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 (Torsten Bringmann) Pandemic dark matter ‒ 2

The origin of dark matter (DM)
DM = crucial ingredient of cosmological standard model
constant co-moving energy density
only gravitational interactions
cold + dissipation-less

Image credit: KIAS

Percent-level 
measurements of a 
single parameter!

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

only gravitational

Existence of (particle) DM 
= evidence for new physics!
We have a rather good handle on 
what DM is not…
…but this still leaves very many 
possibilities

PoS(ICRC2015)005

Dark Matter Candidates: Status and Perspectives Tim M.P. Tait
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Figure 1: (Incomplete) Venn diagrams of theories of dark matter.

1. Introduction

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

2. Candidates

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

Any convincing model for dark matter must include a 
production mechanism that can explain the observed abundance
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Weakly Interacting Massive Particles
well-motivated from particle physics [SUSY, EDs, …]
thermal production in early universe:

Torsten Bringmann, Stockholm

The WIMP “miracle”

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

dn

dt
+ 3Hn = −⟨σv⟩

(

n2 − n2
eq

)

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

ΩWIMPh2 ∼3·10−27cm3s−1

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

New Gamma-Ray Contributions – p.9/32

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤
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Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

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

Relic density (today):

for weak-scale 
interactions!

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)

n�eq

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

Arcadi+, EPJC ’18
Athron+, 2106.02056

(+ many more)

= a ‘miracle’ ?
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Feably Interacting Massive Particles
alternative production from thermal 
bath with much smaller interactions
DM never equilibrates in this case 
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

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

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

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

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM
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Hall+, JHEP ’10

Increasing interaction 
rate for freeze-in
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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.

– 12 –

Smooth transition between two regimes:
Fig: Bernal+, IJMP ’17

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

✓2

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

✓

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

✓

ψ

χ

χ

ψ
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initial conditions

freeze-in
<latexit sha1_base64="X/mQTda3iKH3a43R/yLVwQvtLIY=">AAACG3icdVDLSgMxFM34rPVVdSlIsAiuyoyPWncFNy4r2Ad0hpJJM21oJglJplCG7vwNf8Ct/oE7cevCH/A7zLQVatEDgZNz7s3NPaFkVBvX/XSWlldW19ZzG/nNre2d3cLefkOLRGFSx4IJ1QqRJoxyUjfUMNKSiqA4ZKQZDm4yvzkkSlPB781IkiBGPU4jipGxUqdw5EslpBE+Q7zHCPQ17cUIDn01uXcKRbfkTgDnyKXrXZc96M2UIpih1il8+V2Bk5hwgxnSuu250gQpUoZiRsZ5P9FEIjxAPdK2lKOY6CCd7DGGJ1bpwkgoe7iBE3W+I0Wx1qM4tJUxMn296GXin56k2YML001UCVLKZWIIx9PhUcKgETALCnapItiwkSUIK2r/D3EfKYSNjTNvg/nZHv5PGmclr1w6v7soViuziHLgEByDU+CBK1AFt6AG6gCDB/AEnsGL8+i8Om/O+7R0yZn1HIBfcD6+Aac3ojE=</latexit> /
h�
vi

n�eq
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ψ
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χ
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ψ
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χ

χ
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ψ

χ

χ

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

✓

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

✓

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

✓2

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

✓

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

✓
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ψ

χ

χ

<latexit sha1_base64="AtRary/JTMzNkuv2/LzkJBQRuP0="></latexit>

ṅ� + 3Hn� = n�n
eq
 h�vi

[for               ]
<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="cEHpXpLTDX9dFd8VgJi5lPeFjYw=">AAACAXicbVDLSsNAFL3xWeur6tLNYBFclURFXRbduKxgH9CGcjOdtGNnkjAzEUrpyh9wq3/gTtz6Jf6A3+GkzUJbD1w4nHNfnCARXBvX/XKWlldW19YLG8XNre2d3dLefkPHqaKsTmMRq1aAmgkesbrhRrBWohjKQLBmMLzJ/OYjU5rH0b0ZJcyX2I94yCkaKzU6fZQSu6WyW3GnIIvEy0kZctS6pe9OL6apZJGhArVue25i/DEqw6lgk2In1SxBOsQ+a1saoWTaH0+/nZBjq/RIGCtbkSFT9ffEGKXWIxnYTolmoOe9TPzXS3i2cO66Ca/8MY+S1LCIzo6HqSAmJlkcpMcVo0aMLEGquP2f0AEqpMaGVrTBePMxLJLGacW7qJzdnZer13lEBTiEIzgBDy6hCrdQgzpQeIBneIFX58l5c96dj1nrkpPPHMAfOJ8/7KuXnA==</latexit>�

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

�
recovery rate

infection rate

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

İ = �SI � �I

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

R ⌘ �S

�
=

n
eq
 h�vi
3H
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Exponential DM production
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<latexit sha1_base64="OlE9U3cLl3jR4Wb8V6MswkRJXbk="></latexit>

R ⌘ �S

�
=

n
eq
 h�vi
3H

Tiny initial 
DM abundance

exponential 
growth

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

R & 1

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

H
<latexit sha1_base64="IMx05vXBTbSCZtv5dzdOOl3kV5o=">AAACDHicdVBNSsNAGJ3Uv1p/GnXpZrAIrkJitdZd0Y3LCvYHmlom00k7dDKJMxOhhF7BC7jVG7gTt97BC3gOJ2kELfpg4PHe9zfPixiVyrY/jMLS8srqWnG9tLG5tV02d3bbMowFJi0cslB0PSQJo5y0FFWMdCNBUOAx0vEml6nfuSdC0pDfqGlE+gEacepTjJSWBmaZD9xI0tvEFQEkd7OBWbGtU9s5r9nQtuwMGak7VQc6uVIBOZoD89MdhjgOCFeYISl7jh2pfoKEopiRWcmNJYkQnqAR6WnKUUBkP8kOn8FDrQyhHwr9uIKZ+rMjQYGU08DTlQFSY7nopeKfXkTTgQvblV/vJ5RHsSIcz5f7MYMqhGkycEgFwYpNNUFYUH0/xGMkEFY6v5IO5vv38H/SPracmlW9Pqk0LvKIimAfHIAj4IAz0ABXoAlaAIMYPIIn8Gw8GC/Gq/E2Ly0Yec8e+AXj/QvPSZvm</latexit>
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

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

✓

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

✓2

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

✓

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

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

✓

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

✓

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

✓2

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

✓

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

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

�fi

‘freeze-in’

‘Pandemic’ production is a very generic 
mechanism for the genesis of DM!
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<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

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

✓

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

✓2

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

✓

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

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

�tr
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Signals ?
Necessarily model-dependent
‘Pandemic DM’ describes a class of models, just like ‘WIMP’ does 
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Higgs portal
m � m� = 100 GeV
�fi s.t. ⌦� = 0.9 ⌦DM

�h s.t. ⌦ = 0.1 ⌦DM

Example: Higgs portal coupling
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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-

Vector coupling with mass mixing
Very natural way of arranging for required 
hierarchy of interaction strengths!
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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-

χ

ψ

χ

χ

χ

ψ

χ

χ

χ

ψ
V

χ

χ
V

χ

ψ

χ

χ

V
χ

ψ

χ

χ

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

✓

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

✓

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

✓2

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

✓

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

✓

4

χ ψ

χ χ

χ ψ

χ χ

χ ψ
V

χ χ
V

χ ψ

χ χ

V
χ ψ

χ χ

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

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

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

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

F
IG

.
4.

D
ia
gr
am

s
fo
r
B
h
ab

h
a-
sc
at
te
ri
n
g-
li
ke

tr
an

sm
is
si
on

(t
op

ro
w
)
an

d
fr
ee
ze
-i
n

(b
ot
to
m

ro
w
)
p
ro
ce
ss
es

fo
r
a

si
m
-

p
le

v
ir
u
s-
m
ed

ia
to
r
m
o
d
el

w
it
h
fe
rm

io
n
m
as
s
m
ix
in
g,

sc
al
in
g

w
it
h
th
e
m
ix
in
g
an

gl
e
as

✓
an

d
✓2
,
re
sp

ec
ti
ve
ly
.
A
ls
o
M
øl
le
r-

sc
at
te
ri
n
g-
li
ke

p
ro
ce
ss
es

(i
n
vo

lv
in
g
on

ly
fe
rm

io
n
s,

n
ot

an
ti
-

fe
rm

io
n
s)

co
n
tr
ib
u
te

to
th
e
p
ro
d
u
ct
io
n

of
�

th
ro
u
gh

b
ot
h

tr
an

sm
is
si
on

an
d
fr
ee
ze
-i
n
,
at

th
e
sa
m
e
or
d
er
s
in

✓.

tr
an

sm
is

si
on

p
h
as

e
in

a
ra

th
er

n
at

u
ra

l
w

ay
(s

ee
al

so
b
e-

lo
w

fo
r

co
n
cr

et
e

m
od

el
b
u
il
d
in

g)
.

It
th

er
ef

or
e

b
ec

om
es

p
os

si
b
le

to
sa

ti
sf

y
th

e
re

li
c

d
en

si
ty

co
n
st

ra
in

t
w

it
h

si
g-

n
ifi

ca
nt

ly
sm

al
le

r
co

u
p
li
n
gs
�

fi
th

an
ge

n
er

al
ly

as
su

m
ed

,4

op
en

in
g

u
p

n
ew

p
ar

am
et

er
sp

ac
e

w
h
er

e
fr

ee
ze

-i
n

is
re

le
-

va
nt

fo
r
se

tt
in

g
th

e
D

M
en

er
gy

d
en

si
ty

.
A

ga
in

,
th

e
tr

an
s-

m
is

si
on

co
u
p
li
n
gs

,
�

tr
,

n
ee

d
ed

fo
r

th
is

p
u
rp

os
e

ar
e

on
ly

lo
ga

ri
th

m
ic

al
ly

d
ep

en
d
en

t
on

th
e

fr
ee

ze
-i
n

co
u
p
li
n
gs

.

V
ec
to
r
tr
an

sm
is
si
on

m
od
el
.—

In
th

e
si

m
p
le

to
y

ex
-

am
p
le

sh
ow

n
in

F
ig

.
3

w
e

tr
ea

te
d

fr
ee

ze
-i
n

an
d

tr
an

sm
is

-
si

on
as

co
m

p
le

te
ly

in
d
ep

en
d
en

t
p
ro

ce
ss

es
,
ad

ju
st

in
g

th
ei

r
re

la
ti

ve
st

re
n
gt

h
by

h
an

d
to

m
ee

t
th

e
n
ec

es
sa

ry
co

n
d
it

io
n

fo
r

an
IR

-d
om

in
at

ed
in

it
ia

l
ou

tb
re

ak
,

h�
v
i fi

⌧
h�

v
i t

r.
W

e
w

il
l
n
ow

p
ro

vi
d
e

an
ex

p
li
ci

t
m

od
el

w
h
er

e
th

is
co

n
d
i-

ti
on

is
au

to
m

at
ic

al
ly

sa
ti

sfi
ed

in
a

si
m

p
le

an
d

st
ra

ig
ht

-
fo

rw
ar

d
w

ay
.

C
on

cr
et

el
y,

w
e

co
n
si

d
er

b
ot

h
 

an
d
�

to
b
e

D
ir

ac
fe

rm
io

n
s,

w
it

h
a

ti
ny

m
as

s
m

ix
in

g
�
m

.
A

d
d
i-

ti
on

al
ly

,
w

e
as

su
m

e
th

at
�

(b
u
t

n
ot
 

)
is

ch
ar

ge
d

u
n
d
er

a
b
ro

ke
n

U
(1

)0
,

m
ed

ia
te

d
by

a
m

as
si

ve
ve

ct
or

V
(t

h
e

‘v
ir

u
s’

).
5

T
h
e

re
le

va
nt

p
ar

ts
of

th
e

L
ag

ra
n
gi

an
ar

e
th

u
s

gi
ve

n
by

L
�

�
�
m

�  ̄
�

+
�̄
 
�

�
g
�̄

/ V
�

.
A

ft
er

d
ia

go
n
al

-
iz

in
g

th
e

L
ag

ra
n
gi

an
to

n
ew

m
as

s
ei

ge
n
st

at
es

,
w

h
ic

h
fo

r
ea

se
of

n
ot

at
io

n
w

e
ag

ai
n

si
m

p
ly

d
en

ot
e

w
it

h
 

an
d
�
,

th
e

re
le

va
nt

in
te

ra
ct

io
n

te
rm

s
ar

e

L
�

�
g
⇥ �̄

/ V
�

+
✓
�  ̄

/ V
�

+
�̄

/ V
 
� +

✓
2
 ̄

/ V
 
⇤ ,

(8
)

4
P
u
re

fr
ee
ze
-i
n
w
it
h
o
u
t
tr
a
n
sm

is
si
o
n
(�

tr
=

0
)
w
o
u
ld

p
ro
d
u
ce

th
e

o
b
se
rv
ed

D
M

a
b
u
n
d
a
n
ce

if
�
fi

⇡
6
.3
9
⇥

1
0
�
1
1
fo
r
th

e
m
a
ss
es

u
se
d
in

F
ig
.
3
.

5
In

fa
ct

tr
a
n
sm

is
si
o
n
ov

er
so
m
e
d
is
ta
n
ce

(a
ir
)
ca

n
b
e
a
t
le
a
st

a
s

e↵
ec
ti
v
e
a
s
in
fe
ct
io
n
v
ia

a
co

n
ta
ct

in
te
ra
ct
io
n
,
a
s
m
a
d
e
p
a
in
fu
ll
y

cl
ea

r
in

th
e
cu

rr
en

t
C
ov

id
-1
9
p
a
n
d
em

ic
.

w
it

h
✓

'
�
m

/
(m

 
�

m
�
)

⌧
1

b
ei

n
g

th
e

m
ix

in
g

an
gl

e.
H

er
e

w
e

d
o

n
ot

sp
ec

u
la

te
fu

rt
h
er

ab
ou

t
th

e
or

ig
in

of
�
m

,
b
u
t

n
ot

e
in

p
as

si
n
g

th
at

it
co

u
ld

b
e

ge
n
er

at
ed

by
a

Y
u
ka

w
a

co
u
p
li
n
g

to
th

e
sa

m
e

sc
al

ar
w

h
os

e
va

cu
u
m

ex
-

p
ec

ta
ti

on
va

lu
e

is
re

sp
on

si
b
le

fo
r

b
re

ak
in

g
th

e
U

(1
)0

.
A

s
il
lu

st
ra

te
d

in
F
ig

.
4,

th
is

si
m

p
le

se
tu

p
le

ad
s

to
b
ot

h
tr

an
sm

is
si

on
an

d
fr

ee
ze

-i
n

p
ro

ce
ss

es
,

w
it

h
re

la
ti

ve
st

re
n
gt

h
s

gi
ve

n
by

h�
v
i fi

/
h�

v
i t

r
⇠
✓
2

⌧
1

as
re

qu
ir

ed
.

W
e

n
ot

e
th

at
M

øl
le

r-
li
ke

sc
at

te
ri

n
g

p
ro

ce
ss

es
al

so
n
ee

d
to

b
e

ta
ke

n
in

to
ac

co
u
nt

fo
r

b
ot

h
tr

an
sm

is
si

on
( 
�

!
�
�
)

an
d

fr
ee

ze
-i
n

( 
 

!
�
�
)

in
th

is
m

od
el

,
co

nt
ri

b
u
ti

n
g

at
th

e
sa

m
e

or
d
er

in
✓

as
th

e
B

h
ab

h
a-

sc
at

te
ri

n
g-

li
ke

p
ro

-
ce

ss
es

ex
p
li
ci

tl
y

sh
ow

n
in

th
e

fi
gu

re
.

O
th

er
p
ot

en
ti

al
D

M
p
ro

d
u
ct

io
n

p
ro

ce
ss

es
,

su
ch

as
 
 

!
 
�
,

ca
n

b
e

sa
fe

ly
n
eg

le
ct

ed
as

th
ey

ar
e

su
p
p
re

ss
ed

by
a

fu
rt

h
er

fa
c-

to
r

of
✓
2
.

O
n

th
e

ot
h
er

h
an

d
,

li
gh

t
ve

ct
or

m
ed

ia
to

rs
,

w
it

h
m

V
<

2m
�
,
w

ou
ld

al
lo

w
fo

r
u
n
su

p
p
re

ss
ed

D
M

an
-

n
ih

il
at

io
n

an
d

in
ve

rs
e

d
ec

ay
p
ro

ce
ss

es
.

W
h
il
e

th
is

w
ou

ld
so

m
ew

h
at

co
m

p
li
ca

te
th

e
d
es

cr
ip

ti
on

of
th

e
ep

i
cu

rv
es

,
re

qu
ir

in
g

to
ta

ke
in

to
ac

co
u
nt

ad
d
it

io
n
al

te
rm

s
in

th
e

B
ol

tz
m

an
n

eq
u
at

io
n
,
th

is
is

a
m

od
el

b
u
il
d
in

g
op

ti
on

th
at

al
lo

w
s

fo
r

a
ri

ch
p
h
en

om
en

ol
og

y
co

n
n
ec

te
d

to
la

te
-t

im
e

D
M

ob
se

rv
ab

le
s.

D
is
cu
ss
io
n
.—

T
h
e

ab
ov

e
ex

am
p
le

il
lu

st
ra

te
s

th
at

tr
an

sm
is

si
on

is
by

n
o

m
ea

n
s

re
st

ri
ct

ed
to

sp
ec

ifi
c

m
od

el
re

al
iz

at
io

n
s,

b
u
t

a
ge

n
er

al
m

ec
h
an

is
m

of
D

M
p
ro

d
u
c-

ti
on

th
at

es
se

nt
ia

ll
y

in
te

rp
ol

at
es

b
et

w
ee

n
th

e
tr

ad
it

io
n
-

al
ly

co
n
si

d
er

ed
fr

ee
ze

-i
n

an
d

fr
ee

ze
-o

u
t

re
gi

m
es

.
A

t
fi
rs

t
gl

an
ce

it
m

ay
se

em
w

or
ri

so
m

e
th

at
th

e
d
ar

k
m

at
te

r
en

-
er

gy
d
en

si
ty

d
ep

en
d
s

ex
p
on

en
ti

al
ly

on
th

e
tr

an
sm

is
si

on
cr

os
s

se
ct

io
n
,

im
p
ly

in
g

th
at

th
e

cr
os

s
se

ct
io

n
m

u
st

b
e

ca
re

fu
ll
y

ch
os

en
to

m
at

ch
ob

se
rv

at
io

n
.

B
u
t

th
is

ca
n

b
e

tu
rn

ed
ar

ou
n
d
:

in
fa

ct
it

im
p
li
es

th
at

th
is

m
ec

h
an

is
m

is
h
ig

h
ly

p
re

d
ic

ti
ve

,
as

m
an

if
es

te
d

by
th

e
lo

ga
ri

th
m

ic
se

n
-

si
ti

vi
ty

of
th

e
n
ec

es
sa

ry
cr

os
s

se
ct

io
n

to
th

e
si

ze
of

th
e

in
it

ia
l
ou

tb
re

ak
.

W
e

al
so

n
ot

e
th

at
ex

p
on

en
ti

al
se

n
si

ti
v-

it
y

is
qu

it
e

co
m

m
on

in
n
at

u
re

(b
ey

on
d

ep
id

em
ic

s)
an

d
fo

r
ex

am
p
le

is
an

im
p
li
ca

ti
on

of
re

n
or

m
al

iz
at

io
n

gr
ou

p
fl
ow

s,
w

h
er

e
IR

p
ar

am
et

er
s

ca
n

b
e

ex
p
on

en
ti

al
ly

se
n
si

-
ti

ve
to

U
V

p
ar

am
et

er
s:

th
e

p
ro

to
n

m
as

s,
e.
g.

,
d
ep

en
d
s

ex
p
on

en
ti

al
ly

on
th

e
si

ze
of

th
e

st
ro

n
g

co
u
p
li
n
g

at
h
ig

h
en

er
gi

es
[?

].
L
et

u
s

fi
n
al

ly
st

re
ss

th
at

th
e

m
ec

h
an

is
m

p
ro

p
os

ed
h
er

e
w

or
ks

fo
r

a
la

rg
e

ra
n
ge

of
d
i↵

er
en

t
p
ar

ti
cl

e
m

as
se

s,
n
ot

ju
st

th
e

sp
ec

ifi
c

ch
oi

ce
d
is

p
la

ye
d

in
th

e
ep

i
cu

rv
e

ex
-

am
p
le

s,
m
�

=
10

G
eV

an
d

m
 

=
20

G
eV

.
W

e
n
ot

e
th

at
p
ri

m
or

d
ia

l
nu

cl
eo

sy
nt

h
es

is
an

d
th

e
C

M
B

co
n
st

ra
in

an
ad

d
it

io
n
al

p
ar

ti
cl

e
 

in
th

e
S
M

h
ea

t
b
at

h
to

sa
ti

sf
y

m
 
&

10
M

eV
[?

?
];

th
is

co
u
ld

b
e

lo
w

er
ed

by
co

n
si

d
-

er
in

g
th

e
p
os

si
b
il
it
y

of
 

b
ei

n
g

a
S
M

p
ar

ti
cl

e.
E

ve
n

a
re

ve
rt

ed
m

as
s

h
ie

ra
rc

hy
is

p
os

si
b
le

,
m
�

>
m
 
,
in

w
h
ic

h
ca

se
it

w
ou

ld
b
e

m
�

ra
th

er
th

an
m
 

th
at

d
et

er
m

in
es

w
h
en

th
e

ep
i

cu
rv

es
st

ar
t

to
fl
at

te
n
.

F
or

m
�

>
3m

 
,

D
M

in
ge

n
er

al
b
ec

om
es

u
n
st

ab
le

–
b
u
t

n
ot

n
ec

es
sa

ri
ly

on
co

sm
ol

og
ic

al
ti

m
e-

sc
al

es
(i

f
on

ly
th

e
co

nt
ac

t
in

te
ra

ct
io

n
sh

ow
n

in
F
ig

.
1

is
p
re

se
nt

,
e.
g.

,
th

is
d
ec

ay
w

ou
ld

on
ly

oc
-

4

χ ψ

χ χ

χ ψ

χ χ

χ ψ
V

χ χ
V

χ ψ

χ χ

V
χ ψ

χ χ

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

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

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

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

F
IG

.
4.

D
ia
gr
am

s
fo
r
B
h
ab

h
a-
sc
at
te
ri
n
g-
li
ke

tr
an

sm
is
si
on

(t
op

ro
w
)
an

d
fr
ee
ze
-i
n

(b
ot
to
m

ro
w
)
p
ro
ce
ss
es

fo
r
a

si
m
-

p
le

v
ir
u
s-
m
ed

ia
to
r
m
o
d
el

w
it
h
fe
rm

io
n
m
as
s
m
ix
in
g,

sc
al
in
g

w
it
h
th
e
m
ix
in
g
an

gl
e
as

✓
an

d
✓2
,
re
sp

ec
ti
ve
ly
.
A
ls
o
M
øl
le
r-

sc
at
te
ri
n
g-
li
ke

p
ro
ce
ss
es

(i
n
vo

lv
in
g
on

ly
fe
rm

io
n
s,

n
ot

an
ti
-

fe
rm

io
n
s)

co
n
tr
ib
u
te

to
th
e
p
ro
d
u
ct
io
n

of
�

th
ro
u
gh

b
ot
h

tr
an

sm
is
si
on

an
d
fr
ee
ze
-i
n
,
at

th
e
sa
m
e
or
d
er
s
in

✓.

tr
an

sm
is

si
on

p
h
as

e
in

a
ra

th
er

n
at

u
ra

l
w

ay
(s

ee
al

so
b
e-

lo
w

fo
r

co
n
cr

et
e

m
od

el
b
u
il
d
in

g)
.

It
th

er
ef

or
e

b
ec

om
es

p
os

si
b
le

to
sa

ti
sf

y
th

e
re

li
c

d
en

si
ty

co
n
st

ra
in

t
w

it
h

si
g-

n
ifi

ca
nt

ly
sm

al
le

r
co

u
p
li
n
gs
�

fi
th

an
ge

n
er

al
ly

as
su

m
ed

,4

op
en

in
g

u
p

n
ew

p
ar

am
et

er
sp

ac
e

w
h
er

e
fr

ee
ze

-i
n

is
re

le
-

va
nt

fo
r
se

tt
in

g
th

e
D

M
en

er
gy

d
en

si
ty

.
A

ga
in

,
th

e
tr

an
s-

m
is

si
on

co
u
p
li
n
gs

,
�

tr
,

n
ee

d
ed

fo
r

th
is

p
u
rp

os
e

ar
e

on
ly

lo
ga

ri
th

m
ic

al
ly

d
ep

en
d
en

t
on

th
e

fr
ee

ze
-i
n

co
u
p
li
n
gs

.

V
ec
to
r
tr
an

sm
is
si
on

m
od
el
.—

In
th

e
si

m
p
le

to
y

ex
-

am
p
le

sh
ow

n
in

F
ig

.
3

w
e

tr
ea

te
d

fr
ee

ze
-i
n

an
d

tr
an

sm
is

-
si

on
as

co
m

p
le

te
ly

in
d
ep

en
d
en

t
p
ro

ce
ss

es
,
ad

ju
st

in
g

th
ei

r
re

la
ti

ve
st

re
n
gt

h
by

h
an

d
to

m
ee

t
th

e
n
ec

es
sa

ry
co

n
d
it

io
n

fo
r

an
IR

-d
om

in
at

ed
in

it
ia

l
ou

tb
re

ak
,

h�
v
i fi

⌧
h�

v
i t

r.
W

e
w

il
l
n
ow

p
ro

vi
d
e

an
ex

p
li
ci

t
m

od
el

w
h
er

e
th

is
co

n
d
i-

ti
on

is
au

to
m

at
ic

al
ly

sa
ti

sfi
ed

in
a

si
m

p
le

an
d

st
ra

ig
ht

-
fo

rw
ar

d
w

ay
.

C
on

cr
et

el
y,

w
e

co
n
si

d
er

b
ot

h
 

an
d
�

to
b
e

D
ir

ac
fe

rm
io

n
s,

w
it

h
a

ti
ny

m
as

s
m

ix
in

g
�
m

.
A

d
d
i-

ti
on

al
ly

,
w

e
as

su
m

e
th

at
�

(b
u
t

n
ot
 

)
is

ch
ar

ge
d

u
n
d
er

a
b
ro

ke
n

U
(1

)0
,

m
ed

ia
te

d
by

a
m

as
si

ve
ve

ct
or

V
(t

h
e

‘v
ir

u
s’

).
5

T
h
e

re
le

va
nt

p
ar

ts
of

th
e

L
ag

ra
n
gi

an
ar

e
th

u
s

gi
ve

n
by

L
�

�
�
m

�  ̄
�

+
�̄
 
�

�
g
�̄

/ V
�

.
A

ft
er

d
ia

go
n
al

-
iz

in
g

th
e

L
ag

ra
n
gi

an
to

n
ew

m
as

s
ei

ge
n
st

at
es

,
w

h
ic

h
fo

r
ea

se
of

n
ot

at
io

n
w

e
ag

ai
n

si
m

p
ly

d
en

ot
e

w
it

h
 

an
d
�
,

th
e

re
le

va
nt

in
te

ra
ct

io
n

te
rm

s
ar

e

L
�

�
g
⇥ �̄

/ V
�

+
✓
�  ̄

/ V
�

+
�̄

/ V
 
� +

✓
2
 ̄

/ V
 
⇤ ,

(8
)

4
P
u
re

fr
ee
ze
-i
n
w
it
h
o
u
t
tr
a
n
sm

is
si
o
n
(�

tr
=

0
)
w
o
u
ld

p
ro
d
u
ce

th
e

o
b
se
rv
ed

D
M

a
b
u
n
d
a
n
ce

if
�
fi

⇡
6
.3
9
⇥

1
0
�
1
1
fo
r
th

e
m
a
ss
es

u
se
d
in

F
ig
.
3
.

5
In

fa
ct

tr
a
n
sm

is
si
o
n
ov

er
so
m
e
d
is
ta
n
ce

(a
ir
)
ca

n
b
e
a
t
le
a
st

a
s

e↵
ec
ti
v
e
a
s
in
fe
ct
io
n
v
ia

a
co

n
ta
ct

in
te
ra
ct
io
n
,
a
s
m
a
d
e
p
a
in
fu
ll
y

cl
ea

r
in

th
e
cu

rr
en

t
C
ov

id
-1
9
p
a
n
d
em

ic
.

w
it

h
✓

'
�
m

/
(m

 
�

m
�
)

⌧
1

b
ei

n
g

th
e

m
ix

in
g

an
gl

e.
H

er
e

w
e

d
o

n
ot

sp
ec

u
la

te
fu

rt
h
er

ab
ou

t
th

e
or

ig
in

of
�
m

,
b
u
t

n
ot

e
in

p
as

si
n
g

th
at

it
co

u
ld

b
e

ge
n
er

at
ed

by
a

Y
u
ka

w
a

co
u
p
li
n
g

to
th

e
sa

m
e

sc
al

ar
w

h
os

e
va

cu
u
m

ex
-

p
ec

ta
ti

on
va

lu
e

is
re

sp
on

si
b
le

fo
r

b
re

ak
in

g
th

e
U

(1
)0

.
A

s
il
lu

st
ra

te
d

in
F
ig

.
4,

th
is

si
m

p
le

se
tu

p
le

ad
s

to
b
ot

h
tr

an
sm

is
si

on
an

d
fr

ee
ze

-i
n

p
ro

ce
ss

es
,

w
it

h
re

la
ti

ve
st

re
n
gt

h
s

gi
ve

n
by

h�
v
i fi

/
h�

v
i t

r
⇠
✓
2

⌧
1

as
re

qu
ir

ed
.

W
e

n
ot

e
th

at
M

øl
le

r-
li
ke

sc
at

te
ri

n
g

p
ro

ce
ss

es
al

so
n
ee

d
to

b
e

ta
ke

n
in

to
ac

co
u
nt

fo
r

b
ot

h
tr

an
sm

is
si

on
( 
�

!
�
�
)

an
d

fr
ee

ze
-i
n

( 
 

!
�
�
)

in
th

is
m

od
el

,
co

nt
ri

b
u
ti

n
g

at
th

e
sa

m
e

or
d
er

in
✓

as
th

e
B

h
ab

h
a-

sc
at

te
ri

n
g-

li
ke

p
ro

-
ce

ss
es

ex
p
li
ci

tl
y

sh
ow

n
in

th
e

fi
gu

re
.

O
th

er
p
ot

en
ti

al
D

M
p
ro

d
u
ct

io
n

p
ro

ce
ss

es
,

su
ch

as
 
 

!
 
�
,

ca
n

b
e

sa
fe

ly
n
eg

le
ct

ed
as

th
ey

ar
e

su
p
p
re

ss
ed

by
a

fu
rt

h
er

fa
c-

to
r

of
✓
2
.

O
n

th
e

ot
h
er

h
an

d
,

li
gh

t
ve

ct
or

m
ed

ia
to

rs
,

w
it

h
m

V
<

2m
�
,
w

ou
ld

al
lo

w
fo

r
u
n
su

p
p
re

ss
ed

D
M

an
-

n
ih

il
at

io
n

an
d

in
ve

rs
e

d
ec

ay
p
ro

ce
ss

es
.

W
h
il
e

th
is

w
ou

ld
so

m
ew

h
at

co
m

p
li
ca

te
th

e
d
es

cr
ip

ti
on

of
th

e
ep

i
cu

rv
es

,
re

qu
ir

in
g

to
ta

ke
in

to
ac

co
u
nt

ad
d
it

io
n
al

te
rm

s
in

th
e

B
ol

tz
m

an
n

eq
u
at

io
n
,
th

is
is

a
m

od
el

b
u
il
d
in

g
op

ti
on

th
at

al
lo

w
s

fo
r

a
ri

ch
p
h
en

om
en

ol
og

y
co

n
n
ec

te
d

to
la

te
-t

im
e

D
M

ob
se

rv
ab

le
s.

D
is
cu
ss
io
n
.—

T
h
e

ab
ov

e
ex

am
p
le

il
lu

st
ra

te
s

th
at

tr
an

sm
is

si
on

is
by

n
o

m
ea

n
s

re
st

ri
ct

ed
to

sp
ec

ifi
c

m
od

el
re

al
iz

at
io

n
s,

b
u
t

a
ge

n
er

al
m

ec
h
an

is
m

of
D

M
p
ro

d
u
c-

ti
on

th
at

es
se

nt
ia

ll
y

in
te

rp
ol

at
es

b
et

w
ee

n
th

e
tr

ad
it

io
n
-

al
ly

co
n
si

d
er

ed
fr

ee
ze

-i
n

an
d

fr
ee

ze
-o

u
t

re
gi

m
es

.
A

t
fi
rs

t
gl

an
ce

it
m

ay
se

em
w

or
ri

so
m

e
th

at
th

e
d
ar

k
m

at
te

r
en

-
er

gy
d
en

si
ty

d
ep

en
d
s

ex
p
on

en
ti

al
ly

on
th

e
tr

an
sm

is
si

on
cr

os
s

se
ct

io
n
,

im
p
ly

in
g

th
at

th
e

cr
os

s
se

ct
io

n
m

u
st

b
e

ca
re

fu
ll
y

ch
os

en
to

m
at

ch
ob

se
rv

at
io

n
.

B
u
t

th
is

ca
n

b
e

tu
rn

ed
ar

ou
n
d
:

in
fa

ct
it

im
p
li
es

th
at

th
is

m
ec

h
an

is
m

is
h
ig

h
ly

p
re

d
ic

ti
ve

,
as

m
an

if
es

te
d

by
th

e
lo

ga
ri

th
m

ic
se

n
-

si
ti

vi
ty

of
th

e
n
ec

es
sa

ry
cr

os
s

se
ct

io
n

to
th

e
si

ze
of

th
e

in
it

ia
l
ou

tb
re

ak
.

W
e

al
so

n
ot

e
th

at
ex

p
on

en
ti

al
se

n
si

ti
v-

it
y

is
qu

it
e

co
m

m
on

in
n
at

u
re

(b
ey

on
d

ep
id

em
ic

s)
an

d
fo

r
ex

am
p
le

is
an

im
p
li
ca

ti
on

of
re

n
or

m
al

iz
at

io
n

gr
ou

p
fl
ow

s,
w

h
er

e
IR

p
ar

am
et

er
s

ca
n

b
e

ex
p
on

en
ti

al
ly

se
n
si

-
ti

ve
to

U
V

p
ar

am
et

er
s:

th
e

p
ro

to
n

m
as

s,
e.
g.

,
d
ep

en
d
s

ex
p
on

en
ti

al
ly

on
th

e
si

ze
of

th
e

st
ro

n
g

co
u
p
li
n
g

at
h
ig

h
en

er
gi

es
[?

].
L
et

u
s

fi
n
al

ly
st

re
ss

th
at

th
e

m
ec

h
an

is
m

p
ro

p
os

ed
h
er

e
w

or
ks

fo
r

a
la

rg
e

ra
n
ge

of
d
i↵

er
en

t
p
ar

ti
cl

e
m

as
se

s,
n
ot

ju
st

th
e

sp
ec

ifi
c

ch
oi

ce
d
is

p
la

ye
d

in
th

e
ep

i
cu

rv
e

ex
-

am
p
le

s,
m
�

=
10

G
eV

an
d

m
 

=
20

G
eV

.
W

e
n
ot

e
th

at
p
ri

m
or

d
ia

l
nu

cl
eo

sy
nt

h
es

is
an

d
th

e
C

M
B

co
n
st

ra
in

an
ad

d
it

io
n
al

p
ar

ti
cl

e
 

in
th

e
S
M

h
ea

t
b
at

h
to

sa
ti

sf
y

m
 
&

10
M

eV
[?

?
];

th
is

co
u
ld

b
e

lo
w

er
ed

by
co

n
si

d
-

er
in

g
th

e
p
os

si
b
il
it
y

of
 

b
ei

n
g

a
S
M

p
ar

ti
cl

e.
E

ve
n

a
re

ve
rt

ed
m

as
s

h
ie

ra
rc

hy
is

p
os

si
b
le

,
m
�

>
m
 
,
in

w
h
ic

h
ca

se
it

w
ou

ld
b
e

m
�

ra
th

er
th

an
m
 

th
at

d
et

er
m

in
es

w
h
en

th
e

ep
i

cu
rv

es
st

ar
t

to
fl
at

te
n
.

F
or

m
�

>
3m

 
,

D
M

in
ge

n
er

al
b
ec

om
es

u
n
st

ab
le

–
b
u
t

n
ot

n
ec

es
sa

ri
ly

on
co

sm
ol

og
ic

al
ti

m
e-

sc
al

es
(i

f
on

ly
th

e
co

nt
ac

t
in

te
ra

ct
io

n
sh

ow
n

in
F
ig

.
1

is
p
re

se
nt

,
e.
g.

,
th

is
d
ec

ay
w

ou
ld

on
ly

oc
-

freeze-in

transmission

Rich phenomenology to be worked out…



 (Torsten Bringmann) Pandemic dark matter ‒ 10

Conclusions
Pandemic dark matter is a novel, generic            
mechanism for dark matter genesis from the thermal bath

Thanks for your attention!

Mathematical analogy to the spread of diseases, 
works almost scarily well [see arXiv v1 for exploiting most of it 😉]

Well-defined relation to ‘classical’ freeze-out and freeze-
in regimes: significant new parameter space to obtain 
correct relic density              

Rich particle physics phenomenology, largely unexplored
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