUhMix3Vaq45jbAepiipegxdghTdgQ6ysvADPgdNmgJYjWfr0/+f42H8oGFXacb6s0tLyyupaeb2ysbm1vWPv7rVVkkpMWjhhieyGSBFGOWlpqhnpCklQHDLSCUdXud95IFLRhN/qsSB+jAacRhQjbaTAPuCBh4fUYwwaEoreZZ6MIbmfBHbVqTnTgovgFlAFRTUD+9vrJziNCdeYIaV6riO0nyGpKWZkUvFSRQTCIzQgPYMcxUT52fQLE3hslD6MEmkO13Cq/p7IUKzUOA5NZ4z0UM17ufivJ2h+4dx2HdX9jHKRasLxbHmUMqgTmGcE+1QSrNnYAMKSmvdDPEQSYW2SrJhg3PkYFqF9WnMvamc359VGvYioDA7BETgBLrgEDXANmqAFMHgEz+AFvFpP1pv1bn3MWktWMbMP/pT1+QM4HZ/P</latexit>

n� ⌧ neq
 

‘Pandemic’ dark matter Aside: SIR Model

I = # infected 
S = # susceptible 
β = infection rate 
γ = recovery rate

<latexit sha1_base64="QI1Q2v+Wo2KdvetPWu/MVCPZhn0="></latexit>

İ = �SI � �I

<latexit sha1_base64="9nABlVg9e8wsyb8n9QrrZ0yxPLE="></latexit>

R =
�S

�
• reproduction number:

exponential growth if:
<latexit sha1_base64="3NYc8kL9mfEqvVTs5Tw2xAJ61HU=">AAACDXicbVDLTgIxFL2DLxxfqEs3jYTEFZlRo64M0Y1LNA6QwIR0Oh1o6DzSdohkwjew1Q9xZ9z6DX6HP2CBWQh4kiYn59zbnh4v4Uwqy/o2CmvrG5tbxW1zZ3dv/6B0eNSQcSoIdUjMY9HysKScRdRRTHHaSgTFocdp0xvcT/3mkArJ4uhZjRLqhrgXsYARrLTkPKFbZHdLZatqzYBWiZ2TMuSod0s/HT8maUgjRTiWsm1biXIzLBQjnI7NSieVNMFkgHu0rWmEQyrdbJZ2jCpa8VEQC30ihWaq+Wcjw6GUo9DTkyFWfbnsTcX/vHaqghs3Y1GSKhqR+UNBypGK0fTryGeCEsVHmmAimA6LSB8LTJQuaOEmf8gSmad+mcc2dUv2cierpHFeta+qF4+X5dpd3lcRTuAUzsCGa6jBA9TBAQIMJvAKb8bEeDc+jM/5aMHId45hAcbXL8w3m6A=</latexit>

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

<latexit sha1_base64="Xyu5bHLbMHXuVfNE2o/25Rvxizw=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSKISJhYrXVXdKO7CvYBbSiT6aQdOnkwMxFKyD/4G/6AW/0Dd6JLN36HkzSCth64cDjnvjhOyKiQEH5ohYXFpeWV4mppbX1jc0vf3mmJIOKYNHHAAt5xkCCM+qQpqWSkE3KCPIeRtjO+Sv32PeGCBv6dnITE9tDQpy7FSCqprx/FvWxJlw8dO4bmGbQuqvAYmjBDRmpWxUpukr5e/pGNeWLlpAxyNPr6V28Q4MgjvsQMCdG1YCjtGHFJMSNJqRcJEiI8RkPSVdRHHhF2nL2TGAdKGRhuwFX50sjU3xMx8oSYeI7q9JAciVkvFf/1QpounLku3ZodUz+MJPHx9LgbMUMGRhqaMaCcYMkmiiDMqfrfwCPEEZYq2pIKxpqNYZ60TkyralZuT8v1yzyiItgD++AQWOAc1ME1aIAmwOABPIFn8KI9aq/am/Y+bS1o+cwu+APt8xthRKJx</latexit>

I

<latexit sha1_base64="18JY2qUeIHdOHF5P0yhHgdtfKhE=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVl047JF+4A2lMn0ph06mYSZiVBC/QG3+gfuxK3/4g/4HU7aLLT1wIXDOffF8WPOlHacL6uwsrq2vlHcLG1t7+zulfcPWipKJMUmjXgkOz5RyJnApmaaYyeWSEKfY9sf32Z++xGlYpF40JMYvZAMBQsYJdpIjft+ueJUnRnsZeLmpAI56v3yd28Q0SREoSknSnVdJ9ZeSqRmlOO01EsUxoSOyRC7hgoSovLS2aNT+8QoAzuIpCmh7Zn6eyIloVKT0DedIdEjtehl4r9ezLKFC9d1cO2lTMSJRkHnx4OE2zqysyTsAZNINZ8YQqhk5n+bjogkVJu8SiYYdzGGZdI6q7qX1fPGRaV2k0dUhCM4hlNw4QpqcAd1aAIFhGd4gVfryXqz3q2PeWvBymcO4Q+szx/qkZVe</latexit>

S
 # infected individuals

 # susceptible individuals

 # recovered   
<latexit sha1_base64="Th0INDnpXhpoHreCwYOA3cDplLg=">AAACEXicbVBJTsMwFHXKVMoUhh0biwqpLFolgIANUgUb2JWhg9RGleO6rVXbiWwHqUQ9BRdgCzdgh9hyAi7AOXDaLKDlSZae3vuTnx8yqrTjfFmZufmFxaXscm5ldW19w97cqqkgkphUccAC2fCRIowKUtVUM9IIJUHcZ6TuDy4Tv/5ApKKBuNfDkHgc9QTtUoy0kdr2TuH2PG5JDnWgR7B4B4vw+qBt552SMwacJW5K8iBFpW1/tzoBjjgRGjOkVNN1Qu3FSGqKGRnlWpEiIcID1CNNQwXiRHnx+PoR3DdKB3YDaZ7QcKz+7ogRV2rIfVPJke6raS8R//VCmgyc2q67Z15MRRhpIvBkeTdi5vswiQd2qCRYs6EhCEtq7oe4jyTC2oSYM8G40zHMktphyT0pHd0c58sXaURZsAv2QAG44BSUwRWogCrA4BE8gxfwaj1Zb9a79TEpzVhpzzb4A+vzBzwTm9o=</latexit>

(R = tot� S � I)
<latexit sha1_base64="8eDb1k9eO0Y7pwnWAZL0QaVZKJI=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLoxmUr9gFtKJPpTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y0WWjrgQuHc+6L48ecKe04X1ZhbX1jc6u4XdrZ3ds/KB8etVWUSIotGvFIdn2ikDOBLc00x24skYQ+x44/uc38ziNKxSLxoKcxeiEZCRYwSrSRmveDcsWpOnPYq8TNSQVyNAbl7/4wokmIQlNOlOq5Tqy9lEjNKMdZqZ8ojAmdkBH2DBUkROWl80dn9plRhnYQSVNC23P190RKQqWmoW86Q6LHatnLxH+9mGULl67r4NpLmYgTjYIujgcJt3VkZ0nYQyaRaj41hFDJzP82HRNJqDZ5lUww7nIMq6R9UXVr1VrzslK/ySMqwgmcwjm4cAV1uIMGtIACwjO8wKv1ZL1Z79bHorVg5TPH8AfW5w/p75Vg</latexit>

R
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_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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But… how ?
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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-

Most easily by adding a dark sector mediator and mass mixing :

3

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

How to generically realize                         ? 
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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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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM (left) the right-
handed partners of neutrinos are absent. In the νMSM (right) all fermions have both left and right-handed
components.
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Figure 2: The admitted values of the Yukawa couplings of sterile neutrinos as a function of their seesaw
Majorana masses.

ThemassesM and Yukawa couplings Y of new leptons remain largely unknown. Basi-
cally, M can have any value between zero (corresponding to Dirac neutrinos) and 1016 GeV,
whereas Y can vary from 10−13 (Dirac neutrino case) to ∼π (the onset of the strong coupling).
The admitted region is sketched in Figure 2.

Independently on their mass, the new Majorana leptons can explain oscillations of
active neutrinos. So, an extra input is needed to fix their mass range. It can be provided by
the LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125-
126GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close
to the lower limit on the Higgs mass coming from the requirement of the absolute stability of
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Sterile neutrinos

but still interact through the neutrino portal 

1
Introduction

When Wolfgang Pauli proposed the existence of neutrinos in 1930, he called them a “des-
perate remedy” and considered them undetectable [1, 2]. Nowadays, particle physics has
come a long way: experimentalists detect neutrinos on a daily basis, and theorists intro-
duce new “invisible” particles at the same rate, showing sometimes the same desperation
as Pauli, but with much fewer qualms. Among the most popular invisible particles found
in the literature are sterile neutrinos: Standard Model singlet fermions that interact with
ordinary matter only through mixing with the neutrinos. (The denomination “neutrino”
refers to their fermionic nature and their electric charge neutrality, the adjective “sterile”
indicates their neutrality under weak interactions.)

Sterile neutrinos are the topic of this review article, with particular focus on relatively
light (eV-scale) sterile states. Sterile neutrinos are theoretically well-motivated, with the
main arguments in their favor being the following:

1. Singlet fermions naturally appear in the dark sector. There is overwhelming evi-
dence for the existence of new, extremely weakly interacting particles in the Universe
that constitute about 80% of its total matter content. Given strong experimental
constraints on this “dark matter”, it very likely does not carry Standard Model
gauge charges. In most models, the dark matter particle comes with a “dark sector”
of additional Standard Model singlet particles. Any dark sector fermion will mix
with neutrinos, unless the corresponding coupling – a Yukawa coupling of the form

L � y (i�2
H

⇤)LN (1.1)

is forbidden by extra symmetries.1 In fact, the dark matter itself could be in the
form of sterile neutrinos.

2. The neutrino portal coupling from eq. (1.1) is the only possible renormalizable
coupling between SM particles and new singlet fermions. Observational constraints

1In our notation, L is a Standard Model lepton doublet, N is the sterile neutrino, H is the Higgs doublet,
�
2 is a Pauli matrix, and y is a dimensionless coupling constant. All fermions are interpreted as Weyl

spinors. See chapter 3 for details.
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= only possible renormalizable coupling between 
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Figure 3: This table shows whether a given choice of the mass of sterile neutrinos can explain neutrino
masses and oscillations, accommodate eV neutrino anomalies, lead to baryogenesis, provide a dark matter
candidate, ensure the stability of the Higgs mass against radiative corrections, and is directly searched at
some experiments.

interact too strongly to produce the baryon asymmetry of the Universe, not satisfying one
of the Sakharov conditions for baryogenesis.

The recent theory developments provide a guideline for the required experimental
sensitivity [22], whichwas absent at the timewhen the early experiments weremade. The aim
of the present work is to discuss the experimental signatures of the existence of these particles
and estimate the parameters of the experiment of beam-target type required to fully explore
the model parameter space if sterile neutrinos are lighter than D-mesons (see a proposal
submitted to European High Energy Strategy Group by Gorbunov and Shaposhnikov [23]).

The paper is organized as follows. In Section 2 we give the essential features of the
model and discuss the constraints on new particles. Section 3 is devoted to general descrip-
tion of experiments on searches for sterile neutrinos of masses in GeV range. In Section 4 we
present an estimate of sensitivity required to test the model and suggest the experimental
setup to accomplish the ultimate task. Section 5 contains conclusions.

2. The Model and Constraints on Properties of New Particles

The νMSM is described by the most general renormalizable Lagrangian of all the SM
particles and 3 singlet fermions. For the purpose of the present discussion we take away
from it the lightest singlet fermion N1 (the “dark matter sterile neutrino”), which is coupled
extremelyweakly to the ordinary leptons. In addition, we takeN2 andN3 degenerate inmass,
M2 = M3 = M. The approximate equality of the masses of N2,3 comes from requirement of
resonance production of the baryon asymmetry of the Universe. Then a convenient param-
eterization of the mass term and the interaction of N’s with the leptons of SM is given in
terms of three parameters (M, ϵ, η):

Lsinglet =
(
M
∑

mi

2v2

)1/2[ 1
√
ϵeiη

L2N2 +
√
ϵeiηL3N3

]
H̃ −MN2

c
N3 + h.c., (2.1)
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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM (left) the right-
handed partners of neutrinos are absent. In the νMSM (right) all fermions have both left and right-handed
components.
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Figure 2: The admitted values of the Yukawa couplings of sterile neutrinos as a function of their seesaw
Majorana masses.

ThemassesM and Yukawa couplings Y of new leptons remain largely unknown. Basi-
cally, M can have any value between zero (corresponding to Dirac neutrinos) and 1016 GeV,
whereas Y can vary from 10−13 (Dirac neutrino case) to ∼π (the onset of the strong coupling).
The admitted region is sketched in Figure 2.

Independently on their mass, the new Majorana leptons can explain oscillations of
active neutrinos. So, an extra input is needed to fix their mass range. It can be provided by
the LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125-
126GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close
to the lower limit on the Higgs mass coming from the requirement of the absolute stability of
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Right-handed neutrinos would 

be singlets under the SM gauge group 

‘complete the picture’
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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM (left) the right-
handed partners of neutrinos are absent. In the νMSM (right) all fermions have both left and right-handed
components.
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Figure 2: The admitted values of the Yukawa couplings of sterile neutrinos as a function of their seesaw
Majorana masses.

ThemassesM and Yukawa couplings Y of new leptons remain largely unknown. Basi-
cally, M can have any value between zero (corresponding to Dirac neutrinos) and 1016 GeV,
whereas Y can vary from 10−13 (Dirac neutrino case) to ∼π (the onset of the strong coupling).
The admitted region is sketched in Figure 2.

Independently on their mass, the new Majorana leptons can explain oscillations of
active neutrinos. So, an extra input is needed to fix their mass range. It can be provided by
the LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125-
126GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close
to the lower limit on the Higgs mass coming from the requirement of the absolute stability of
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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

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

Abazajian+, 2203.7377

X-ray lines
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Alternative production mechanisms

Shi-Fuller mechanism
Introduce large lepton asymmetry
resonant oscillation leads to 
enhanced production

Shi & Fuller, PRL ‘99

An excellent, well-motivated dark matter candidate 

origin ?

bounds from BBN                 

      X-ray & Lyman-α limits still quite close
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Many options, but maybe not really ‘minimal’…

warrants looking for alternative scenarios !

Decay of some scalar

Extended gauge sector

New (active) neutrino interactions

Shaposhnikov & Tkachev, PLB ‘06
Kusenko, PRL ‘06

Petraki & Kusenko, PRD ‘08
…

Bezrukov, Hettmansperger & Lindner, PRD ‘10
Kusenko, Takashashi & Yanagida, PLB ‘10

…

De Gouvêa+, PRL ‘20
Kelly+, PRD ‘20

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

| Dark Matter from Exponential Growth | Paul Frederik Depta | 30 May 2022
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ms = m¡/2.5 = 15 keV

sin2(2µ) = 1.5 £ 10°13

y = 2.44 £ 10°4

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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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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�

expect ~similar phenomenology for scalar and vector mediator…
What about sterile neutrino self-interactions ?

Interacting sterile neutrinos

 
Induces sharp resonance in Veff

Johns & Fuller, PRD ‘19

either no impact or runaway behaviour 

<latexit sha1_base64="zI8zvTd46CPlXUr2kiTSzQAkmis="></latexit>

m� > 1GeV, y ⇠ O(1)

 Hansen & Vogl, PRL ‘17

Growth in sterile neutrino density due to thermalization of dark sector
viable for a) small window around 4 keV, or b) further lepton asymmetry 

<latexit sha1_base64="yUXAWEXJqpPG3Q5zfkGRpI8UuCE="></latexit>

m� ⇠ 100 keV, y . 10�8

 This talk  

see also Astros & Vogl,  JHEP ’24 for discussion of  ‘entire’  scalar mass range

TB, Depta, Hufnagel, Kersten, Ruderman 
& Schmidt-Hoberg, PRD ’23 

<latexit sha1_base64="+Xrd5+BSQxg0AogHjN/dsX6vqys="></latexit>

10 keV ↭ mω > 2ms, y ↭ 10→6
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Production — phase 1  
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m� > 2ms                      , 

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?]
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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⌫↵ ! �

⇤
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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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2
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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
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✓
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2
sin 2✓ [⌫↵⌫

c
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c
↵]
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✓ ⌫↵⌫

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

2

⌫s

⌫s ⌫s

⌫s

� ⌫s

⌫s

⌫s
�

�

⌫↵

⌫s ⌫s

⌫s

�

(a) (b) (c)

FIG. 1. Relevant diagrams for (a) dark sector thermaliza-
tion, ⌫s⌫s ! �

⇤! ⌫s⌫s, (b) additionally increasing the dark
sector number density between DW production and exponen-
tial growth, ⌫s⌫s ! ��, and (c) exponential growth of DM,
⌫s⌫↵ ! �

⇤! ⌫s⌫s. Since � is (almost) on-shell for (a) and
(c), it is sufficient to include only the rates for ⌫s⌫s $ � and
⌫s⌫↵ ! �. See text for further details.

in different cosmological contexts before [36–61].
Motivated by these general considerations, we concen-

trate in the following on a single sterile neutrino ⌫s inter-
acting with a light scalar �, both singlets under the SM
gauge group. Assuming Majorana masses for ⌫s and the
active neutrinos, ⌫↵, the relevant Lagrangian terms are
given by
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1
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where repeated indices ↵ are summed over and ⌫↵ (⌫s)
are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, 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
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(1)
with ✓ ' m↵s/ms ⌧ 1. The unsuppressed couplings
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. (1) 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 cur-
rent interactions with the SM plasma, lead to a produc-
tion rate scaling as sin2

✓ [12]. Adopting results from

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.

Ref. [62], we use the ⌫s number density, ns, and energy
density, ⇢s ⇠ hpins, that result from this DW production.
Once it 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. (1) 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 [63], 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 , (2)
ṅ� + 3Hn� = Cn� , (3)

⇢̇ + 3H(⇢ + P ) = C⇢ , (4)

where H ⌘ ȧ/a is the Hubble rate, P = Ps + P� is
the total dark sector pressure, and Ci are the various
collision operators (see Appendix for details). With � $

⌫s⌫s in equilibrium, the chemical potentials are related
by 2µs = µ�, allowing us to replace the first two of the
above equations 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 [64], 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 behaviors:

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 tempera-
ture, is ⌫s⌫↵ ! � (left panel, light blue). This trig-
gers exponential growth in the abundance for both
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FIG. 1. Relevant diagrams for (a) dark sector thermaliza-
tion, ⌫s⌫s ! �

⇤! ⌫s⌫s, (b) additionally increasing the dark
sector number density between DW production and exponen-
tial growth, ⌫s⌫s ! ��, and (c) exponential growth of DM,
⌫s⌫↵ ! �

⇤! ⌫s⌫s. Since � is (almost) on-shell for (a) and
(c), it is sufficient to include only the rates for ⌫s⌫s $ � and
⌫s⌫↵ ! �. See text for further details.

in different cosmological contexts before [36–61].
Motivated by these general considerations, we concen-

trate in the following on a single sterile neutrino ⌫s inter-
acting with a light scalar �, both singlets under the SM
gauge group. Assuming Majorana masses for ⌫s and the
active neutrinos, ⌫↵, the relevant Lagrangian terms are
given by
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where repeated indices ↵ are summed over and ⌫↵ (⌫s)
are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, 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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(1)
with ✓ ' m↵s/ms ⌧ 1. The unsuppressed couplings
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. (1) 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 cur-
rent interactions with the SM plasma, lead to a produc-
tion rate scaling as sin2

✓ [12]. Adopting results from

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.

Ref. [62], we use the ⌫s number density, ns, and energy
density, ⇢s ⇠ hpins, that result from this DW production.
Once it 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. (1) 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 [63], 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 , (2)
ṅ� + 3Hn� = Cn� , (3)

⇢̇ + 3H(⇢ + P ) = C⇢ , (4)

where H ⌘ ȧ/a is the Hubble rate, P = Ps + P� is
the total dark sector pressure, and Ci are the various
collision operators (see Appendix for details). With � $

⌫s⌫s in equilibrium, the chemical potentials are related
by 2µs = µ�, allowing us to replace the first two of the
above equations 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 [64], 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 behaviors:

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 tempera-
ture, is ⌫s⌫↵ ! � (left panel, light blue). This trig-
gers exponential growth in the abundance for both
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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
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⌫↵m↵s⌫
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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

NB: This allows exact solution of Boltzmann equation!
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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

L
int
� =

y

2
�

✓
cos2✓ ⌫s⌫

c
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1

2
sin 2✓ [⌫↵⌫

c
s + ⌫s⌫

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

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

L
int
� =

y

2
�

✓
cos2✓ ⌫s⌫

c
s �

1

2
sin 2✓ [⌫↵⌫

c
s + ⌫s⌫

c
↵]

+ sin2
✓ ⌫↵⌫

c
↵

◆
+ h.c. , (2)

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

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

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

ms m� sin2(2✓) y

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

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

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

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

�3

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

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

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

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

⇢̇ + 3H(⇢ + P ) = C⇢ , (5)

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

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

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

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

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

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

(BP2 ), this leads to qualitatively different behaviour:

BP1 Here the only additional process (beyond � $

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

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

⇤! ⌫s⌫s, (b) additionally increasing the dark
sector number density between DW production and exponen-
tial growth, ⌫s⌫s ! ��, and (c) exponential growth of DM,
⌫s⌫↵ ! �

⇤! ⌫s⌫s. Since � is (almost) on-shell for (a) and
(c), it is sufficient to include only the rates for ⌫s⌫s $ � and
⌫s⌫↵ ! �. See text for further details.

in different cosmological contexts before [36–61].
Motivated by these general considerations, we concen-

trate in the following on a single sterile neutrino ⌫s inter-
acting with a light scalar �, both singlets under the SM
gauge group. Assuming Majorana masses for ⌫s and the
active neutrinos, ⌫↵, the relevant Lagrangian terms are
given by

L � �
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2
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sms⌫s � ⌫↵m↵s⌫s �
1

2
⌫↵m↵⌫

c
↵ +

y

2
⌫c

s�⌫s + h.c.,

where repeated indices ↵ are summed over and ⌫↵ (⌫s)
are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, 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
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cos2✓ ⌫c

s⌫s � sin(2✓) ⌫↵⌫s + sin2
✓ ⌫↵⌫

c
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�
+ h.c.

(1)
with ✓ ' m↵s/ms ⌧ 1. The unsuppressed couplings
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. (1) 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 cur-
rent interactions with the SM plasma, lead to a produc-
tion rate scaling as sin2

✓ [12]. Adopting results from

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.

Ref. [62], we use the ⌫s number density, ns, and energy
density, ⇢s ⇠ hpins, that result from this DW production.
Once it 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. (1) 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 [63], 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 , (2)
ṅ� + 3Hn� = Cn� , (3)

⇢̇ + 3H(⇢ + P ) = C⇢ , (4)

where H ⌘ ȧ/a is the Hubble rate, P = Ps + P� is
the total dark sector pressure, and Ci are the various
collision operators (see Appendix for details). With � $

⌫s⌫s in equilibrium, the chemical potentials are related
by 2µs = µ�, allowing us to replace the first two of the
above equations 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 [64], 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 behaviors:

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 tempera-
ture, is ⌫s⌫↵ ! � (left panel, light blue). This trig-
gers exponential growth in the abundance for both
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FIG. 1. Relevant diagrams for (a) dark sector thermaliza-
tion, ⌫s⌫s ! �

⇤! ⌫s⌫s, (b) additionally increasing the dark
sector number density between DW production and exponen-
tial growth, ⌫s⌫s ! ��, and (c) exponential growth of DM,
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in different cosmological contexts before [36–61].
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equilibrate the dark sector during the new exponential
production phase that we consider below. On the other
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electroweak gauge bosons are suppressed by the Fermi
constant, GF , and will only be relevant in setting the
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Evolution of ⌫s number density.— For an initially
vanishing abundance, in particular, the interactions in
Eq. (1) 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 cur-
rent interactions with the SM plasma, lead to a produc-
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✓ [12]. Adopting results from
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considered in Fig. 2.

Ref. [62], we use the ⌫s number density, ns, and energy
density, ⇢s ⇠ hpins, that result from this DW production.
Once it 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. (1) 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-
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ṅ� + 3Hn� = Cn� , (3)

⇢̇ + 3H(⇢ + P ) = C⇢ , (4)

where H ⌘ ȧ/a is the Hubble rate, P = Ps + P� is
the total dark sector pressure, and Ci are the various
collision operators (see Appendix for details). With � $

⌫s⌫s in equilibrium, the chemical potentials are related
by 2µs = µ�, allowing us to replace the first two of the
above equations with a single differential equation for
ñ ⌘ ns + 2n�. Noting that ⇢ / a

�4 and ñ / a
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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
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achieve this with standard DW production. As demon-
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Figure 2. Density (left panels) and velocity dispersion profiles (right panels) of haloes of different masses. The top panels are for the case of a constant
cross section (�max

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

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

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

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

⇢(r) =
Ma
2⇡r

1
(r + a)3

, (7)

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

ing Eq. (7) gives:
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It is then straightforward to compute the scattering rate using
Eq. (5). To compare these analytical expectations with N-body
simulations, it is necessary to take into account the mass resolu-
tion of the simulation. We therefore need to multiply Eq. (5) with
m�/mdm, where mdm is the DM particle mass of the simulation,
which yields the number of scatter events in the simulation volume.

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

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

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

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

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

The left panel of Figure 1 shows the analytically calcu-

© 2012 RAS, MNRAS 000, 1–14

CD
M

SIDM

“heat” flux

4 M. Vogelsberger et al.

Figure 2. Density (left panels) and velocity dispersion profiles (right panels) of haloes of different masses. The top panels are for the case of a constant
cross section (�max
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30 km s�1, �max

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

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

As an example of the number of scattering events expected in
a DM halo, we take a smooth spherical distribution of DM with a
Hernquist density profile (Hernquist 1990):
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, (7)

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

The left panel of Figure 1 shows the analytically calcu-
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Core Formation in Dwarf Halos with Self Interacting Dark Matter: No Fine-Tuning Necessary 5

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

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

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

? is replaced with �2
? + 1

2 (v sin i)
2

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

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

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

alleviate TBTF.

3.3 Expectations for the stellar-mass halo-mass relation

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

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

Abundance matching relations remain unchanged in SIDM
because halo mass functions in SIDM are identical to those in
CDM (Rocha et al., 2013). That is, in SIDM, just like CDM, we
would naively expect both Pegasus and Leo A to reside in ha-
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Dark Matter Solutions to the small-scale Problems of CDM? 3

Figure 1. Characteristics of effective models. Left: Linear initial matter power spectra ( (�linear(k)2 = k3Plinear(k)/(2⇡2))) for the different models
(CDM and ETSF models M1 to M3) as a function of comoving wavenumber k. The ETSF models M1 to M3 differ in the strength of the damping and the dark
acoustic oscillations present at large k. Right: Velocity dependence of the cross-section for the different models. All ETSF models M1 to M3 have velocity
dependent cross sections which decrease as v�4

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

.

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

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

2 EFFECTIVE MODELS

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

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

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

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

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

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

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

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

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

4 R ESULTS

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

4.1 Large-scale structure

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

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

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

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

The strongest suppression is seen for ETHOS-1 and the weakest for
ETHOS-3. This is again expected given the initial power spectra
of the different models. The lower panel of Fig. 3 shows that the
suppression factor for haloes around ∼1010 h−1 M⊙ is more than
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This gives the currently strongest limit on a possible small-
scale cutoff of the spectrum of matter density perturbations
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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.

revived !

Observational constraints
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FIG. 1. Relevant diagrams for (a) dark sector thermaliza-
tion, ⌫s⌫s ! �

⇤! ⌫s⌫s, (b) additionally increasing the dark
sector number density between DW production and exponen-
tial growth, ⌫s⌫s ! ��, and (c) exponential growth of DM,
⌫s⌫↵ ! �

⇤! ⌫s⌫s. Since � is (almost) on-shell for (a) and
(c), it is sufficient to include only the rates for ⌫s⌫s $ � and
⌫s⌫↵ ! �. See text for further details.

in different cosmological contexts before [36–61].
Motivated by these general considerations, we concen-

trate in the following on a single sterile neutrino ⌫s inter-
acting with a light scalar �, both singlets under the SM
gauge group. Assuming Majorana masses for ⌫s and the
active neutrinos, ⌫↵, the relevant Lagrangian terms are
given by

L � �
1

2
⌫c

sms⌫s � ⌫↵m↵s⌫s �
1

2
⌫↵m↵⌫

c
↵ +

y

2
⌫c

s�⌫s + h.c.,

where repeated indices ↵ are summed over and ⌫↵ (⌫s)
are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, 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
I
� =

y

2
�
�
cos2✓ ⌫c

s⌫s � sin(2✓) ⌫↵⌫s + sin2
✓ ⌫↵⌫

c
↵

�
+ h.c.

(1)
with ✓ ' m↵s/ms ⌧ 1. The unsuppressed couplings
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. (1) 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 cur-
rent interactions with the SM plasma, lead to a produc-
tion rate scaling as sin2

✓ [12]. Adopting results from

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.

Ref. [62], we use the ⌫s number density, ns, and energy
density, ⇢s ⇠ hpins, that result from this DW production.
Once it 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. (1) 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 [63], 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 , (2)
ṅ� + 3Hn� = Cn� , (3)

⇢̇ + 3H(⇢ + P ) = C⇢ , (4)

where H ⌘ ȧ/a is the Hubble rate, P = Ps + P� is
the total dark sector pressure, and Ci are the various
collision operators (see Appendix for details). With � $

⌫s⌫s in equilibrium, the chemical potentials are related
by 2µs = µ�, allowing us to replace the first two of the
above equations 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 [64], 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 behaviors:

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 tempera-
ture, is ⌫s⌫↵ ! � (left panel, light blue). This trig-
gers exponential growth in the abundance for both
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FIG. 1. Relevant diagrams for (a) dark sector thermaliza-
tion, ⌫s⌫s ! �

⇤! ⌫s⌫s, (b) additionally increasing the dark
sector number density between DW production and exponen-
tial growth, ⌫s⌫s ! ��, and (c) exponential growth of DM,
⌫s⌫↵ ! �

⇤! ⌫s⌫s. Since � is (almost) on-shell for (a) and
(c), it is sufficient to include only the rates for ⌫s⌫s $ � and
⌫s⌫↵ ! �. See text for further details.

in different cosmological contexts before [36–61].
Motivated by these general considerations, we concen-

trate in the following on a single sterile neutrino ⌫s inter-
acting with a light scalar �, both singlets under the SM
gauge group. Assuming Majorana masses for ⌫s and the
active neutrinos, ⌫↵, the relevant Lagrangian terms are
given by

L � �
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1

2
⌫↵m↵⌫

c
↵ +
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2
⌫c

s�⌫s + h.c.,

where repeated indices ↵ are summed over and ⌫↵ (⌫s)
are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, 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
I
� =

y

2
�
�
cos2✓ ⌫c

s⌫s � sin(2✓) ⌫↵⌫s + sin2
✓ ⌫↵⌫

c
↵

�
+ h.c.

(1)
with ✓ ' m↵s/ms ⌧ 1. The unsuppressed couplings
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. (1) 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 cur-
rent interactions with the SM plasma, lead to a produc-
tion rate scaling as sin2

✓ [12]. Adopting results from

ms m� sin2(2✓) y
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are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, for simplicity and concreteness, that ⌫s dominantly
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the total dark sector pressure, and Ci are the various
collision operators (see Appendix for details). With � $
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by 2µs = µ�, allowing us to replace the first two of the
above equations with a single differential equation for
ñ ⌘ ns + 2n�. Noting that ⇢ / a
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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
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achieve this with standard DW production. As demon-
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Motivated by these general considerations, we concen-

trate in the following on a single sterile neutrino ⌫s inter-
acting with a light scalar �, both singlets under the SM
gauge group. Assuming Majorana masses for ⌫s and the
active neutrinos, ⌫↵, the relevant Lagrangian terms are
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where repeated indices ↵ are summed over and ⌫↵ (⌫s)
are left- (right-) handed spinors. We will concentrate on
the case of heavy mediators, m� > 2 ms, for most of
this article, but later also briefly discuss phenomenolog-
ical consequences of lighter mediators. We checked that
even for large mediator self-couplings, number-changing
interactions like 2� $ 4� or 3� $ 4� do not qualita-
tively change our results and therefore neglect the scalar
potential in all practical calculations. We further as-
sume, for simplicity and concreteness, that ⌫s dominantly
mixes only with the active neutrino species ⌫e, and that
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�3,

both right before and after � $ ⌫s⌫s starts to dominate
over the Hubble rate, the initial conditions to the coupled
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Xµω̄sε
µωs =

1

2
Xµω̄Mεµε5ωM

Dark photon acquires a mass through SSB
<latexit sha1_base64="P4uic0GrboADxymFmjU+dqSDf6o=">AAACHXicbVC7SgNBFJ2N7/iKWtoMBiEWht0gailoYWERwSRCNobZyd1kyOyDmbtC2ORHbPwVGwtFLGzEv3E2SaHRAwOHc+7lzjleLIVG2/6ycnPzC4tLyyv51bX1jc3C1nZdR4niUOORjNStxzRIEUINBUq4jRWwwJPQ8Prnmd+4B6VFFN7gIIZWwLqh8AVnaKR24cgNGPY4k+nVyNVJrAGpK8HHIb1wqz3hKtHt4fCuQg9pvTTMpOFBu1C0y/YY9C9xpqRIpqi2Cx9uJ+JJACFyybRuOnaMrZQpFFzCKO8mGmLG+6wLTUNDFoBupeN0I7pvlA71I2VeiHSs/txIWaD1IPDMZJZFz3qZ+J/XTNA/baUijBOEkE8O+YmkGNGsKtoRCjjKgSGMK2H+SnmPKcbRFJo3JTizkf+SeqXsHJePr4+KZ5VpHctkl+yREnHICTkjl6RKaoSTB/JEXsir9Wg9W2/W+2Q0Z013dsgvWJ/f77ehuw==</latexit>

L → |D!|2 ↑ V (|!|)
<latexit sha1_base64="RqSfTA2pXfG1MyqzSx+1ch2ugGI=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDpTpLoRCm5cVrAP6Awlk6ZtaCYzJncKZdoPcOOvuHGhiFs/wJ1/Y9rOQlsPBA7nnMvNPX4kuAbb/rYyK6tr6xvZzdzW9s7uXn7/oK7DWFFWo6EIVdMnmgkuWQ04CNaMFCOBL1jDH9xM/caQKc1DeQ+jiHkB6Une5ZSAkdr5wtgVRPYEw261z10152N8jYfnrn5QkJQmJmUX7RnwMnFSUkApqu38l9sJaRwwCVQQrVuOHYGXEAWcCjbJubFmEaED0mMtQyUJmPaS2TETfGKUDu6GyjwJeKb+nkhIoPUo8E0yINDXi95U/M9rxdC98hIuoxiYpPNF3VhgCPG0GdzhilEQI0MIVdz8FdM+UYSC6S9nSnAWT14m9VLRKRfLdxeFyllaRxYdoWN0ihx0iSroFlVRDVH0iJ7RK3qznqwX6936mEczVjpziP7A+vwB05OayQ==</latexit>

|→!↑| = v/
↓
2

<latexit sha1_base64="hRkNGIA0AyYkRqQcx88x0zOar6w="></latexit>

L → 1

2
g2XQ→

!
2
v2XµX

µ

NB: mass through Stueckelberg mechanism leads to 
unitarity violation for    <latexit sha1_base64="xzSJn4DD3nuY4CQlWU5JXaIa17o=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KkmR6rLgxoWLCvYBbQiT6aQdOpmEmYlQQhdu/BU3LhRx60e482+ctFlo64F7OZx7LzPnBAlnSjvOt7W2vrG5tV3aKe/u7R8c2kfHHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk+t83n2gUrFY3OtpQr0IjwQLGcHaSL5dGQRYZgORznxlumk6Rj3/Ni/frjo1Zw60StyCVKFAy7e/BsOYpBEVmnCsVN91Eu1lWGpGOJ2VB6miCSYTPKJ9QwWOqPKyuYkZOjPKEIWxNCU0mqu/LzIcKTWNArMZYT1Wy7Nc/G/WT3V45WVMJKmmgiweClOOjNE8ETRkkhLNp4ZgIpn5KyJjLDHRJreyCcFdtrxKOvWa26g17i6qzXoRRwkqcArn4MIlNOEGWtAGAo/wDK/wZj1ZL9a79bFYXbOKmxP4A+vzB2kcl+Q=</latexit>

ω̄sωs → XLXL

Must also include dark higgs h in analysis… 
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Abundance evolution
More dark sector states imply more 
phenomenological options
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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

‘like BM1’

<latexit sha1_base64="/Pyi5PKqYfWzbwq+6f548iU2Dx8=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCh1KSItWLUPDisYJthSaEzXbbLt1Nwu5GKbE/xYsHRbz6S7z5b9y2OWjrg4HHezPMzAsTzpR2nG+rsLa+sblV3C7t7O7tH9jlw46KU0lom8Q8lvchVpSziLY105zeJ5JiEXLaDcfXM7/7QKVicXSnJwn1BR5GbMAI1kYK7LII1FXd8aqZJwUa0840sCtOzZkDrRI3JxXI0QrsL68fk1TQSBOOleq5TqL9DEvNCKfTkpcqmmAyxkPaMzTCgio/m58+RadG6aNBLE1FGs3V3xMZFkpNRGg6BdYjtezNxP+8XqoHl37GoiTVNCKLRYOUIx2jWQ6ozyQlmk8MwUQycysiIywx0SatkgnBXX55lXTqNbdRa9yeV5rVPI4iHMMJnIELF9CEG2hBGwg8wjO8wpv1ZL1Y79bHorVg5TNH8AfW5w8IepMp</latexit>

ms = 20 keV
<latexit sha1_base64="ydtCXxwT6NBZCN0UE/E/or4A2r4=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCh1ISkepFKHjxWMF+QBPCZjttl+4mYXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5oUJZ0o7zrdVWFvf2Nwqbpd2dvf2D+zyYVvFqaTQojGPZTckCjiLoKWZ5tBNJBARcuiE45uZ33kAqVgc3etJAr4gw4gNGCXaSIFdFsHouu541cyTAo+hPQ3silNz5sCrxM1JBeVoBvaX149pKiDSlBOleq6TaD8jUjPKYVryUgUJoWMyhJ6hERGg/Gx++hSfGqWPB7E0FWk8V39PZEQoNRGh6RREj9SyNxP/83qpHlz5GYuSVENEF4sGKcc6xrMccJ9JoJpPDCFUMnMrpiMiCdUmrZIJwV1+eZW0z2tuvVa/u6g0qnkcRXSMTtAZctElaqBb1EQtRNEjekav6M16sl6sd+tj0Vqw8pkj9AfW5w/9ZZMi</latexit>

mh = 60 keV
<latexit sha1_base64="uH/eRfZ15/f5E6TEcdPpNEpAnc8=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwUEoiUr0IBS8eK9gPaELYbDft0t0k7G7EEvpXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvDDlTGnH+bbW1jc2t7ZLO+Xdvf2DQ/uo0lFJJgltk4QnshdiRTmLaVszzWkvlRSLkNNuOL6d+d1HKhVL4gc9Sakv8DBmESNYGymwKyLo3biO49VyTwo0pp1pYFedujMHWiVuQapQoBXYX94gIZmgsSYcK9V3nVT7OZaaEU6nZS9TNMVkjIe0b2iMBVV+Pr99is6MMkBRIk3FGs3V3xM5FkpNRGg6BdYjtezNxP+8fqajaz9ncZppGpPFoijjSCdoFgQaMEmJ5hNDMJHM3IrICEtMtImrbEJwl19eJZ2LutuoN+4vq81aEUcJTuAUzsGFK2jCHbSgDQSe4Ble4c2aWi/Wu/WxaF2ziplj+APr8wdOOZNH</latexit>

mX = 100 keV
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‘like BM2’<latexit sha1_base64="JxSUCx3SGFG3Q8XmCHC2VG+hKvE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgooREpHYjFNy4rGAf0IQwmU7aoTOTMDMRS+ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hOljCrtut9WaWNza3unvFvZ2z84PLKPq12VZBKTDk5YIvsRUoRRQTqaakb6qSSIR4z0osnt3O89EqloIh70NCUBRyNBY4qRNlJoV3nYv2k4Tb+e+5LDCenOQrvmOu4CcJ14BamBAu3Q/vKHCc44ERozpNTAc1Md5EhqihmZVfxMkRThCRqRgaECcaKCfHH7DJ4bZQjjRJoSGi7U3xM54kpNeWQ6OdJjterNxf+8QabjZpBTkWaaCLxcFGcM6gTOg4BDKgnWbGoIwpKaWyEeI4mwNnFVTAje6svrpHvpeA2ncX9Va9WLOMrgFJyBC+CBa9ACd6ANOgCDJ/AMXsGbNbNerHfrY9lasoqZE/AH1ucPX2aTUg==</latexit>

mX = 6.8 keV

<latexit sha1_base64="Obc4QUce+3V7u8jYA4vO+QRynaE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgopRESnUjFNy4rGAf0IQwmU7aoTOTMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hMmjCrtON9WaWNza3unvFvZ2z84PLKPqz0VpxKTLo5ZLAchUoRRQbqaakYGiSSIh4z0w+nt3O8/EqloLB70LCE+R2NBI4qRNlJgV3kwuWk2XK+eeZLDKenlgV1zGs4CcJ24BamBAp3A/vJGMU45ERozpNTQdRLtZ0hqihnJK16qSILwFI3J0FCBOFF+trg9h+dGGcEolqaEhgv190SGuFIzHppOjvRErXpz8T9vmOro2s+oSFJNBF4uilIGdQznQcARlQRrNjMEYUnNrRBPkERYm7gqJgR39eV10rtsuK1G675Za9eLOMrgFJyBC+CCK9AGd6ADugCDJ/AMXsGblVsv1rv1sWwtWcXMCfgD6/MHaouTWQ==</latexit>

mh = 4.1 keV

<latexit sha1_base64="QrjtHuL/TGAmyKCjKgIRNqCH0ho=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgooRESnUjFNy4rGAf0IQwmU7aoTOTMDMRS+ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hOljCrtut9WaWNza3unvFvZ2z84PLKPq12VZBKTDk5YIvsRUoRRQTqaakb6qSSIR4z0osnt3O89EqloIh70NCUBRyNBY4qRNlJoV3mobjyn4ddzX3I4Id1ZaNdcx10ArhOvIDVQoB3aX/4wwRknQmOGlBp4bqqDHElNMSOzip8pkiI8QSMyMFQgTlSQL26fwXOjDGGcSFNCw4X6eyJHXKkpj0wnR3qsVr25+J83yHR8HeRUpJkmAi8XxRmDOoHzIOCQSoI1mxqCsKTmVojHSCKsTVwVE4K3+vI66V46XtNp3jdqrXoRRxmcgjNwATxwBVrgDrRBB2DwBJ7BK3izZtaL9W59LFtLVjFzAv7A+vwBe9aTZA==</latexit>

ms = 1.4 keV
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prelim
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Significant proliferation of processes (+ diagrams)

prelim
inary

Most striking difference at late times
                        at               can noticeably reduce the      abundance     

Subsequent annihilation of          raise the dark sector temperature to 

<latexit sha1_base64="rnVj44MUJO4CXTZYOW9cpkd7knw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5nfudR1SaJ/LBTFMMYjqSPOKMGiv5fZkN9KBac+vuAuQv8QpSgwKtQfWzP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni2Bk5s8qQRImyJQ1ZqD8nchprPY1D2xlTM9ar3lz8z+tlJroOci7TzKBky0VRJohJyPxzMuQKmRFTSyhT3N5K2JgqyozNp2JD8FZf/kvaF3WvUW/cX9aaN0UcZTiBUzgHD66gCXfQAh8YcHiCF3h1pPPsvDnvy9aSU8wcwy84H9/te47I</latexit>ωs
<latexit sha1_base64="483V3TtMjLqnV6q6+MnI7kFnh/o=">AAACAnicbVBPS8MwHP3Vv3P+q3oSL8EheBijFZkeB148TnBbYS0jzbItLE1LkgqjDC9+FS8eFPHqp/DmtzHretDNBwmP934/kvfChDOlHefbWlldW9/YLG2Vt3d29/btg8O2ilNJaIvEPJZeiBXlTNCWZppTL5EURyGnnXB8M/M7D1QqFot7PUloEOGhYANGsDZSzz72Qyx9kfZUfiFfx2g0qiLP69kVp+bkQMvELUgFCjR79pffj0kaUaEJx0p1XSfRQYalZoTTadlPFU0wGeMh7RoqcERVkOURpujMKH00iKU5QqNc/b2R4UipSRSayQjrkVr0ZuJ/XjfVg+sgYyJJNRVk/tAg5cjknPWB+kxSovnEEEwkM39FZIQlJtq0VjYluIuRl0n7oubWa/W7y0qjWtRRghM4hXNw4QoacAtNaAGBR3iGV3iznqwX6936mI+uWMXOEfyB9fkDM16WmA==</latexit>

ω̄sωs → hh,XX
<latexit sha1_base64="s+rHH8ftTM4UEZMjkm2QgRmrcdM=">AAAB+HicbZDLSsNAFIYn9VbrpVWXbgaL4KokItVl0Y3LCr1BE8JkOmmHzkzCXIQa+iRuXCji1kdx59s4abPQ1h8GPv5zDufMH6WMKu26305pY3Nre6e8W9nbPzis1o6OeyoxEpMuTlgiBxFShFFBuppqRgapJIhHjPSj6V1e7z8SqWgiOnqWkoCjsaAxxUhbK6xVO6EvjK8ohzynsFZ3G+5CcB28AuqgUDusffmjBBtOhMYMKTX03FQHGZKaYkbmFd8okiI8RWMytCgQJyrIFofP4bl1RjBOpH1Cw4X7eyJDXKkZj2wnR3qiVmu5+V9taHR8E2RUpEYTgZeLYsOgTmCeAhxRSbBmMwsIS2pvhXiCJMLaZlWxIXirX16H3mXDazaaD1f11m0RRxmcgjNwATxwDVrgHrRBF2BgwDN4BW/Ok/PivDsfy9aSU8ycgD9yPn8Ak1qTDg==</latexit>

Tω → mω
<latexit sha1_base64="7jiuPcY5Lr5rTVeKYS2UDM84Dow=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJKIVI9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqEccJ9yM6UCIUjKKVHobn7V6p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ9RjYJJPil2U8MTykZ0wDuWKhpx42ezUyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF77mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTpFG0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz/kcI2P</latexit>

h,X
<latexit sha1_base64="h/sBS6h4P33A7QUPwzNIBXOzbbo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevFYobWFNpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKoYtFotYdQKqUXCJLcONwE6ikEaBwHYwvpv57SdUmseyaSYJ+hEdSh5yRo2V2s1+T6Y3zX654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz2My6T1KBki0VhKoiJyex3MuAKmRETSyhT3N5K2IgqyoxNqGRD8JZfXiWPF1WvVq09XFbqt3kcRTiBUzgHD66gDvfQgBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kD6WKPTw==</latexit>

Tω > T
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Conclusions

A new minimal scenario 
revives this idea

Adding only one scalar d.o.f.   
with
Significant new parameter space
Bounded from above and below
Much of it in observational reach

<latexit sha1_base64="Qc/yIA0sEW8M/soxppvI/TR5rFU=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmKr2XRjcsK9gFNCJPptB06k4SZiRBC/RU3LhRx64e482+ctllo64GBwznncu+cMOFMacf5tkpr6xubW+Xtys7u3v6BfXjUUXEqCW2TmMeyF2JFOYtoWzPNaS+RFIuQ0244uZ353UcqFYujB50l1Bd4FLEhI1gbKbCrIvCSMfNG2mQEaiARqMCuOXVnDrRK3ILUoEArsL+8QUxSQSNNOFaq7zqJ9nMsNSOcTiteqmiCyQSPaN/QCAuq/Hx+/BSdGmWAhrE0L9Jorv6eyLFQKhOhSQqsx2rZm4n/ef1UD6/9nEVJqmlEFouGKUc6RrMm0IBJSjTPDMFEMnMrImMsMdGmr4opwV3+8irpNOruZf3i/rzWvCnqKMMxnMAZuHAFTbiDFrSBQAbP8Apv1pP1Yr1bH4toySpmqvAH1ucPNqGUfw==</latexit>

m� & 2ms

Sterile neutrino DM excluded in simplest form
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Thanks for your attention!

‘despite’ excellent theory motivation

Alternative model
dark photon mediator
new phenomenological avenues
work in progress…


