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The SN 1987A Cooling Bound on Dark Matter Absorption in Electron Targets
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We present new supernova (SN 1987A) cooling bounds on sub-MeV fermionic dark matter with
effective couplings to electrons. These bounds probe the parameter space relevant for direct de-
tection experiments in which dark matter can be absorbed by the target material, showing strong
complementarity with indirect searches and constraints from dark matter overproduction. Crucially,
our limits exclude the projected sensitivity regions of current and upcoming direct detection exper-
iments. Since these conclusions are a priori not valid for light mediators, we extend our analysis to
this case. We show that sub-GeV mediators can be produced resonantly both in supernova cores and
in the early Universe, altering the SN 1987A analysis for effective couplings. Still, a combination
of supernova cooling constraints and limits from dark matter overproduction excludes the entire
parameter space relevant for direct detection in this case.

The nature of dark matter (DM) remains elusive to
this day. Direct detection (DD) experiments have pushed
the limits on elastic scattering cross sections on nucle-
ons close to the neutrino floor for multi-GeV DM. Com-
bined with the so-far negative searches for particles with
weak-scale masses at colliders and in astrophysical in-
direct detection (ID), the present experimental situation
motivates the exploration of alternative DM scenarios be-
yond the classic WIMP paradigm (see, e.g. Refs. [1, 2]).

One of the prominent emerging directions involves can-
didates with masses below 1 GeV. For such light DM,
nuclear recoil signals in DD experiments typically fall
below detection thresholds, which are often of the order
of O(keV) and, as a result, sub-GeV DM remains largely
unconstrained by conventional experimental techniques.
This challenge has motivated the development of lower-
threshold detectors and alternative scattering targets [3–
42], leading to a surge of theoretical activity in sub-GeV
DM model building (see, e.g. Refs. [43–45]).

An interesting class of sub-GeV DM scenarios acces-
sible by current experimental techniques is based on the
absorption of DM in the target material [46–48]. The rest
mass of the DM particle is then converted into recoil en-
ergy, which becomes as large as Tr ∼ m2

χ/2mT , wheremT

is the mass of the target and mχ ≪ mT the mass of the
DM particle. Absorption in nuclear targets thus probes
DM masses down to O(MeV) [47, 49], while absorption
on electrons in conventional liquid xenon DD experi-
ments such as XENON1T [50], LZ [51], XENONnT [52],
PandaX-4T [53] and DARWIN [54] gives sensitivity to
DM masses in the sub-MeV range.

The possibility of DM absorption on electrons neces-
sarily implies that DM is unstable. While decays to elec-
trons can be avoided for DM with masses below thresh-
old, mχ ≤ 2me, loop-induced decays to photons and neu-

trinos are unavoidable. These scenarios are constrained
by ID through X-ray and γ-ray telescopes, as well as by
their imprints on the cosmological history. Interestingly,
DM in this mass range can also be produced in extreme
astrophysical environments, such as the hot and dense
proto-neutron stars (PNS) formed during core-collapse
supernovae (SN). Although limits on DM couplings have
been extensively studied in the literature for light bosonic
DM (see e.g. Ref. [55–66] ), similar arguments for dark
fermions have been much less explored (for early works
see Refs. [67–69]). In fact, SNe can play a significant
role in probing these DM models, opening new search
strategies that are complementary to DD, ID, and col-
lider searches [70–74].

In this Letter, we present a novel application of the
classic SN cooling limit [75] for sub-MeV fermionic DM
coupled to electrons. We focus on the models proposed
in Ref. [46], where absorption of DM particles leads to
striking signatures in DD experiments. Following the
relevant studies in Ref. [46, 48, 76] we parametrize the
DM-electron interactions in a model-independent way by
the following effective field theory (EFT) Lagrangian

Lχ =
∑
X

1

Λ2
X

(ēΓXe) · (χ̄ΓXνL) + h.c. , (1)

where e and νL are the Standard Model (SM) electron
and neutrino fields, χ is the DM fermion, and the inter-
actions are parametrized by the effective UV scale ΛX

and the Dirac matrix ΓX .
We focus our analysis on the vector operator, ΓX =

ΓV = γµ, and scalar operator ΓX = ΓS = 1, both of
which have been probed in DD by PandaX [77, 78] and
CDEX [79], as well as in ID [76]. Our derivation of SN
cooling limits can be extended to other operators, includ-
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FIG. 1. SN 1987A cooling constraints for scalar (left) and vector (right) interactions compared to DD searches by PANDA4T-X
and prospects from DARWIN. The dotted line covers the estimated uncertainty from using different SN models. Other upper
bounds include cosmological overproduction (see text and SupM for details) and those from ID derived in Ref. [76].

ing those in which we replace the SM neutrino by a ster-
ile one νR [48]. In the supplemental material (SupM), we
present the analysis of these operators for completeness.
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FIG. 2. Feynman diagrams for production of DM particles χ
in the PNS for the interactions in Eq. (1), referred to as an-
nihilation (left) and scattering (right) processes, respectively.

DM interacting with the SM through Eq. (1) can be
produced in SNe. A bound on ΛX then follows from the
classic SN cooling upper limit: the luminosity induced
by the emission of DM particles should be lower than the
neutrino luminosity, Lχ ≲ Lν , at 1 sec post-bounce, to
be consistent with the neutrino emission signal detected
during SN 1987A [75]. Here, both Lν and Lχ depend on
the numerical values of the thermodynamical parameters
used in the underlying SN simulation.

The SN 1987A bounds on ΛX can be converted to lim-
its on the scattering cross section probed in DD, as shown
in Fig. 1. These bounds clearly lie within the region
probed by DD experiments and are strongly complemen-
tary to other astrophysical ID and cosmological limits.
In particular, they exclude the whole range of cross sec-
tions accessible to current and future DD searches across
the full mass window 10 keV ≲ mχ ≲ 1 GeV.

For the numerical analysis shown in this figure, we
use SN simulations from Ref. [80]. Specifically, we
employ the radial profiles of thermodynamic quantities
provided for the coolest and hottest PNS, corre-

sponding to the SFHo18.80 and SFHo20.0 models,
respectively. These profiles are used to compute the
dark luminosity Lχ =

∫
dV (Qχ + Qχ) as a function

of the coupling scale ΛX , assuming neutrino lumi-
nosities of Lν = 5.7 × 1052 erg/s for SFHo18.80 and
Lν = 1.0 × 1053 erg/s for SFHo20.0. In the following,
we describe these calculations and the derivation of our
limits in Fig. 1 in detail.

Dark luminosity in the free-streaming regime – The Feyn-
man diagrams that contribute to the thermal production
of χ’s in the core of PNS are shown in Fig. 2. If the χ
particles interact weakly, they freely stream out of the
inner core, leading to an energy loss rate per unit volume
Q. Therefore, DM is produced by processes ψ1ψ2 → ψ3χ,
where ψi are SM fermions and

Q =

∫ [ 4∏
i=1

d3p⃗i
(2π)32Ei

]
(2π)4δ4(p1 + p2 − p3 − pχ)

× f1f2(1 − f3)
∑
spins

|M|2Eχ . (2)

The pi = (Ei, p⃗i) are the 4-momentum of the particles
labeled by i, with i = 4 corresponding to the χ. The
squared matrix elements |M|2, summed over all fermion
spins, encode the interactions that produce the scatter-
ing process, while the Fermi-Dirac occupation numbers
f−1
i = exp (Ei − µi)/T + 1 describe the local themody-

namic equilibrium conditions of the PNS parametrized
by the chemical potential µi and temperature T .

The energies Ei are defined in the rest frame of the
PNS, where the initial particles collide with 3-momenta
p⃗1 and p⃗2 forming an angle θ. The energy loss rate can
then be factorized as (cf. Ref. [71])

Q =
1

32π4

∫ ∞

m1

dE1p̄1f1

∫ ∞

m2

dE2p̄2f2

∫ 1

−1

dcθΘsJs , (3)
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where p̄i = |p⃗i|, mi are the masses and cθ = cos θ. The
function Js contains the dynamical information on the
scattering process

Js(E1, E2, s) =
p̄ ′
34

16π2
√
s

∫ 1

−1

dcθ′

∫ 2π

0

dϕ′(1 − f3)

×
∑
spins

|M(s, t)|2Eχ . (4)

where s = (p1 + p2)2 and t = (p1 − p3)2 are the
Mandelstam variables and the Heavyside function Θs ≡
θ(s− (m1 +m2)2)θ(s− (m3 +mχ)2) enforces kinematic
thresholds. In this equation, primed variables refer to the
center-of-mass frame and p̄′34 is the corresponding abso-
lute value of the final state 3-momentum. The variables
in the PNS frame E3 (hidden in f3) and Eχ can be ex-
pressed as functions of E1, E2, s before integrating over
the angles θ′ and ϕ′, see SupM for more details.

Significant simplifications of Eq. (4) can be obtained
by employing two approximations:

i) Degeneracy factorization: replacing the Pauli-
blocking factor (1 − fi) by its thermal average [75]

(1 − fi) → Fi ≡
gi
ni

∫
d3p⃗i
(2π)3

fi(1 − fi) . (5)

where gi is the number of degrees of freedom and
ni the number density. For typical PNS conditions
(T = 30 MeV, µe = 130 MeV, µνe = 20 MeV)
Fe− = 0.53, Fνe = 0.86, which is a moderate effect.

ii) Massless limit: all particles can be taken as
massless, since for the DM mass range of interest
mν ,me,mχ ≪ T, µi in SN.

These approximations lead to simple analytical formu-
lae for the contributions to Q from the two processes
in Fig. (2). For the annihilation process e+e− → νχ̄
(e+e− → ν̄χ) one finds

Qan =
aX T 9Fν(ν)

18π5Λ4
X

H4(ye)H3(−ye) + (ye → −ye) , (6)

where yi = µi/T , aV = 1 or aS = 3/4, and

Hn(y) =

∫ ∞

0

dx
xn

1 + ex−y
= −n! Lin+1 (−ey) . (7)

For the scattering process e−ν → e−χ one obtains

Qsc =
T 9Fe−

72π5Λ4
X

[bXH4(ye)H3(yν) + cXH4(yν)H3(ye)] ,

(8)

where bV = 7, cV = 9, and bS = 3/2, cS = 1/2.
Other channels like e−ν̄ → e−χ̄ or e+ν → e+χ are ob-
tained from Eq. (8) by replacing the arguments of the

Hn(y) functions accordingly. Compared to annihilation
in Eq. (6), the contribution of electron scattering to the
energy-loss rate does not suffer the strong suppression
due to the small positron abundance, and is only slightly
suppressed by partial electron degeneracy. Indeed, for
typical PNS conditions H4(ye) ≈ 1040, H3(ye) ≈ 192 but
H4(−ye) ≈ 0.3, H3(−ye) ≈ 0.08, compared to the neu-
trino conditions H4(yνe) ≈ 44 and H3(yνe) ≈ 11. There-
fore, neutrino scattering on electrons provides the lead-
ing contribution to Q, while scattering on anti-neutrinos
gives a rate smaller by about a factor 4, for nominal con-
ditions in the PNS.

Adding the contributions in Qan and Qsc one obtains

ΛS ≳ (9.3 − 14) TeV ,

ΛV ≳ (15 − 22) TeV , (9)

where the lower (upper) value correspond to the colder
(hotter) simulation SFHo18.80 (SFHo20.0) [80].

Dark luminosity in the trapping regime – In the trapping
regime the DM particles reach thermal equilibrium with
the plasma in the PNS and are emitted from a surface
with radius rχ (the dark sphere) following a law analo-
gous to black-body radiation. Including the degrees of
freedom of approximately massless χ and χ̄, this reads

Ltrap
χ =

7π3

30
r2χT

4
χ , (10)

where Tχ = T (rχ) and the radius rχ is defined by re-
quiring the optical depth to be τχ(rχ) =

∫∞
rχ
dr/λ(r) =

2/3 [81–83], where λ(r) is a suitable spectral average of
the DM’s mean free path (MFP) at a radius r. Here we
use a “naive” thermal average

λ(r) =
gχ
nχ

∫
d3p⃗χ
(2π)3

fχλ(r, Eχ) . (11)

The energy-dependent MFP λ(r, Eχ) is related to the
total absorption rate of DM particles in the medium,
Γ = 1/λ. Given the thermodynamical conditions of the
plasma at radius r, the rate for χψ1 → ψ2ψ3 is

Γ(Eχ) =
1

2Eχgχ

∫ [ 3∏
i=1

d3p⃗i
(2π)32Ei

]
f1(1 − f2)(1 − f3)

× (2π)4δ4(p1 + p2 − p3 − pχ)
∑
spins

|M|2 , (12)

where the particle i = 1 is identified with the SM scat-
terer and i = 2, 3 with the final SM particles, and where
M is the scattering amplitude of the process. Following
an analysis similar to Eq. (3) we find

Γ(Eχ) =
1

16π2Eχgχ

∫ ∞

m1

dE1p̄1f1

∫ 1

−1

dcθΘsKs , (13)
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where Θs ≡ θ(s− (m2 +m3)2)θ(s− (m1 +mχ)2) and

Ks(Eχ, E1, s) =
p̄ ′
23

16π2
√
s

∫ 1

−1

dcθ′

∫ 2π

0

dϕ′(1 − f2)(1 − f3)

×
∑
spins

|M(s, t)|2 . (14)

Using the same approximations as for Q one obtains

Γan(Eχ) =
2aXEχT

4FeFē

9π3Λ4
Xgχ

H3(−yν),

Γsc(Eχ) =
4dXEχT

4FνFe

9π3Λ4
Xgχ

H3(ye), (15)

for inverse annihilation, χν̄ → e+e−, and inverse scatter-
ing, χe− → νe− (with coeffcients dV = 1 and dS = 1/8),
respectively and where we have assumed that DM is
in chemical equilibrium, µχ = µν . One finds that the
SN 1987A constraint has a lower bound at

ΛS ≲ (38 − 41) GeV ,

ΛV ≲ (56 − 59) GeV , (16)

for the simulations SFHo18.80 and SFHo20.0 [80].

Results and discussion – The SN 1987A cooling limits
derived above can be converted to upper limits on the DD
cross section predicted in the EFT [76]. The results for
vector and scalar operators shown in Fig. 1 demonstrate
that the new SN bound covers a large fraction of the
previously unconstrained region of interest for ID, and
current and future DD experiments (i.e. DARWIN [54]).

The cosmological overabundance limits in Fig. 1 are
obtained assuming that DM is produced in the early Uni-
verse via UV freeze-in by the same mechanisms as in SN,
cf. Fig. 2. Our limits, derived in the SupM, are more
stringent than those reported in previous studies [48, 76].

One important caveat in our analysis, concerning the
validity of the results shown in Fig. 1, is the use of EFT.
While this approximation holds in DD and ID, where the
relevant energy scale (set by the DM mass) is assumed
to be much smaller than the mediator mass, it can break
down in the context of thermal production of DM in the
PNS, where temperatures can reach O(10 MeV).

In Fig. 3 we show the limits on a simplified UV com-
pletion of the scalar operator, with interactions mediated
by a real scalar Φ,

LS ⊃ yeēeΦ + yχχ̄νLΦ + h.c. , (17)

for a given DM mass mχ = 20 keV and as a function of
the mediator mass mΦ. For heavy mediators above ≈ 1
GeV (≈ 100 MeV) the SN cooling limits become inde-
pendent of the mediator mass and approach the results
of the EFT calculation for the free-streaming (trapping
regime). However, for light mediators the bound departs
strongly from the EFT behavior. The physical reason for
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FIG. 3. Bounds on the DD cross-section for the absorption
of DM with mχ = 20 keV and sub-GeV scalar mediator. For
ye = yχ, the SN 1987A limits from SFHo18.80 are compared
to the limit from DM overproduction and sensitivity limits
achieved by PANDAX-4T and the prospects for DARWIN.
We also show the SN 1987A bound obtained using yχ = 105ye
or vice-versa. For such hierarchical couplings the overproduc-
tion bound would only get stronger.

this change is the onset of resonant production processes
in annihilation e+e− → Φ∗ → χν̄ and photo-production
e−γ → e−Φ∗(→ χν̄) [71], described for completeness in
the SupM. The production and absorption rates in SN in
this resonant regime scale quadratically (and not quarti-
cally) with the couplings and the bound covers a region
of couplings much smaller than what could have been
naively expected from the EFT. Therefore, as shown in
Fig. 3, SN 1987A does not constrain the region accessi-
ble to DD for light mediators with mΦ ≲ 70 MeV, unless
there are large hierarchies in the couplings.

However, as stressed above, the same processes under-
lying DM production in the PNS will produce DM in the
early Universe through freeze-in. The temperatures dom-
inating the cosmological DM production are around the
reheating temperature, TR ≳ 5 MeV, which are similar to
those in SN, and cosmological DM production is also res-
onantly enhanced for light mediators [84]. This is shown
in Fig. 3 where the overproduction bound is drastically
strengthened due to this resonant behavior for mΦ ≲ 150
MeV, excluding the region of interest for DD.

In conclusion, in this work, we have presented new
SN 1987A cooling bounds on sub-MeV fermionic dark
matter with effective couplings to electrons. Importantly,
our bounds exclude a significant fraction of the projected
sensitivity regions of both current and future DD ex-
periments and are highly complementary to ID searches
with X-ray and γ-ray telescopes and cosmological limits.
We have corroborated these conclusions obtained in the
EFT by exploring how these constraints are affected in
simple UV completions with sub-GeV mediators. While
these mediators can be produced on-shell in supernova
cores, shifting the constrained regions to smaller cou-
plings, the same resonant behavior occurs in the early
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Universe, strengthening the overproduction limits. As a
result, the parameter space accessible to direct detection
remains excluded.

Our results highlight the important role that SN anal-
yses can play in probing sub-GeV DM scenarios be-
yond the reach of traditional laboratory and cosmological
searches.
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Note added – While this work was being finalized, an
independent analysis of SN 1987A bounds on the same
effective models appeared as a preprint [85]. Compared
to their results, our bounds are approximately one to two
orders of magnitude weaker (depending on the SN simu-
lation used). Our supernova analysis is more systematic,
extends to the case of simple UV completions and sterile
neutrinos, and we derive consistently the relevant cos-
mological limits from overproduction. In particular, we
discuss the implications of light mediators where the EFT
analysis breaks down.
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I. KINEMATICS IN CM AND PNS FRAMES

Here we discuss the setup for the production of DM in the PNS medium through the annihilation and scattering
processes in Fig. 2. We choose a coordinate system where the 4-momenta of the incoming ψ1 and ψ2 particles in the
PNS frame read

p1 = (E1, 0, 0, p̄1) , p2 = (E2, p̄2sθ, 0, p̄2cθ) , (S1)

with p̄i ≡ |p⃗i| =
√
E2

i −m2
i and sθ = sin θ, cθ = cos θ. In the center-of-mass (CM) frame the incoming ψ1 and ψ2

particles collide along the z-axis with 4-momenta

p′1 = (E′
1, 0, 0, p̄

′
12) , p′2 = (E′

2, 0, 0,−p̄′12) , (S2)

where

p̄′12 =
1

2
√
s
λ1/2(s,m2

1,m
2
2) , E′

1 =
1

2
√
s

(
s+m2

1 −m2
2

)
, E′

2 =
1

2
√
s

(
s−m2

1 +m2
2

)
, (S3)

with λ(a, b, c) = a2 + b2 + c2 − 2(ab + ac + bc). The outgoing particles ψ3 and χ scatter under a polar angle θ′ with
respect to the z-axis and within a plane P ′ that forms an azimuthal angle ϕ′ with respect to the x− z plane:

p′3 = (E′
3, p̄

′
34 (sθ′cϕ′ , sθ′sϕ′ , cθ′)) , p′4 = (E′

4,−p̄′34 (sθ′cϕ′ , sθ′sϕ′ , cθ′)) , (S4)

where

p̄′34 =
1

2
√
s
λ1/2(s,m2

3,m
2
χ) , E′

3 =
1

2
√
s

(
s+m2

3 −m2
χ

)
, E′

4 =
1

2
√
s

(
s−m2

3 +m2
χ

)
. (S5)

The Mandelstam variable t evaluated in in the CM frame can be written in terms of s and the polar angle θ′,

t = (p2 − p4)2 = − 1

2s

(
s2 +m2

1m
2
3 +m2

2m
2
χ −m2

1m
2
χ −m2

2m
2
3

)
+

1

2

(
m2

1 +m2
2 +m2

3 +m2
χ

)
+ 2 p̄′12p̄

′
34cθ′ . (S6)
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The Lorentz transformation from the PNS frame to the CM frame is given by

β⃗ =
p̄

E
(sη, 0, cη) , γ =

E√
s
, (S7)

where we have defined

E = E1 + E2 , p̄ = |p⃗1 + p⃗2| =
√
E2 − s , (S8)

with the angle η given by

cη =

√
sE1 − EE′

1

p̄p̄′12
. (S9)

This relation allows the final state energies in the PNS frame to be expressed in terms of the kinematic variables as

E3 =
1√
s

(EE′
3 + p̄p̄′34 (sθ′cϕ′sη + cθ′cη)) , E4 =

1√
s

(EE′
4 − p̄p̄′34 (sθ′cϕ′sη + cθ′cη)) . (S10)

With these definitions, one obtains Eqs. (4) and (14).

II. SCATTERING AMPLITUDES, CROSS-SECTIONS, COOLING RATES

Here we provide results for squared matrix elements, cross-sections and the approximate cooling rates for general
effective operators defined by (note that only one tensor operator is independent)

Lχ =
1

Λ2
V

(ēγµe)(χ̄γµνL) +
1

Λ2
A

(ēγµγ5e)(χ̄γµνL) +
1

Λ2
S

(ēe)(χ̄νL) +
1

Λ2
P

(ēγ5e)(χ̄νL) +
1

Λ2
T

(ēσµνe)(χ̄σµννL) + h.c.

(S11)

We will first discuss annihilation processes and then scattering, turning on a single operator in Eq. (S11) at a time.

II.a. Annihilation

The spin-summed (but not spin-averaged) squared matrix elements for annihilation processes e+e− → χν and
e+e− → χν are given by∑

spins

|MV
an|2 =

4

Λ4
V

(
2m4

e − 4m2
et+ 2t

(
s+ t−m2

χ

)
+ s

(
s−m2

χ

))
, (S12)

∑
spins

|MA
an|2 =

4

Λ4
A

(
2m4

e + 4m2
e(m2

χ − s− t) −m2
χ(s+ 2t) + s2 + 2 s t+ 2 t2

)
, (S13)

∑
spins

|MS
an|2 =

2

Λ4
S

(s− 4m2
e)(s−m2

χ) , (S14)

∑
spins

|MP
an|2 =

2

Λ4
P

s(s−m2
χ) , (S15)

∑
spins

|MT
an|2 =

16

Λ4
T

(
4m2

e + 2m2
e(m2

χ − s− 4t) −m2
χ(s+ 4t) + (s+ 2t)2

)
, (S16)

with the Mandelstam variables

s = 2m2
e + 2(E1E2 − p̄1p̄2cθ) , t = (pe− − pχ(χ))

2 = m2
e −

s−m2
χ

2
(1 − βe cθ′) , βe =

√
1 − 4m2

e

s
, (S17)
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and θ′ (θ) are the scattering angles in the CM (PNS) frame, see SupM I. The corresponding cross-sections read

σV
e+e−→χν =

βe
48πΛ4

V s
2(s− 4m2

e)
(s+ 2m2

e)(s−m2
χ)2(2s+m2

χ) , (S18)

σA
e+e−→χν =

βe
48πΛ4

As
2(s− 4m2

e)
(s−m2

χ)2
(
s(2s+m2

χ) + 2m2
e(m2

χ − 4s)
)
, (S19)

σS
e+e−→χν =

βe
32πΛ4

Ss
(s−m2

χ)2 , (S20)

σP
e+e−→χν =

βe
32πΛ4

P (s− 4m2
e)

(s−m2
χ)2 , (S21)

σT
e+e−→χν =

βe
12πΛ4

T s
2(s− 4m2

e)
(s+ 2m2

e)(s−m2
χ)2(s+ 2m2

χ) , (S22)

and the inverse processes can be obtained using the relation

σX
χν→e+e− =

4s(s− 4m2
e)

gχ(s−m2
χ)2

σX
e+e−→χν , (S23)

for X = V,A, P, S, T and gχ denotes the number of degrees of freedom in χ. Employing the approximation (1−f3) →
Fν (for e+e− → χν), one can easily calculate JX

s,ann using Eq. (4) as the integrals ϕ′ and c′θ are trivial. Taking the
massless limit, me = mχ = 0, gives

JX
s,an = s2

E1 + E2

6πΛ4
X

aXFν , (S24)

where aV = aA = 4aS/3 = 4aP /3 = aT /2 = 1. The analogous expressions for e+e− → χν are identical except for the
Pauli blocking factor (1 − f3) that instead contains the chemical potential of the neutrino and becomes Fν with our
approximations. This leads to

QX
an =

aXT
9Fν(ν)

18π5Λ4
X

H4(ye)H3(−ye) + (ye → −ye) , (S25)

where yi = µi/T and using Eq. (7). Likewise, the absorption width and rates for the process χν̄ → e+e−, in the
me = mχ = 0 limit, are

KX
an =

s2

3πΛ4
X

aXFeFē , (S26)

ΓX
an =

2EχT
4H3(−yν)

9 gχπ3Λ4
X

aXFeFē , (S27)

CX
an =

T 8H3(−yν)H3(yν)

9π5Λ4
X

aXFeFē , (S28)

where we have defined the collision operator,

C = gχ

∫
d3p⃗χ
(2π)3

fχΓ(Eχ). (S29)
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II.b. Scattering

The spin-summed (but not spin-averaged) squared matrix elements for scattering processes e∓ν → e∓χ or e∓ν̄ →
e∓χ̄ are given by ∑

|MV
sc|2 =

4

Λ4
V

(
2s2 + 2st+ t2 − 2m2

e

(
2s−m2

e

)
−m2

χ(2s+ t)
)
,∑

|MA
sc|2 =

4

Λ4
A

(
4m2

e

(
m2

χ − s− t
)

+ 2m4
e −m2

χ(2s+ t) + 2s2 + 2st+ t2
)
,∑

|MS
sc|2 =

2

Λ4
S

(
t− 4m2

e

) (
t−m2

χ

)
,∑

|MP
sc|2 =

2

Λ4
P

t
(
t−m2

χ

)
,∑

|MT
sc|2 =

16

Λ4
T

(
2m2

e

(
m2

χ − 4s− t
)

+ 4m4
e −m2

χ(4s+ t) + (2s+ t)2
)
, (S30)

with the Mandelstam variable

t =
m2

χ

2

(
1 +

m2
e

s

)
− s−m2

e

2

(
1 − m2

e

s
− βeχcθ′

)
, βeχ =

√
1 − 2

m2
e +m2

χ

s
+

(m2
e −m2

χ)2

s2
, (S31)

and θ′ is the scattering angle in the CM frame, see SupM I. The corresponding cross-sections read

σV
e∓ν→e∓χ =

βeχ
48πΛ4

V s
2

(
8s3 − s2(12m2

e + 7m2
χ) − s(m4

χ − 6m4
e + 3m2

em
2
χ) − 2m2

e(m2
e −m2

χ)2
)
,

σA
e∓ν→e∓χ =

βeχ
48πΛ4

As
2

(
8s3 − 7m2

χs
2 − s(m4

χ + 6m4
e − 9m2

em
2
χ) − 2m2

e(m2
e −m2

χ)2
)
,

σS
e∓ν→e∓χ =

βeχ
96πΛ4

Ss
2

(
2s3 − s2(m2

χ − 6m2
e) − s(6m4

e +m4
χ − 9m2

em
2
χ) − 2m2

e(m2
e −m2

χ)2
)
,

σP
e∓ν→e∓χ =

βeχ
96πΛ4

P s
2

(
2s3 − s2(6m2

e +m2
χ) − s(m4

χ − 6m4
e + 3m2

em
2
χ) − 2m2

e(m2
e −m2

χ)2
)
,

σT
e∓ν→e∓χ =

βeχ
12πΛ4

T s
2

(
14s3 − s2(12m2

e + 13m2
χ) − sm2

χ(m2
χ − 3m2

e) − 2m2
e(m2

e −m2
χ)2
)
,

(S32)

and the inverse processes can be obtained using the relation

σX
e∓χ→e∓ν =

1

gχ

(s−m2
e)2

s2 − 2s(m2
e +m2

χ) + (m2
e −m2

χ)2
σX
e∓ν→e∓χ . (S33)

Using the approximation (1 − f3) → Fe± (Fe− for e−ν → e−χ and e−ν̄ → e−χ̄ and Fe+ for e+ν → e+χ and
e+ν̄ → e+χ̄) ), with E1 = Ee± , E2 = Eν/ν , and taking the massless limits, me = mχ = 0, we obtain

JV,A
s,sc =

s2

24πΛ4
V,A

(7E1 + 9E2)Fe± , (S34)

ĴS,P
s,sc =

s2

48πΛ4
S,P

(3E1 + E2)Fe± , (S35)

JT
s,sc =

s2

6πΛ4
T

(11E1 + 17E2)Fe± , (S36)

which permits to analytically solve the final integrals to calculate the energy loss rates in this limit for e−ν → e−χ:

QV,A
sc =

T 9Fe−

72π5Λ4
V,A

[7H4(ye)H3(yν) + 9H4(yν)H3(ye)] ,

QS,P
sc =

T 9Fe−

144π5Λ4
S,P

(3H4(ye)H3(yν) +H4(yν)H3(ye)) ,

QT
sc =

T 9Fe−

18π5Λ4
T

(11H4(ye)H3(yν) + 17H4(yν)H3(ye)) . (S37)
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FIG. S1. SN 1987A cooling bound for scalar (left) and vector (right) interactions and sterile neutrinos. See caption of Fig. 1.

Other channels like e−ν̄ → e−χ̄ or e+ν → e+χ are obtained from Eq. (8) by replacing the arguments of the Hn(y)
functions accordingly. However, the scattering contributions in Eq. (S37) give the dominant contributions to the total
energy-loss rate, and result in the final lower bounds on the UV scales in the free-streaming regime, given by

ΛX ≳


(15 − 22) TeV X = V,A

(9.3 − 14) TeV X = S, P

(25 − 37) TeV X = T

. (S38)

where the lower (upper) value corresponds to the SFHo18.80 (SFHo20.0) simulation.

KX
s,sc =

2s2

3πΛ4
X

dXFeFν , (S39)

ΓX
s,sc =

4EχT
4H3(ye)

9 gχπ3Λ4
X

dXFeFν , (S40)

CX
s,sc =

2T 8H3(yν)H3(ye)

9π5Λ4
X

dXFeFν , (S41)

with dV,A = 8 dS,P = dT /7 = 1. The trapping bounds are

ΛX ≳


(56 − 59) GeV X = V,A

(38 − 41) GeV X = S, P

(88 − 92) GeV X = T

, (S42)

covering the range obtained using the simulations SFHo18.80 or SFHo20.0.

II.c. Effective operators with sterile neutrinos

Another possibility that has been considered for absorption signatures in DD is to replace the SM neutrino by a
sterile one in the effective Lagrangian (S11) with mν ≪ mχ [48] . In the context of the DM production in SNe,
these models are substantially different from the ones considered with SM neutrinos. In the former case, the most
important production mechanism is scattering νLe

− → χe−, where SM neutrinos are in thermal equilibrium with the
plasma. However, sterile neutrinos are not in equilibrium and the only possible production mechanism is annihilation,
e−e+ → χν̄R and e−e+ → χ̄νR. In fact, this is similar to the production of DM in SN with (ēe) (χ̄χ) interactions
studied in Ref. [71], although in this case the emission of both χ and νR contributes to cooling.

In Fig. S1, we present the SN upper limits on DD cross sections, using the same style as in Fig. 1. These bounds are
significantly weaker than those obtained for SM neutrinos, but are still complementary to both ID and DD. However,
some parameter space remains accessible to DD searches for vector interactions, particularly within the region where
the SN constraints are subject to uncertainties.
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III. LIGHT MEDIATORS

We will investigate here the extension of the SN 1987A limits that we have derived in the EFT limit to the case
where (νχ)(ee) interactions are produced by light mediators, with mass M ≲ 100 MeV. In this case, mediators can
be produced on-shell (resonantly) enhancing the efficiency of the dark production and absorption processes. For
simplicity, in the following we focus on the massless approximations for electrons and dark particles χ. Let us discuss
the main contributions to the production and absorption resonant processes.

III.a. Annihilation

Resonant production of χ through e+e− → X∗ → χν̄ occurs as long as the collision energies of the positrons and
electrons in the plasma are sufficiently large, i.e. mX ≲ 3T . In this regime and taking the limit mχ = me → 0, we
obtain

Js = 2CXs
2 (E1 + E2)g2eBRχ

mX
Fν̄

ΓX

(s−m2
X)2 +m2

XΓ2
X

, (S43)

where CV = CA = 2CS = 2CP = 1, BRχ = Γ(X → χν̄)/ΓX is the branching fraction of X into the dark channel
χν̄, and Γ(X → χν̄) = AXg

2
χmX/12π, with AV = 2AS/3 = 1, and gi the couplings of the mediator to fermion i.

Assuming ΓX/mX ≪ 1 one can apply the narrow-width approximation (NWA), and obtain

Js = 2CXπm
2
X(E1 + E2)g2eBRχFν̄δ(s−m2

X), (S44)

and

Q = CX
g2em

2
XBRχT

3

32π3
Fν̄ (H1(ye)H0(−ye) +H1(−ye)H0(ye)) . (S45)

One can also explicitly solve the full phase-space integrals with the resonant structure (beyond NWA) finding a good
description of the production process below mX ≃ 100 MeV for the benchmark SN conditions.

Likewise, one can adapt the calculation of the absorption width and rates of the process χν̄ → X∗ → e+e− to the
light-mediator regime,

Ks = 4CX s2
g2eBRχ

mX
FeFē

ΓV

(s−m2
X)2 +m2

XΓ2
X

, (S46)

and in the NWA,

Ks = 4CX πm2
Xg

2
eBRχFeFēδ(s−m2

X) . (S47)

In this limit we obtain,

Γan(Eχ) = CX
g2em

2
XT

8πE2
χgχ

BRχFeFē log
(
1 + e−yν

)
, (S48)

and

Cabs = CX
g2em

2
XT

2

16π3
BRχFeFē log

(
1 + e−yν

)
log (1 + eyν ) . (S49)

III.b. Scattering

Scattering processes like e−ν → e−χ arise by t-channel exchange of the X mediator. Although this process does
not suffer from the suppression of the positron abundance in the plasma (see discussion in the EFT), it scales with the
coupling constant as ∝ g4, compared to the ∝ g2 scaling of resonant annihilation in the light mediator regime. Thus,
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it is expected that for the small couplings required by the SN 1987A bound, the latter will dominate the emission and
absorption rates. In this regime, for a vector mediator, we obtain

JA,V
s =

g2eg
2
χ

4πs2
Fe−

(
2 log

(
s

m2
X

+ 1

)(
3m4

X(E1 − E2) + 2m2
Xs(2E1 − 3E2) + 2s2(E1 − 2E2)

)
−
E1s

(
6m4

X + 11m2
Xs+ 7s2

)
m2

X + s
+ E2s

(
4s2

m2
X

+ 6m2
X + 9s

))
. (S50)

while for a scalar mediator,

JS,P
s =

g2eg
2
χ

16πs2
Fe−

(
2 log

(
s

m2
S

+ 1

)(
3m4

S(E1 − E2) − 2E2sm
2
S

)
+ E1s

(
−4m2

S + s− 2m4
S

m2
S + s

)
+ E2s(s+ 6m2

S)

)
.

(S51)

A significant simplification can be achieved for light mediators expanding the previous formulae in mV and mS around
zero,

JV,A
s =

g2χg
2
eE2s

πm2
V

Fe− , JS,P
s =

g2χg
2
e(E1 + E2)

16π
Fe− . (S52)

In this limit, one finally gets

QV,A =
g2χg

2
eT

7

8π5m2
V

Fe−H2(ye)H3(yν) , QS,P =
g2χg

2
eT

5

256π5
Fe−(H2(ye)H1(yν) +H1(ye)H2(yν)). (S53)

The calculation of the absorption rate for the inverse scattering process yields

KV,A
s =

g2eg
2
χ

2π
FeFν

 m2
V

m2
V + s

+
2s

m2
V

+
2
(
m2

V + s
)

log
(

m2
V

m2
V +s

)
s

+ 1

 ,

KS,P
s =

g2eg
2
χ

4π s
FeFν

(
2 sm2

S + s2

m2
S + s

+ 2m2
S log

(
m2

S

m2
S + s

))
.

(S54)

In the limit mV ,mS → 0 one obtains KV,A
s = g2eg

2
χsFeFν/πm

2
V , KS,P

s = g2eg
2
χFeFν/(4π) and

ΓV,A
sc (Eχ) =

g2eg
2
χT

3

4π3m2
V gχ

FeFνH2(ye), CV,A
sc =

g2eg
2
χT

6

8π5m2
V

FeFνH2(ye)H2(yν) ,

ΓS,P
sc (Eχ) =

g2eg
2
χT

2

32π3Eχgχ
FeFνH1(ye), CS,P

sc =
g2eg

2
χT

4

64π5
FeFνH1(ye)H1(yν).

(S55)

III.c. Photoproduction

Photoproduction off electrons, γe− → V ∗(→ χν̄)e− is negligible compared to annihilation and scattering for heavy
mediators but needs to be considered for light mediators [71]. We start with the volume emission rate, that will be
approximated in the relativistic limit of electrons as [71],

Qγ =
Fe−

12π4

∫ ∞

0

dωωfγ

∫ ∞

0

dω′ω′(ω + ω′)fe

∫ +1

−1

d(cos θ)sσ(s) , (S56)

where ω (ω′) is the photon (electron) energy, σ(s) is the photoproduction cross section, s = 2ωω′(1 − cos θ) and we
have assumed that the χ in the process carries away ≈ 1/3 of the total energy in the collision. Given that this process
is relevant only for light mediator masses, where the mediator X is produced resonantly, we use the NWA.

For a vector mediator the proper cross section for e−γ → V e− was obtained in Eq. (39) of Ref. [71]. For the scalar
mediator in Eq. (17) one obtains

σ(γe→ ϕe) =
s2e2y2e

16π (s−m2
e)

3

[(
1 −

2m2
ϕ

s
+

6m2
e

s
+

9m4
e

s2
−

10m2
ϕm

2
e

s2
+

2m4
ϕ

s2

)
log

(
1 + (m2

e −m2
ϕ)/s+ βf

1 + (m2
e −m2

ϕ)/s− βf

)

−βf
2

(
3 −

7m2
ϕ

s
+

25m2
e

s
+

5m4
e

s2
−

2m2
em

2
ϕ

s2
+
m4

em
2
ϕ

s3
− m6

e

s3

)]
(S57)
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FIG. S2. Bounds on the DD cross-section for the absorption of DM with mχ = 100 keV, a sub-GeV vector mediator and a
sterile neutrino. See caption of Fig. 3.

with βf =
√

(1 −m2
ϕ/s)

2 − 2m2
e/s(1 +m2

ϕ/s) +m4
e/s

2.

III.d. Application to a simplified vector model coupled to sterile neutrinos

In the main article we discussed the importance of considering carefully the light-mediator regime when studying
the SN bounds on sub-MeV DM models. The reason is the onset of resonant processes that change the dependence
of the bounds in the couplings. We studied this for the scalar (ēe)(ν̄χ) interactions in Fig. 3. Here, we repeat the
analysis for a simplified vectorial model featuring interactions with a sterile neutrino (instead of a SM one) [48],

LV ⊃ (gχχ̄γ
µνR + geēγ

µe)Z ′
µ. (S58)

As discussed above, in case of sterile neutrinos the calculations are analogous to those for the (ēe) (χ̄χ) interactions
studied in Ref. [71]. Following this reference, in Fig. S2 we show the dependence of the bounds as a function of the
mediator mass mZ′ for a DM mass mχ = 100 keV. As in the scalar case represented in Fig. 3, the SN bounds become
much stronger for light Z ′ opening up a region of cross sections that could be probed by DD. However, as in the case
of the scalar mediator, cosmological production also becomes resonant, further constraining the allowed parameter
space.

IV. OVERPRODUCTION LIMIT

In this section we discuss the limits from DM overproduction in both the EFT regime (the operators in Eq. (1))
and the scalar and vector UV completions in Eq. (17) and Eq. (S58), respectively. We follow Ref. [86] and integrate
the Boltzmann equation in the freeze-in regime [87], see the appendices in Refs. [88, 89] for details. For the effective
operators, the freeze-in contribution to the DM abundance is UV dominated, so that the abundance will grow with
the reheating temperature TR and decrease with the EFT scale Λ. In order to derive conservative lower bounds on Λ
from DM overproduction, we thus assume the lowest possible reheating temperature TR = 4 MeV [90, 91] and take a
vanishing initial DM abundance (any non-zero abundance would make the limit stronger).
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IV.a. General Case

For a general 2 → 2 process χ + 1 → 2 + 3 involving a single DM particle χ and particles 2 and 3 in the thermal
bath, the Boltzmann Equation (BE) for the DM yield Yχ ≡ nχ/s is given by

dYχ
dT

= − 1

sHT

(
1 +

dg∗s
dT

T

3g∗s

)
[−⟨σχ1→23v⟩nχn1 + ⟨σ23→χ1v⟩neq2 n

eq
3 ]

= − 1

sHT

(
1 +

dg∗s
dT

T

3g∗s

)
⟨σχ1→23v⟩

[
neqχ n

eq
1 − nχn1

]
= − 1

sHT

(
1 +

dg∗s
dT

T

3g∗s

)
Cχ123

[
1 − YχY1/(Y

eq
χ Y eq

1 )
]
, (S59)

with the collision operator Cχ123 = ⟨σχ1→23v⟩neqχ n
eq
1 = ⟨σ23→χ1v⟩neq2 n

eq
3 . It is convenient to introduce a reference

scale m by defining T = m/x, so that the BE becomes

dYχ
dx

=
1

sHx

(
1 − dg∗s

dx

x

3g∗s

)
Cχ123

[
1 − YχY1/(Y

eq
χ Y eq

1 )
]
. (S60)

Taking the effective degrees of freedom g∗ to be approximately constant, one has s ∝ T 3, H ∝ T 2, and the BE
simplifies to

dYχ(x)

dx
=
x4Cχ123(x)

s(m)H(m)

[
1 − Yχ(x)Y1(x)/(Y eq

χ (x)Y eq
1 (x))

]
. (S61)

In the present scenario it is clear that DM production continues at most until T ≈ me, when the electrons become

non-relativistic, so that Y1(x) ≲ Y
eq(x)
1 for 1 = ν, e. Moreover in the freeze-in limit the DM abundance never reaches

equilibrium, Yχ ≪ Y eq
χ , so that one can neglect the whole bracket on the RHS in Eq. (S61) to good approximation.

We can then integrate both sides easily from the maximal temperature TR with vanishing yield down to T = 0 for the
asymptotic yield. More appropriate would be to integrate until the temperature where both electrons and neutrinos
T ≈ 1 MeV, where both electrons and neutrinos have decoupled from the thermal path and electrons start to become
non-relativistic, but in practice this difference does not matter much, as the integral is UV dominated and the IR
boundary gives only a small correction. We thus obtain for the asymptotic yield Y∞

Y∞ ≈
∫ ∞

m/TR

x4Cχ123(x)

s(m)H(m)
dx =

135
√

5MPl

4m5π7/2g
3/2
∗ (m)

∫ ∞

m/TR

x4Cχ123(x) dx ≡ R(m) . (S62)

Including a factor 2 for the abundance for Yχ we finally get for the total relic abundance

Ωχh
2 ≈ 2R(m)mχs0/ρcrit = 0.12

( mχ

10 keV

)( R(m)

2.2 × 10−5

)
. (S63)

IV.b. Effective Operators

To calculate the relic abundance for the EFT operators in Eq. (1), we merely need to integrate the collision term.
For simplicity we will work in the high-energy limit and neglect me and mχ, in which case the collision terms for
annihilation e+e− → χν and scattering e±ν → e±χ are given in Eq. (S28) and Eq. (S41), respectively, in the limit of
vanishing chemical potentials. Also taking the Boltzmannian limit for simplicity, we obtain

Ĉe+e−→χν =
4aXT

8

π5Λ4
X

, Ĉe±ν→e±χ =
8dXT

8

π5Λ4
X

, (S64)

where aX and dX are given below Eq. (S24) and Eq. (S41), respectively. The collision operator can be easily integrated,
giving for annihilation ∫ ∞

m/TR

x4Ce+e−→χν(x) dx =
4aXm

8

π5Λ4
X

∫ ∞

m/TR

dx

x4
=

4aXm
5T 3

R

3π5Λ4
X

, (S65)
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and similar for scattering with aX → 2dX (note that for RH neutrinos there is only annihilation, provided that there
are not in thermal equilibrium in the early universe). Summing the contributions from annihilation and scattering
(including a factor of 2 for charge multiplicity), we obtain

R(m) =
45

√
5MPl

π17/2g
3/2
∗ (m)

(aX + 4dX)
T 3
R

Λ4
X

, (S66)

and finally

Ωχh
2 ≈ 0.12 (aX + 4dX)

( mχ

10 keV

)( TR
4 MeV

)3(
1.6 TeV

ΛX

)4(
10.7

g∗(m)

)3/2

, (S67)

where we normalized to g∗(TR = 4 MeV) = 10.7, since this regime gives the dominant contribution to the abundance.
Doing the integral of the collision term with the full cross-section, i.e. keeping finite mχ = me ̸= 0, results in a
scale that differs from the approximation above only by a few GeV. Directly solving the BE numerically with the full
cross-section gives a difference of the same size, which demonstrates that the choice of m = TR is indeed appropriate.
As discussed above we have neglected here the IR boundary term, which would change the result to T 3

R → T 3 − T 3
IR.

For TIR ≈ 1 MeV and our default value TR = 4 MeV, this would merely amount to a 2% correction. Finally fixing
TR = 4 MeV, the limit from DM overproduction reads for scalar and vector operators (valid for mχ ≪ TR)

ΛS ≳ 1.7 TeV
( mχ

10 keV

)1/4
, ΛV ≳ 2.3 TeV

( mχ

10 keV

)1/4
(S68)

or

m2
χ

4πΛ4
S

≲ 4.1 × 10−52cm2
( mχ

10 keV

)
,

m2
χ

4πΛ4
V

≲ 1.0 × 10−52cm2
( mχ

10 keV

)
, (S69)

in good agreement with Fig. 1.

IV.c. UV Completions

For a light vector or scalar mediator X, in principle we would need to solve two coupled Boltzmann Equations for
χ and X. However, since we are interested in the limit TR ≪ mV and unstable mediators, the mediator abundance
is always negligible and we can treat X as a short-lived resonance and simply work with a single Boltzmann equation
for χ (c.f. also Ref. [84]). Thus we can employ again the general result from Eq. (S62), using the collision term for
the relevant process in the UV complete theory.

Since we expect significant deviations from the EFT calculation only in the resonant regime (i.e. when the mediator
is produced on-shell) we restrict to annihilation. The corresponding s-channel cross-section for a vector mediator reads

σe+e−→χν =
g2eg

2
χ

√
1 − 4m2

e/s

48π ((s−m2
V )2 +m2

V Γ2
V ) s2(s− 4m2

e)
(s+ 2m2

e)(s−m2
χ)2(2s+m2

χ) , (S70)

which results in the collision term (taking mχ ≪ me)

Ce+e−→χν =
T

8π4

∫ ∞

4m2
e

(
1 − 4m2

e/s
)
s3/2σe+e−→χνK1

(√
s/T

)
ds , (S71)

and the partial widths are given by

Γ(V → ee) =
g2emV

12π

(
1 + 2

m2
e

m2
V

)√
1 − 4

m2
e

m2
V

,

Γ(V → χν) =
g2χmV

12π

(
1 +

m2
χ

2m2
V

)(
1 −

m2
χ

m2
V

)2

. (S72)
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In the resonant limit that we are interested in, the dominant contributions come from
√
s ≈ mV ≫ me ≫ mχ.

Therefore, we now set mχ = me = 0 and use the NWA for the cross-section, giving

σe+e−→χν ≈ g2eπδ(s−m2
V )BR(V → χν) , (S73)

and thus

Ce+e−→χν =
g2e

8π3
m3

V TK1

(mV

T

)
BR(V → χν) . (S74)

Therefore the final integral becomes∫ ∞

m/TR

x4Ce+e−→χν(x) =
g2em

3
Vm

8π3
BR(V → χν)

∫ ∞

m/TR

x3K1

(mV

m
x
)
. (S75)

Now choosing m = mV , and taking mV ≫ TR, it is clear that the integral is again UV dominated, which justifies to
integrate to T = 0 instead to some finite value. This gives for the asymptotic yield

R =
135

√
5MPl

32mV π13/2g
3/2
∗ (mV )

g2eg
2
χ

g2e + g2χ

∫ ∞

mV /TR

x3K1(x) dx , (S76)

and finally for the relic abundance

Ωχh
2 = 0.12

gegχ/
√
g2e + g2χ

4.9 × 10−12

2 ( mχ

10 keV

)(10 MeV

mV

)(
10.7

g∗(mV )

)3/2

K , (S77)

with

K =
2

3π

∫ ∞

mV /TR

x3K1(x) dx , (S78)

so that for TR → ∞, K → 1, so that one recovers the usual IR freeze-in result from the decay of a particle V in the
thermal bath [87]. Instead the finite reheating temperature result in additional suppression for increasing mediator
masses, for example

(
10 MeV

mV

)(
10.7

g∗(mV )

)3/2

K =


6.3 × 10−1 mV = 10 MeV

8.7 × 10−5 mV = 50 MeV

6.1 × 10−10 mV = 100 MeV

. (S79)

Finally it is convenient to introduce gχ ≡ κge, ΛV = mV /(ge
√
κ) so that

Ωχh
2 = 0.12CXAX

(
2κ

1 + κ2

)(
1.4 × 109 GeV

ΛX

)2 ( mχ

10 keV

)( mX

10 MeV

)( 10.7

g∗(mX)

)3/2

K , (S80)

where we have generalized our result to include scalar mediators with CX and AX defined below Eq. (S43). Comparing
to the limits in the EFT regime from the previous section, one can estimate the transition region by equating the
abundances and solving for mV , which gives for mχ = 10 keV, TR = 4 MeV the value mX ≈ 160 MeV, in good
agreement with Fig. 3 and S2.
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