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Abstract: We consider the constraints from Supernova 1987A on particles with small

couplings to the Standard Model. We discuss a model with a fermion coupled to a dark

photon, with various mass relations in the dark sector; millicharged particles; dark-sector

fermions with inelastic transitions; the hadronic QCD axion; and an axion-like particle

that couples to Standard Model fermions with couplings proportional to their mass. In the

fermion cases, we develop a new diagnostic for assessing when such a particle is trapped

at large mixing angles. Our bounds for a fermion coupled to a dark photon constrain

small couplings and masses . 200MeV, and do not decouple for low fermion masses. They

exclude parameter space that is otherwise unconstrained by existing accelerator-based and

direct-detection searches. In addition, our bounds are complementary to proposed labo-

ratory searches for sub-GeV dark matter, and do not constrain several benchmark-model

targets in parameter space for which the dark matter obtains the correct relic abundance

from interactions with the Standard Model. For a millicharged particle, we exclude charges

between 10−9–few×10−6 in units of the electron charge, also for masses . 200MeV; this

excludes parameter space to higher millicharges and masses than previous bounds. For

the QCD axion and an axion-like particle, we apply several updated nuclear physics calcu-

lations and include the energy dependence of the optical depth to accurately account for

energy loss at large couplings. These corrections allow us to rule out a hadronic axion of

mass between 0.1 and a few hundred eV, or equivalently to put a bound on the scale of

Peccei-Quinn symmetry breaking between a few×104 and 108GeV, closing the hadronic

axion window. For an axion-like particle, our bounds disfavor decay constants between a
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few×105GeV up to a few×108GeV, for a mass . 200MeV. In all cases, our bounds differ

from previous work by more than an order of magnitude across the entire parameter space.

We also provide estimated systematic errors due to the uncertainties of the progenitor.
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1 Introduction

In 1987, a core-collapse supernova known as Supernova 1987A (SN1987A) was observed in

the Large Magellanic Cloud. SN1987A provided a wealth of information on the supernova

explosion itself and also sets unique constraints on the existence of new, low-mass particles

that are weakly-coupled to the Standard Model (SM) [1, 2].

The existence of new, weakly-coupled particles could provide novel channels to “cool”

the proto-neutron star and change the neutrino emission from SN1987A. Constraints in

this context are derived from the “Raffelt criterion”: the luminosity carried by the new

particles from the interior of the proto-neutron star environment to the outside of the

neutrinosphere must be smaller than the luminosity carried by neutrinos [2]. The observed

cooling time of the supernova agrees within uncertainties with the SM prediction [3, 4].

However, if there were an additional efficient channel for energy flow that could compete

with neutrinos, the cooling time of the supernova would have been shorter than observed.

SN1987A provides a hot and dense stellar environment, so even very weakly-coupled

particles could have been produced. Since the supernova core temperature, Tc, is about

30MeV, particles with mass less than about a few hundred MeV can be constrained when

taking into account the Boltzmann tail. In this paper, we will derive constraints from

SN1987A on several possible low-mass particles: various dark sectors consisting of dark

matter (DM) and dark photons (including millicharged particles), the QCD axion, and

axion-like particles with Yukawa couplings.

A popular and prototypical model for sub-GeV DM is given by a dark sector consisting

of a DM particle, χ, interacting with a dark photon, A′ [5–11]. Kinetic mixing between the

dark photon and the SM photon leads to an interaction between the DM and electrically

charged particles of the SM. Various hierarchies between the DM mass, mχ, and the

dark photon mass, m′, lead to a diverse range of phenomenology. In several cases, sharp

benchmark targets can be identified in parameter space for which the DM interacting with

a dark photon can obtain the correct DM relic density [11–15] (for a review, see [16, 17]). In

this paper, we will consider “heavy” DM with m′ < 2mχ, “light” DM with m′ > 2mχ, and

a dark-sector with a millicharged particle (the latter bounds apply equally well to DM that

interacts with a massive, but ultralight, A′). In addition, we will consider “light”, inelastic

DM, in which the dark-sector consists of two “DM” particles, χ1 and χ2, which have a

small mass splitting, and for which the interaction with the dark photon is off-diagonal,

i.e. ∼ A′χ̄1χ2.

In deriving the SN1987A constraints on these particles, we include the thermal effects

on A′-photon mixing [18, 19], which are very important for the SN1987A constraints on

a dark sector consisting of only dark photons [20, 21] (for previous bounds see [22–26]).

As we will see, the presence of the DM particles changes the constraints in a significant

way from the A′-only case, even when the A′ is kinematically forbidden to decay to the

DM directly. We also use a novel criterion to calculate the couplings for which the DM is

“trapped” inside the proto-neutron star (and thus does not contribute to the cooling): we

require them to take a random walk until in their velocity vector is turned by 90◦ from

their initial direction of motion. The SN1987A constraints on the light DM scenario had
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been considered previously in [27–30], but our analysis goes well beyond these references.

Our analysis also significantly updates previous work on millicharged particles [31].

In addition to the dark-sector models mentioned above, we also revisit the constraints

on another popular and important particle, the QCD axion [32–34]. Previous bounds have

been extracted with a range of simplifying assumptions, which we attempt to rectify by

including additional estimates of known nuclear physics as well as particle physics effects.

We find significant differences with the constraints in the literature [35]. Finally, we also

revisit constraints on axion-like particles with couplings proportional to the SM Yukawa

couplings, updating bounds from [36].

The remainder of the paper is organized as follows. In section 2 we discuss the produc-

tion of DM and dark photons and describe in some detail how we calculate the luminosity

of these dark-sector particles. We discuss the case of “heavy” and “light” DM, defined

by whether the dark photon is lighter or heavier than twice the DM mass, respectively.

We also discuss variants of the basic DM-coupled-to-a-dark-photon model. This includes

inelastic DM, in which case additional mass terms in the Lagrangian allow the fermion

states to have different masses and off-diagonal couplings to the dark photon; and the case

where the dark photon is essentially massless, so that the DM appears to have a “mil-

licharge.” section 3 describes the results for these various models. In section 4 we change

gears entirely and address the QCD axion, while section 5 discusses axion-like particles. In

section 6 we conclude. We leave many details of our calculations to various appendices.

2 Dark matter coupled to a dark photon: model and analysis

2.1 Model description and preliminary comments

We consider a variation of the model examined in [20], in which the only new light particle

was a dark photon of a new U(1)′ gauge group that kinetically mixes with the SM hyper-

charge gauge boson. This dark photon is a massive vector boson with a small coupling to

electrically charged particles. Here, we assume that the dark sector also includes a Dirac

fermion, χ, charged under the U(1)′, that is light enough to be produced in nucleon-nucleon

collisions in the proto-neutron star. Thus, pair production of χχ̄ states provides an addi-

tional channel through which energy can flow. The low-energy Lagrangian describing such

a dark sector is

Ldark = −1

4
F ′
µνF

′µν − ǫ

2
F ′
µνF

µν − 1

2
m′2A′

µA
′µ + χ̄

(

iγµ∂µ + gDγ
µA′

µ −mχ

)

χ , (2.1)

where ǫ is the kinetic-mixing parameter, gD is the dark gauge coupling, m′ (mχ) is the

dark photon (χ) mass, Fµν the usual electromagnetic field-strength tensor, and F ′
µν the

field-strength tensor of the U(1)′ gauge boson. We define αD ≡ g2D/4π as the “dark fine-

structure constant.” Conservation of χ-fermion number guarantees that these particles

are stable even below the scale of U(1)′ symmetry breaking, which is why they are a DM

candidate. For this reason, we refer to χ as “DM” in this paper, although we will not

address its early-universe production nor its cosmological effects. Moreover, as long as χ

is stable on the time it takes to escape the proto-neutron star, the SN1987A constraints
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derived below are applicable even if χ is only a fraction of the DM. Of particular interest

for understanding their behavior in SN1987A, conservation of χ-number means that the

dark fermions can scatter off SM particles as they make their way out of the star. This

affects the energy spectrum of the χ particles and the A′ compared to the scenario with a

solitary A′, and qualitatively changes the notion of a trapping limit at large mixing angle.

Furthermore, χχ̄-pairs may be produced through off-shell dark photons, which can avoid

the suppression from thermal effects on A′-photon mixing described in [20]. As a result, the

lower bounds have a different low-mass limiting behavior and become stronger compared

to the A′-only case.

Our constraints are derived explicitly for a dark sector with a Dirac fermion coupled

to the dark photon. However, the constraints should be very similar for a dark sector

consisting of a complex scalar coupled to the dark photon. The production and (relativistic)

scattering cross sections are slightly modified, but the particle number is still conserved,

so the kinematics of scattering are similar. We expect differences due to degree of freedom

counting and details of the cross sections to give O(1) corrections to the fermionic bounds.

These differences are below the systematic uncertainties due to imperfect knowledge of the

supernova temperature and density profiles, discussed in more detail below. Thus, our

bounds can serve as rough guidelines on the parameter space of a dark photon coupled to

a dark charged scalar.

In what follows, we ignore the presence of a dark Higgs boson, which can affect the

phenomenology if the U(1)′ is broken through a dark Higgs mechanism and the Higgs boson

remains very light. The dark Higgs mass is determined by its self-coupling parameter, which

we will henceforth take to be large enough that the dark Higgs is heavier than the dark

photon and DM and kinematically inaccessible during the supernova. However, while there

are additional dark-sector production and decay modes to consider, we claim that these

should not lead to a significant change in the supernova cooling rate compared to the rates

we derive here. Processes involving dark Higgs production do not suffer suppression from

the well-known plasma effects in on-shell A′-photon mixing, but such suppression is also

absent for DM-pair production. Thus, the A′-only case explored in [20] is in some sense

unique, and the results in this work should be qualitatively similar even with a light dark

Higgs boson.

As we discuss in more detail below, there are several important processes by which

DM particles are created in the proto-neutron star environment. The dominant processes

at low DM mass are bremsstrahlung of a DM pair during nucleon collisions through an on-

shell or off-shell A′ and SM photon decay to a DM pair in the plasma if mχ . ωp,0, where

ωp,0 ≡ ωp(r = 0) ∼ 15MeV is the plasma frequency at the center of the supernova (see

appendix A). After being produced, DM particles scatter against nucleons and electrons on

their way out of the proto-neutron star environment. Similar to the A′-only case, where the

rate of A′ production as well as decay or absorption are proportional to the same parameter

(ǫ2), the rate at which the DM particles are produced and the rate at which they scatter

are proportional to the same parameter combination (αDǫ
2). At increasingly large mixing

angle, the DM particles will scatter multiple times during egress, potentially becoming

trapped and even returning to chemical equilibrium inside the proto-neutron star. We find
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that there is some parameter space where αDǫ
2 is large enough that a sufficient number

of dark fermions are produced to alter the evolution of the supernova explosion but small

enough that the dark-sector particles scatter infrequently on their way out of the star.

Thus, for a large range of DM masses, there is both a lower and upper bound on the

coupling to the SM.

We emphasize here that if the elastic scattering of DM particles is extremely frequent,

they may be unable to exit the supernova. If χ and χ̄ particles proliferate throughout

the star, DM annihilation or pairwise inverse bremsstrahlung will equilibrate everywhere,

attaining a thermal abundance on a timescale set by their production rate [37].1 Equiparti-

tion of degrees of freedom in the thermal bath then implies that the overall temperature as

well as the transport properties of the proto-neutron star will change. Although introduc-

ing this many new degrees of freedom may have unacceptable consequences for the behavior

of the supernova explosion, such effects are hard to resolve analytically and potentially be-

yond the present day understanding of the proto-neutron star interior, and thus are beyond

the scope of this work. Here we will calculate the mixing angle that gives a decoupling ra-

dius close to the neutrinosphere using conservative analytic requirements, and we assume a

benign thermal population at higher mixing angles. We will show these as plausible upper

bounds for the kinetic mixing parameter above which the effects of the dark sector are best

investigated with other, laboratory-based techniques, as discussed in e.g. [17]. It would

certainly be interesting to use simulations to investigate more comprehensively the effects

of a thermally-equilibrated dark sector population on supernova explosions.

2.1.1 Model variation: inelastic dark matter

The model above describes a Dirac fermion coupled to a dark photon. An economical, UV-

complete model of dark-sector masses is provided by the introduction of a doubly-charged

dark Higgs field hD that experiences spontaneous symmetry breaking with a nonzero vac-

uum expectation value 〈hD〉. If the U(1)′-charged fermions have Yukawa couplings to the

dark Higgs as well as a U(1)′-invariant Dirac mass, the mass eigenstates can undergo a

small splitting after symmetry breaking. The Lagrangian for this scenario is

L ⊃ i

2
λ†σ̄µDµλ+

i

2
ξ†σ̄µDµξ +mχλξ +mλλλ+mξξξ + h.c., (2.2)

where χ = (λ ξ†); λ, ξ are two-component Weyl fermions; and mξ,mλ ∝ 〈hD〉 arise after

symmetry breaking. A field redefinition allows us to work in terms of mass eigenstate fields

χ1, χ2. These fermions have different masses and in principle can couple to the dark photon

inelastically as well as elastically:

L ⊃ i

2
χ†
1σ̄

µDµχ1 +
i

2
χ†
2σ̄

µDµχ2 +
m1

2
χ1χ1 +

m2

2
χ2χ2

+ gD

[

2imχ

M
χ†
1σ̄

µχ2 +
mξ −mλ

2M

(

χ†
1σ̄

µχ1 + χ†
2σ̄

µχ2

)

]

A′
µ + (h. c.),

(2.3)

with

M2 = 4m2
χ + (mξ −mλ)

2, m1,2 =
1

2
[M ∓ (mξ +mλ)] . (2.4)

1We thank N. Toro for useful discussions.
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•qe

f

f̄

⊗ε

χ

χ̄

• gD
γ A′

Figure 1. The Feynman diagram for the interaction between χ and Standard Model particles f ,

which have a charge qe, where e is the electron’s charge.

We define the mass splitting ∆ ≡ m2 −m1 = mξ +mλ. The lighter of the two Majorana

fermions, χ1, could be a DM candidate. We refer to this model as “inelastic DM” [38],

since the scattering of χ1 off SM particles could be dominated by a transition from χ1 to

the heavier state χ2. This model was studied in [39, 40] in the sub-GeV mass range of

interest in this paper. If mξ = mλ exactly, the elastic coupling vanishes and only inelastic

scattering is possible at tree-level. We will calculate below the SN1987A constraints for

this simple variant of the inelastic DM model. We note that even in this case χ1 could

scatter elastically at one-loop, although this is highly suppressed, as we will discuss further

in section 3.3.

2.1.2 Model variation: millicharged particles

A millicharged particle is a dark-sector particle with a small electric charge. One well-

motivated way to attain such small charge is by introducing a massless dark photon, which

can be removed by a field redefinition of the SM photon. Under such a field redefinition,

dark-sector particles coupled to the A′ acquire a small coupling to the SM photon, ǫgD,

where ǫ is again the kinetic-mixing parameter between SM photon and dark photon. We

define Q ≡ ǫgD/e so that dark-sector particles charged under the dark photon have an

electric charge Qe.

We will derive below the constraints from SN1987A on millicharged particles, which

update bounds presented in [31]. These bounds are equally applicable for DM particles that

couple to an “ultralight”, massive dark-photon mediator, with a mass below the typical

momentum transfer in DM production and scattering processes, i.e. so long as the mediator

mass can be neglected in the calculations [15].

2.2 Dark-sector particle production in the proto-neutron star

Dark photons and particles charged under U(1)′ can be produced in the proto-neutron

star through the kinetic mixing between the SM photon and the dark photon, see figure 1.

The total luminosity in dark-sector particles is Ldark = Lχ + LA′ (note that Lχ denotes

the total luminosity in χ and χ̄), and the criterion Ldark = Lν determines the boundary

of constraints, where Lν = 3 × 1052 erg / s is the neutrino luminosity at one second [2].

The dominant production mechanisms for DM particles are through bremsstrahlung (via

an off- or on-shell A′) during neutron-proton collisions and through SM photon decay in

the plasma, shown in the left and middle panels, respectively, of figure 2. For on-shell A′

– 6 –
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production, bremsstrahlung dominates, while for χ production both bremsstrahlung and

SM photon decay are important, with the latter dominating by a factor of a few.

Before discussing the calculation of Ldark, it is worth making some general comments

on the DM production in the supernova. We then describe the calculation of LA′ and Lχ

in section 2.3 and section 2.4, respectively, leaving detailed formulae to the appendices.

Due to plasma effects in the proto-neutron star interior, we find it convenient to calcu-

late scattering amplitudes in the gauge boson interaction basis, as in [18]. With this choice,

all Feynman diagrams describing the interaction of DM with electrically charged particles

such as the proton implicitly contain the diagram of figure 1, for which the amplitude is

M = −eJµ
em 〈AµAν〉 ǫK2gνρ

〈

A′
ρA

′
σ

〉

gDJ
σ
χ

= ǫegD

(

K2

K2 −m′2 + im′Γ′ +ΠD

)

Jµ
em

( PTµν

K2 −ΠT
+

PLµν

K2 −ΠL

)

Jν
χ ,

(2.5)

where Kµ = (ω,~k) is the momentum four-vector of the intermediate state (carried by both

the SM photon and the dark photon), ΠD is the self-energy of the dark photon in a plasma

of DM particles, PTµν and PLµν are the transverse and longitudinal projection operators

of the SM polarization states, respectively, and ΠT and ΠL are polarization tensors of the

SM photon from thermal effects. The dark photon absorptive width Γ′ is dominated by its

decay width to DM when this decay is on shell,

Γ′ ≃ αDm
′

3

√

1−
4m2

χ

m′2

(

1 +
2m2

χ

m′2

)

Θ
(

m′ − 2mχ

)

+O(ǫ2) ≡ Γχ +O(ǫ2) . (2.6)

In principle, the presence of the dark photon self-energy ΠD suggests that we should include

separate longitudinal and transverse projection operators for the dark photon like we do

for the SM photon. However, ΠD is negligible on the lower boundary of the excluded

parameter space where we calculate dark-sector production rates, since the dark-sector

particles free stream. The effect of ΠD is only important near the upper boundary where

the dark-sector number densities can be very high. However, as we discuss in more detail

below, in this part of parameter space it is safe to assume that number densities are simply

given by a thermal distribution inside some radius, so their exact production rate will not

be important. Thus, we will not use ΠD in any explicit calculation.

The dark sector luminosity admits two kinds of resonances, as can be seen in eq. (2.5):

the on-shell peak from the dark photon propagator, attained for K2 = m′2, and the “ther-

mal peak,” at K2 = ΠL,T from the SM photon propagator. The on-shell peak dominates

if m′ ≫ ωp,0, the thermal peak dominates if m′ ≪ ωp, and both peaks can be attained for

m′ ∼ ωp. Thus for m′ & ωp, off-shell DM production is suppressed, and the lower bounds

are same as the dark photon only case. However, off-shell DM production dominates for

m′ ≪ ωp,0, so the low-ǫ bounds at small m′ are stronger than the bound from the A′-only
case, which decouples like m′2 due to suppression by thermal effects [18, 20]. With the

inclusion of dark sector fermions, the production rate for dark-sector particles becomes

independent of their mass, so the lower bound is flat.

– 7 –
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p

n

A′

χ

χ̄
γ

χ

χ̄ p

A′

χ

Figure 2. Processes relevant for the dark matter in the interior of the proto-neutron star. In the

left panel, the A′ can be on- or off-shell. The coupling of the A′ to the Standard Model particles is

through kinetic mixing with the photon as shown in figure 1.

2.3 Dark photon luminosity (LA′) for small couplings

We now discuss the calculation of the luminosity LA′ for small couplings ǫ and αD. This is

similar to the pure A′ case discussed in [20] only if the DM particles free stream out of the

proto-neutron star. If, however, the couplings are large, then the dark matter abundance

is also large and the A′ will experience a large optical depth. We will discuss our treatment

of the bounds at large coupling values in section 2.5; eq. (2.12) gives the A′ luminosity for

large couplings. In this section, we will ignore dark-sector interactions.

Bremsstrahlung production of the A′ dominates over purely electromagnetic-like pro-

cesses such as semi-Compton scattering, because the QCD coupling αs ∼ O(4π) ≫ αEM ≃
1/137 and because nucleons are highly abundant but not Pauli blocked like electrons. SM

fermion annihilation contributes negligibly because the chemical potential of all such parti-

cles is very high and their antiparticles are very scarce. Mixed nucleon scattering dominates

over proton-proton scattering because the former emits dipole radiation while the latter

only emits like a quadrupole [26, 41]. The “direct luminosity” in A′ particles is

LA′ =

∫ Rν

0
dV

∫

d3~k

2ω(2π)3
e−τ(ω,r)ωΓbr(ω, r) ,

τ(ω, r) =

∫ Rfar

r
dr′
[

Γibr(ω, r
′) + Γe(ω, r

′) + Γχ(ω, r
′) + ΓdC(ω, r

′)
]

,

(2.7)

where Rν is the neutrinosphere radius, τ is the optical depth, Γbr is the dark photon

production rate via bremsstrahlung, Γibr is the inverse bremsstrahlung rate, Γe (Γχ) is the

A′ decay width to electromagnetic (DM) particles, and ΓdC(ω, r
′) is the rate for “dark

Compton” scattering (e.g. A′χ → A′χ) that only contributes when the χ are trapped (see

section 2.5). The far radius Rfar is taken to be the neutrino gain radius Rg ≃ 100 km [20, 42].

Appendix A contains the definitions of all these rates.

In principle, DM annihilation as well as semi-Compton scattering involving a single SM

photon and a single dark photon can also contribute to the power, but these are negligible

unless the DM is trapped, which we explicitly ignore for the time being. The widths Γibr

and Γe are suppressed by ǫ2, and Γχ is nonzero only ifm′ > 2mχ. Ifm
′ > 2mχ dark photons

decay to DM particles on very short distances compared to the size of the proto-neutron

star (unless αD is very small), which sends e−τ(ω,r) → 0 such that LA′ ≃ 0 and Ldark ≃ Lχ.

– 8 –
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2.4 Dark matter luminosity (Lχ) for small couplings

There are two main contributions to the DM production rate: (i) bremsstrahlung of DM

pairs in proton-neutron collisions, which we call Lb
χ, and (ii) SM photon decays in the

thermal plasma, which we call Ld
χ; see left and middle panel of figure 2. Assuming that the

DM particles do not scatter on their way out of the star (valid for small values of αDǫ
2),

it is straightforward to calculate the resulting dark-fermion luminosity, Lχ = Lb
χ +Ld

χ. We

will give the corresponding expressions in section 2.4.1 and section 2.4.2.

For large values of αD and ǫ, the DM particles may scatter and thermalize with SM

material, rendering their escape energy different from their energy at production. Since

DM number is conserved, the dark fermion luminosity then does not have a description

analogous to eq. (2.7). Moreover, as mentioned in section 2.3, the dark-photon luminosity

LA′ needs to be modified from eq. (2.7) in the presence of DM particles and large values of

αD and ǫ, since in this case the A′ can scatter off DM particles, which conserves A′ number.

For large couplings, the calculations of Lχ and LA′ then require defining a “trapping

criterion”. Various choices for such a definition are in principle possible; we describe our

criterion in section 2.5.

2.4.1 Bremsstrahlung of dark matter pairs

DM pairs can be produced by bremsstrahlung in proton-neutron collisions. If the DM

particles do not scatter on their way out of the star, the differential luminosity per unit

volume is

dLb
χ

dV
=

∫

dΠp1f1dΠp2f2dΠp3(1− f3)dΠp4(1− f4)dΠpχ(1− fχ)dΠpχ̄(1− fχ̄)×

× (2π)4δ4(p1 + p2 − p3 − p4 − pχ − pχ̄)(Eχ + Eχ̄)|M|2,
(2.8)

where dΠpi = d3~pi
2Ei(2π)3

is the Lorentz-invariant phase space of the particle with four-

momentum Pµ = (Ei, ~pi), the nucleon phase space densities are fi, and the incoming

(outgoing) nucleons have momenta p1, p2 (p3, p4). As in [20] we employ the soft radiation

approximation to calculate the matrix element, which is valid for the mass range in which

Eχ + Eχ̄ ≪ |~pN |2/2mN [26]. Details of the calculation of eq. (2.8) are in appendix B.

The luminosity due to emission of DM in this limit is the volume integral of eq. (2.8),

Lb
χ =

∫ Rν

0 dV
dLb

χ

dV , assuming that dark matter particles free stream out of the star.

2.4.2 Standard-model photon decay in the thermal plasma

In vacuum, dark-sector particles charged under U(1)′ do not couple to on-shell SM photons

because the mixing term is ǫK2 and K2 = 0 for on-shell photons. Since the dispersion

relation for photons is altered in a thermal plasma, however, this coupling does arise. The

SM photon dispersion relation picks up a real part Re(ΠL,T ) ≤
√

3/2 ωp (where ωp is

a function of the distance from the center of the proto-neutron star, r) and a nonzero

imaginary part. DM with mass less than
√

3/2 ωp/2 can therefore be produced from

the decay of SM photons, shown in figure 2, much like the plasmon process that leads to

neutrino production [43].
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We can write the differential luminosity of the DM from SM photon decay as

dLd
χ

dV
=

∫

d3~k

(2π)3

(

2ωTΓ
d
T

eωT /T − 1
+

ωLΓ
d
L

eωL/T − 1

)

, (2.9)

where Kµ
T,L = (ωT,L, ~k) is the photon four-momentum and Γd

T,L is its decay rate to a DM

pair

Γd
T,L =

1

2ωT,L

∫

d3~pχ
(2π)32Eχ

∫

d3~pχ̄
(2π)32Eχ̄

(2π)4δ4(Kµ − Pµ
χ − Pµ

χ̄ )|Md
T,L|2 ,

|Md
T |2 = 8παDǫ

2
K4(K2 − 2p2χ sin

2 θχ)

(K2 −m′2)2 + (m′Γχ)2
,

|Md
L|2 = 8παDǫ

2 K4
[

K2 − 4(Pµ
χ ǫLµ)

2
]

(K2 −m′2)2 + (m′Γχ)2
.

(2.10)

Here, Pµ
χ = (Eχ, pχ) is the four-momentum of the outgoing DM particle, ǫµL =

(

k√
K2

, ωL√
K2

~k
k

)

is the longitudinal polarization vector, and θχ is the angle between the

incoming photon and the outgoing DM. The amplitudes in eq. (2.10) are not Lorentz

invariant because the plasma frame breaks Lorentz invariance, and the transverse and lon-

gitudinal modes have different dispersion relations. In eq. (2.9), the momentum integral of

the longitudinal mode is cut off at kmax, the largest three-momentum that the longitudinal

photon can have, while transverse photons can have any value of k [43].

The luminosity of DM from Standard Model photon decay is a factor of a few higher

than from bremsstrahlung for the mass range in which photon decay is possible; it is also

independent of mχ for mχ ≪ ωp. The luminosity due to emission of DM in this limit is the

volume integral of eq. (2.9), Ld
χ =

∫ Rν

0 dV
dLd

χ

dV , assuming that dark matter particles free

stream out of the star.

2.5 Dark-sector luminosity and trapping criterion for large couplings

If the DM scatters many times on its way out of the star, it can equilibrate with the SM

particles. If the DM is in equilibrium, dark photons will be trapped as well. It is therefore

important to define a decoupling radius Rd for which DM is in equilibrium inside and

free-streaming outside.2 For a given mχ and mA′ , this radius is obviously a function of

ǫ and αD. We shall assume that dark sector energy emission from Rd is free-streaming

and thermal and the luminosity is an effective blackbody. We set the upper bound of ǫ

to be where blackbody emission from Rd(αD, ǫ) equals Lν ; we specify an algorithm for

computing Rd(αD, ǫ) below. For larger values of αD or ǫ, the decoupling radius increases

2In fact, there are two “decoupling radii,” one each for chemical and kinetic equilibrium. The chemical

decoupling radius rcd determines the number density of DM particles emitted from the supernova, and

the kinetic decoupling radius rkd determines the energy of each DM particle being emitted. The chemi-

cal decoupling radius should be smaller than the kinetic decoupling radius because kinetic equilibrium is

necessary for chemical equilibrium in this model. However, these radii are difficult to find exactly without

simulations. As a conservative assumption, appropriate considering all the other uncertainties of the prob-

lem, we solve only for the radius of kinetic equilibrium. This is conservative because it provides a lower

limit on the number density of DM particles, since rcd ≤ rkd in reality.
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and the energy emission decreases because temperature falls sharply with radius. This is

reminiscent of the calculations done for sterile neutrino emission from SN1987A [44].

The blackbody luminosity of a fermion from a radius Rd is

Lχ(Rd)|therm. = 4πR2
d

∫

dpχ
gχ
8π2

vχEχp
2
χ

eEχ/T (Rd) + 1
=⇒
mχ→0

7gχπ
3

240
R2

dT (Rd)
4, (2.11)

where Eχ =
√

p2χ +m2
χ, vχ = pχ/Eχ, gχ = 4 counts degrees of freedom, and the final

approximation assumes a massless fermion. The blackbody luminosity of a dark photon is

LA′(Rd)|therm. = 4πR2
d

∫

dpA′

gA′

8π2

vA′EA′p2A′

eEA′/T (Rd) − 1
=⇒

mA′→0

gA′π3

30
R2

dT (Rd)
4, (2.12)

and Ldark(Rd)|therm. = LA′(Rd)|therm. + Lχ(Rd)|therm.. To derive a constraint on ǫ (given

some choice for αD and other model parameters), we (i) calculate the radius R∗
d at which the

dark sector blackbody luminosity equals the neutrino luminosity, Ldark(R
∗
d)|therm. = Lν ,

and then (ii) find the value of ǫ that gives thermal decoupling at this radius. Step (i) is

computationally straightforward given that eqs. (2.11) and (2.12) are simple to compute

for a given mass. However, step (ii) is more involved, and we discuss our approach next.

Since the “decoupling radius” is only an approximate concept and finding the zone of

decoupling is impossible without simulations, we propose a simple criterion: the kinetic

decoupling radius R∗
d is defined to be where the expected angular deflection of a thermal

DM particle starting at R∗
d and ending at Rf is π/2. At smaller radii r < R∗

d most DM

particles are redirected and find antiparticles to annihilate with, while at larger radii most

DM particles escape and drain energy from the supernova explosion. To calculate the

expected angular deflection, we first define the total number of scatters and the maximum

angular deflection that a DM particle would experience if it was scattered in the same

plane and in the same direction every time:

N(αD, ǫ, Rd) =

∫ Rf

Rd

dr Γs(ǫ, E(Rd), r)

v
, θmax(αD, ǫ, Rd) =

∫ Rf

Rd

dr Γs(ǫ, E(Rd), r)∆θ

v
.

(2.13)

Here, Γs is the event rate for χ + p → χ + p elastic scattering, ∆θ is the average angular

deflection per collision, and E(Rd) is the thermally averaged energy at the radius Rd. (We

ignore the energy change of the DM after each collision, since it is small. We also ignore the

difference in total path length due to the angle change, since this is a higher order effect.)

Most particles will not move in the same angular direction upon each scattering, of course,

but instead will take a random walk in solid angle. The expected displacement due to a

random walk is the mean of the chi distribution in d dimensions, which differs from the

root-mean-square deviation θmax/
√

Nsteps by a factor
√

2/d × Γ [(d+ 1) /2] /Γ [d/2]. The

expected angular deflection for a typical particle is thus

〈|θ(αD, ǫ, Rd)|〉 =
θmax(αD, ǫ, Rd)

2

√

π

N(αD, ǫ, Rd)
=⇒

upper bound ǫu given by solving 〈|θ(αD, ǫu, R
∗
d)|〉 =

π

2
.

(2.14)
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Both θmax(αD, ǫ, Rd) and N(αD, ǫ, Rd) scale like ∼αDǫ
2, so the expected angular deflection

and the upper bound given in eq. (2.14) rise linearly in
√
αD ǫ; as a result, if we choose a

different critical angular deflection, for example 〈|θ(αD, ǫu, R
∗
d)|〉 = π instead of π/2, our

bounds would be twice as restrictive. Details of the calculation of eq. (2.13) are given in

appendix C.

We emphasize that our approach to calculating a constraint for large values of ǫ is

quite different when DM is present compared to the A′-only case. In [20] we calculated

the dark photon energy emission by weighting the differential power from all radii with the

probability of escape, e−τ , regardless of the value of ǫ. Since both the power and τ have

nontrivial energy dependence, we found that the luminosity in dark photons is dominated

by higher energies at higher mixing angle, though for large enough ǫ the Boltzmann sup-

pression becomes important and the total luminosity decreases. This calculation is valid

because dark photons do not survive scattering with SM particles. However, DM particles

can elastically scatter many times and still escape, as can a dark photon that scatters off of

DM. At large mixing angles, the dark sector energy distribution at escape may therefore be

different from the energy distribution at production, unlike in [20]. We also note that the

DM elastic scattering cross section can be forward peaked if the mediator is light compared

to the typical momentum transfer (a few MeV at the supernova core), so calculating the

mixing angle at which
∫ Rν

Rd
drΓs ≃ 1 is misleading, as it is reasonable to expect that the

DM can scatter at least once on its way out of the proto-neutron star without returning to

chemical equilibrium. Our more involved calculation is necessary to obtain accurate limits.

When calculating the upper boundary for large DM masses for the inelastic DM sce-

nario, we will revert to a much simpler criterion than the one discussed above: we will

require, very conservatively, that the DM scatters only once. We will further explain and

justify this approach in section 3.3.

Finally, we note that for values of ǫ above our upper boundaries, DM inside of the

proto-neutron star attains a thermal abundance out to radii larger than R∗
d. It is possible

that some DM particles are able to escape and travel to the detectors that registered

the SN1987A neutrinos. Upon arriving, they may be observed through elastic scattering

with the water in the neutrino detectors. However, by assumption the thermal energy of

DM particles at these masses is ∼ O(T (Rd)) . 3MeV, which is below the threshold of

the Kamiokande detector [45], so that only a few of the emitted particles far along the

Boltzmann tail are detectable even in principle. In addition, unless the DM mass is very

small, their arrival at the detector will be significantly delayed compared to the neutrino

signal, and there will be a large spread in arrival times due to a large velocity dispersion.

2.6 Supernova temperature and density profiles

The calculations of dark-sector particle production and their luminosity require knowledge

of the temperature and density profiles of the proto-neutron star. There are large uncer-

tainties in these profiles, and we thus use four different profiles in order to estimate the

systematic uncertainties in our resulting constraints. We choose the same profiles as in [20],

and will refer to these as the “fiducial” [2], “Fischer, 11.8M⊙” [46], “Fischer, 18M⊙” [46],

and “Nakazato, 13M⊙” [47, 48]. The profiles from [46] use the AGILE-BOLTZTRAN
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code [49–53], while the profile from [47, 48] is based on a solution to a neutrino radiative

hydrodynamical code before shock revival and a solution to the flux-limited diffusion equa-

tion after cooling has commenced. See [20] for further details and comparisons of these

simulations. (See also [54–56] for a qualitatively different explanation of the observed

neutrino burst.)

3 Dark matter coupled to a dark photon: results

The phenomenology of DM particles interacting with dark photons in the supernova de-

pends on whether or not the dark photon can decay to DM, so we have to consider the

two possible mass hierarchies between the A′ and χ separately. We thus study two sce-

narios: (i) “heavy dark matter”, where we choose the specific mass relation mχ = 3m′

for illustration, and (ii) “light dark matter”, where we choose the specific mass relation

m′ = 3mχ for illustration. In the former case, the dark photon can be stable against decays

on the supernova timescales, since the decay is suppressed by ǫ2; in the latter case, all dark

photons promptly decay to DM (we will assume that αD is large enough to allow this).

The constrained parameter space is very similar in both cases regardless of the mass hier-

archy, since the luminosity is approximately a blackbody at large couplings, see eqs. (2.11)

and (2.12). Even if the A′ is stable against decay to χχ̄, the increased optical depth from

the abundant DM particles, manifested as ΓdC in eq. (2.7), dramatically increases the A′

optical depth and reduces the energy released in dark photons.

We will also study the two model variations mentioned in section 2.1, namely (iii) “in-

elastic dark matter” for several choices of the mass splitting ∆, and (iv) “millicharged

particles”.

We will not show any parameter space for mχ ≤ 100 keV, but, as discussed at length

above, these bounds do not decouple in the small mχ limit. Note also that we can

safely ignore the suppression due to the Landau-Pomeranchuk-Migdal effect, since this

only suppresses production of particles with energy less than the quasiparticle width γ,

with γ . 5MeV for the densities of interest here [57, 58]. In all cases, we will com-

pare the SN1987A bounds to laboratory bounds and projections for proposed experiments,

as appropriate.

3.1 Heavy dark matter

Form′ < 2mχ, the energy is carried by both A′ and χ particles, since the A′ is stable at lead-
ing order in ǫ. Production of χ particles is independent of mχ as long as mχ <

√

3/2 ωp/2,

but is Boltzmann-suppressed at high masses. In contrast, A′ production is suppressed at

small m′. For a given αD not too small, the lower boundary on the ǫ-constraint is thus

determined from χ production when mχ is small and from A′ production when mχ is

large. For large ǫ, both A′ and χ particles are abundant, but the A′ can experience a large

optical depth if a dense “cloud” of DM particles is created in the explosion,3 written as

ΓdC(ω, r
′) in eq. (2.7). As discussed in section 2.3, to determine the upper boundary on

3These are different than the “smog” of relic DM particles that were suggested to affect the A
′ optical

depth in [59].
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Figure 3. SN1987A constraints on “heavy” dark matter coupled to a dark photon, for the specific

mass relation mχ = 3m′. Left: solid (dashed) black line shows the constraint for αD = 0.5

(αD = 0.005). Along the brown dashed and dot-dashed lines, the dark matter scatters once and 10

times, respectively, on its way out of the star, for αD = 0.5. The blue dotted line is the constraint

on a dark sector that contains only a dark photon and no dark matter. We assume the fiducial

temperature and density profile for the supernova. Right: black lines are the same as in the left

plot for the fiducial temperature and density profile, while colored lines are the constraints for the

other profiles with αD = 0.5.

the ǫ-constraint, we use the more conservative bound (i.e. the bound that excludes less

parameter space) between the criterion from section 2.5 and from [20].

We show the resulting SN1987A bound in the left plot of figure 3. The black solid and

dashed lines are constraints on the heavy DM model for two values of αD, while the blue

dotted line is the constraint for the A′-only case presented in [20]. The lower bounds are

stronger for small mχ than in the A′-only case because they are not lifted as m′ → 0, and

they return to the same value as the A′-only case for m′ ≃ ωp. For small mχ, as discussed

above, the upper boundary lies below the A′-only case due to the large contribution of

ΓdC(ω, r
′) to the optical depth.

For additional insight, we display the contour along which a typical χ scatters off a

proton either once or ten times on the way out of the supernova with the brown dashed

and dot-dashed lines, respectively. This diagnostic clearly gives us much less sensitivity

than asking where the χ is expected to satisfy eq. (2.14). This reflects a real physical effect:

in order for a light DM particle coupled through a light mediator to become trapped and

return to chemical equilibrium, it must scatter much more than once on its way out of the

proto-neutron star.

Varying αD changes the asymptotically flat part of the upper boundary in ǫ such that

αDǫ
2 is kept fixed, since this boundary is determined by the dark-matter-proton scattering

cross section. In addition, the flat part of the lower boundary in ǫ (i.e. for small mχ) also

changes such that αDǫ
2 is kept fixed, since that region is dominated by dark-matter pair
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Figure 4. Thick solid black, red, green, and red lines show the SN1987A constraints on “heavy”

dark matter coupled to a dark photon, assuming the specific mass relation mχ = 3m′, αD = 0.5, and

various temperature and density profiles. Dashed black line shows the constraint for αD = 0.005

using the fiducial profile. Left: the SN1987A constraints are displayed together with constraints

from laboratory-based searches, including colliders, beam-dump and fixed-target experiments that

search for A′ decays to Standard-Model particles. Under the assumption that the χ is all of the dark

matter, we also show constraints on dark-matter electron scattering from XENON10, XENON100,

and DarkSide-50, and constraints on dark-matter-nucleus scattering from the CRESST, Super-

CDMS, and LUX collaborations. Dotted lines show projections from future collider and beam-

dump searches (black), SuperCDMS SNOLAB (green), as well as SENSEI and a possible exper-

iment using a silicon target sensitive to single electrons with a 1 kg-year exposure (both blue).

The direct-detection constraints and projections scale as α
−1/2
D . See text for references and details.

Right: same as left plot, but in the σe versus mχ parameter space.

production from bremsstrahlung (as opposed to A′ production with the A′ decaying to

DM). In addition, while we do not show this explicitly, changing the mass ratio of mχ/m
′

affects the value of mχ below which the lower bound becomes independent of mχ.

In the top-right panel of figure 3, we show constraints for different temperature and

density profiles as reviewed in section 2.6 and given in [20]. The variation with different

profiles can be taken as a systematic uncertainty on the bound. The upper boundary is

higher for profiles that have a lower density beyond Rν (see figure 3 in [20]), since it is

easier in this case for the χ and A′ to leave the proto-neutron star.

It is interesting to show the constrained region in relation to laboratory searches for

this dark sector model. The left plot in figure 4 shows the SN1987A constraints together

with the latest laboratory-based searches, including colliders, beam-dump and fixed-target

experiments, and precision measurements [17, 23, 60–80]. The SN1987A bounds are com-

plementary and constrain lower values of ǫ than these laboratory bounds. The plot also

shows bounds from direct-detection experiments. The bounds assume that the χ make up

all the DM. There are two types of direct-detection bounds: from electron-recoil searches
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and from nuclear-recoil searches. For the former, we use the constraints from [81–83],

which are based on XENON10 [84], XENON100 [85], and DarkSide-50 data [83], while for

the latter, we use the combined bounds from the CRESST [86, 87], SuperCDMS [88], and

LUX [89] collaborations. In order to put these bounds onto the ǫ versus m′ parameter

space, we follow the definitions in [11, 15] and define the direct-detection cross section for

DM scattering off electrons (protons) as

σ̄e(p) =
16πααDǫ

2

m′4 µ2
χ,e(p) (3.1)

The electron-recoil searches constrain σ̄e, while the nuclear-recoil searches constrain σ̄p.

Given a specific mass relation (we choose mχ = 3m′) and value for αD (we choose 0.5), we

can display these constraints on the ǫ versus m′ parameter space. Note that for smaller val-

ues of αD, the direct-detection constraints will weaken as 1/
√
αD, as indicated on the plot.

We also show a combined projection from future collider and beam-dump searches

(black dotted line) [17], as well as from SuperCDMS SNOLAB [90], SENSEI [15, 91], and a

possible search with an experiment using a silicon target sensitive to single electrons with a

1 kg-year exposure [15]; for other projections, we refer the reader to [17]. These projections

are largely complementary to the SN1987A bounds.

One additional bound on this dark-sector model that we do not show on the plots

can be relevant for large couplings and mχ . 10MeV, assuming the χ are all of the

DM and in thermal equilibrium with the SM sector in the early Universe. This bound

comes from constraints on the effective number of degrees of freedom, Neff , from Big Bang

Nucleosynthesis and the Cosmic Microwave Background [92, 93], since a light DM particle

could affect the relation between the photon and neutrino temperatures after neutrino

decoupling. Our SN1987A bounds are largely complimentary to this, since they apply to

dark matter with small couplings.

3.2 Light dark matter

If the DM is “light”, i.e. for 2mχ < m′, the dark photons will decay to DM pairs quickly

(assuming αD is not too small), so that all of the energy in the dark sector is in χχ̄ pairs.

For this reason, the lower boundary of the SN1987A constraint is determined from eqs. (2.8)

and (2.9) and the upper boundary is determined from the criterion in eq. (2.14).

We show the resulting SN1987A constraint in figure 5. We use the same profiles and

parameters as in figure 3, except we now choose m′ = 3mχ instead of m′ = mχ/3. The

qualitative features in both scenarios are largely the same, except that the upper boundary

now increases at large m′ relative to figure 3. This is because it is harder to trap the DM

particles compared to the A′ alone, so that the decoupling radius Rd decreases for mχ & Tc,

where Tc ≃ 30MeV is the supernova core temperature.

It is again instructive to show the SN1987A constraints for this particular dark-sector

model together with other, laboratory-based constraints and projected sensitivities from se-

lected future direct-detection and accelerator-based experiments. We show this in figure 6,

in the σe versus mχ plane (left) and the y versus mχ plane (right), where

y ≡ αDǫ
2
m4

χ

m′4 . (3.2)
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Figure 5. SN1987A constraints on “light” dark matter coupled to a dark photon, for the specific

mass relation m′ = 3mχ. Left: solid (dashed) black line shows the constraint for αD = 0.5

(αD = 0.005). Along the brown dashed and dot-dashed lines, the dark matter scatters once and 10

times, respectively, on its way out of the star, for αD = 0.5. The blue dotted line is the constraint

on a dark sector that contains only a dark photon and no dark matter. We assume the fiducial

temperature and density profile for the supernova. Right: black lines are the same as in left plot

for the fiducial temperature and density profile, while colored lines are the constraints for the other

profiles with αD = 0.5.

The accelerator constraints are based on LSND [94], E137 [95], BaBar [28, 96], and Mini-

BooNE [97], and are discussed in detail in e.g. [14, 15]. Projections for accelerator-based

searches are shown for Belle-2 [28], BDX [98, 99], LDMX [30], and MiniBooNE [17]. The

direct-detection constraints and projections are the same as in section 3.1. For other projec-

tions see [17]. The bounds and projections from accelerator-based searches strengthen for

smaller αD: for experiments in which the DM is produced in a beam dump and then scat-

ters in a downstream detector (LSND, E137, BDX, and MiniBooNE), the bound scales as√
αD, while for experiments searching for missing-energy signals (BaBar, Belle-2, LDMX),

the bound scales as αD. The direct-detection constraints and projections do not change

when varying αD. We see that a significant amount of parameter space is unconstrained

by the SN1987A bound, and ripe for exploration by these future searches.

The thick orange lines show specific experimental “targets” corresponding to several

benchmark models (they do not change when varying αD). These are based on work

from [5, 14, 15, 100–103], and we refer the reader to [17] for a summary. Note that

we derived the SN1987A constraints for a dark sector consisting only of a Dirac fermion

that is coupled to a dark photon (solid lines). Some of the targets shown (in dashed)

assume a scalar DM particle, additional interactions within the dark sector, and/or a

resonance in the process χ + χ → A′∗ → SM+ SM. A scalar φ, even with strong self-

interactions (as a SIMP), will have a similar production rate as fermions, and the upper

bound will only change by an equivalent number of effective blackbody degrees of freedom,
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Figure 6. Thick solid black, red, green, and red lines show the SN1987A constraints for various

temperature and density profiles on “light” dark matter coupled to a dark photon, assuming the spe-

cific mass relation m′ = 3mχ, and αD = 0.5. Dashed black line shows the constraint for αD = 0.005

using the fiducial profile. Thick orange lines show several benchmark model “targets”, along (or

above) which the DM can obtain the correct relic abundance in various scenarios. Note that the

SN1987A have been evaluated specifically for a DM particle that is a Dirac fermion (and not a

scalar), while we show targets for both scalar and fermionic DM; however, the SN1987A constraints

are expected to be similar in both cases (see discussion in section 2.1). Existing laboratory-based

searches are shown in gray, including colliders, beam-dump and fixed-target experiments that search

for A′ → χχ̄ decay. Left: under the assumption that the χ is all of the dark matter, we show con-

straints from dark-matter electron scattering from XENON10, XENON100, and DarkSide-50, and

constraints on dark-matter-nucleus scattering from the CRESST, SuperCDMS, and LUX collabo-

rations. Dotted lines show projections SuperCDMS SNOLAB (green), as well as SENSEI and a

possible experiment using a silicon target sensitive to single electrons with a 1 kg-year exposure

(both blue). Right: same as left plot, but in the y versus mχ parameter space. We again show the

same accelerator-based constraints as in the left plot, but now show projections in dotted lines from

Belle-2 (cyan) as well as the proposed experiments BDX (blue), LDMX (magenta), and MiniBooNE

(dark green). See text for references and details.

∼ gφ/(gχ×7/8). Likewise, a resonance in the DM annihilation cross section, parameterized

by ǫR ≡ (m′2 − 4m2
χ)/4m

2
χ, lowers the required couplings to achieve the correct relic

abundance, but this resonance does not impact the dark-sector production rate in the proto-

neutron star to an appreciable extent. None of these changes to the dark sector content

will thus drastically affect the SN1987A constraint, and we find it instructive to show all

the “targets” on the same plot. We see that most of the targets are unconstrained by the

SN1987A bound; only the resonant thermal targets with ǫR . 0.1 are partly constrained.

3.3 Inelastic dark matter

We now discuss the SN1987A constraints on an inelastic DM model consisting of two states,

χ1 and χ2. We will only consider the “light” DM scenario, where the dark photon is heavy

and allows for the decay A′ → χ1χ2. As discussed in section 2.1.1, we will focus on the
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Figure 7. Left: solid colored lines show the SN1987A constraints on inelastic dark matter consisting

of two states χ1, χ2 with various mass splittings ∆, where ∆ ≡ m2 − m1. We use the fiducial

temperature and density profile, and set αD = 0.1 and m′ = 3

2
(m1 + m2). The solid black line

shows the elastic case ∆ = 0. The dotted line shows the approximate value of ǫ above which the

χ1 is trapped by the two-dark-photon-exchange process at one-loop allowing for an elastic scatter

of χ1 to χ1. Right: thick solid black, red, green, and red lines show the SN1987A constraints in

the y versus m1 parameter space for various temperature and density profiles on inelastic dark

matter with ∆ = 0.4m1, αD = 0.1, and m′ = 3m1. Existing laboratory-based searches are shown in

gray, including colliders, beam-dump and fixed-target experiments, and projections from proposed

experiments are shown in colored dotted lines [40].

case where the elastic, tree-level coupling χiχi (i = 1, 2) vanishes. If such a coupling is

present, it is velocity suppressed. We thus expect the bounds at small DM masses to be

similar to the elastic case discussed in previous sections, but at large DM masses, & Tc,

when the DM does not have much kinetic energy, the bound will likely be similar to the

inelastic case discuss in this subsection. Defining ∆ ≡ m2 − m1, there are two cases of

interest: (i) ∆ ≪ m1 ≃ m2 and (ii) ∆ ≃ m1. For case (i), the bounds are essentially the

same as the elastic cases discussed in the previous sections. However, for larger ∆, i.e. case

(ii), the SN1987A bounds become significantly stronger at large couplings (along the upper

boundary) for χ1 with masses above Tc, since it is harder for the DM particles to scatter

and become trapped.

Let us discuss case (ii) in more detail. Here χ1 and χ2 are produced from (on-shell)

A′ decay and via bremsstrahlung in proton-neutron collisions. However, for sizable ∆, any

χ2 that is produced will quickly decay to χ1e
+e− through an on- or off-shell A′, so that

the proto-neutron star essentially contains only χ1. In order for the χ1 to become trapped,

they must scatter off protons into the heavier particle χ2. This is only possible for those

χ1 that find a proton with energy & ∆; the population of such protons is exponentially

suppressed if ∆ & Tc. Therefore, if ∆ & 15MeV, even very large couplings will be excluded

by the SN1987A data, since the χ1 can freely escape.
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A simulation is required to calculate the upper boundary accurately for large ∆: the

χ1 scatter into χ2, which in turn decay to χ1e
+e−, with the resulting χ1 typically having

less energy than the original χ1. This process can then repeat multiple times as the χ1

attempt to escape the proto-neutron star. It is computationally challenging to calculate

the upper boundary using our trapping criterion, eq. (2.14), as we did for the elastic case.

Instead, we will use a simpler and very conservative criterion: we calculate the couplings

needed for which a typical χ1 scatters off a proton once on its way out of the proto-neutron

star. This criterion is appropriate given the other uncertainties and also because after a

single scatter a good fraction of the energy is immediately reprocessed into the SM sector

via the e+e− produced in the χ2 decay.

We present our results in figure 7. The left plot shows the constraint in the ǫ versus

mχ1
plane for various ∆, for the fiducial temperature and density profiles and αD = 0.1.

The upper boundary for the ∆ = 0 constraint uses our trapping criterion, eq. (2.14),

while the upper boundaries for ∆ 6= 0 are derived by requiring the χ1 to scatter once as

discussed above. As expected, the upper boundary of the bounds strengthens dramatically

for m1 ≪ m2.

The SN1987A data constrains very large couplings for large ∆. However, for very large

couplings, a two-dark-photon-exchange process at one-loop allows for an elastic scatter of

χ1 to χ1, which can dominate over the kinematically suppressed χ1 → χ2 transition. We do

not calculate in detail this one-loop diagram, but give a simple estimate above which the

bounds shown in solid lines in figure 7 are not applicable. The cross section for the one-loop

diagram is proportional to α2α2
Dǫ

4/16π2, while for the tree-level A′-exchange process, the

cross section scales as ααDǫ
2. In order to estimate when the one-loop elastic process is

important in trapping the χ1, we simply set

ααDǫ
2|tree−level =

α2α2
Dǫ

4

16π2
|one−loop . (3.3)

The left-hand side of this equation is set by the value of αDǫ
2 calculated for ∆ = 0 (the

elastic case) with our trapping criterion, eq. (7); setting this equal to αDǫ
2 on the right-

hand side then determines when the elastic one-loop scattering process contributes at a

similar level. We find that ǫ ≃ 7× 10−3 for αD = 0.1, which is indicated by the dotted line

in figure 7 (left).

The right plot in figure 7, shows the constraints on the y versus mχ1
parameter space

for ∆ = 0.4mχ1
for our four temperature and density profiles. Here the upper boundary

of the SN1987A bound is derived by requiring either the trapping criterion for ∆ = 0 or a

single scatter, whichever is stronger. We see that for ∆ & Tc, the SN1987A data constrains

larger couplings, while for smaller ∆, the upper boundary is essentially the same as in the

elastic case. We also show current constraints from accelerator-based searches (in gray)

and projections from proposed experiments (dotted lines), including Belle-2, MiniBooNE,

BDX, and LDMX [40]. We again see that existing constraints, projected searches, and the

SN1987A constraints are all complimentary and probe different regions in parameter space.
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Figure 8. Left: thick solid black, red, green, and red lines show the SN1987A constraints for

various temperature and density profiles on millicharged particles, updating the bounds presented

in [31] (dotted line). Other constraints on millicharged particles are taken from [105–107]. Right:

the constraints on millicharged particles are also applicable to dark matter coupled to an ultralight

dark-photon mediator, which we show here in the σ̄e versus mχ parameter space. We also show a

bound on dark-matter-electron scattering using XENON10 data (shaded light blue region) [82], and

projections from the upcoming direct-detection experiment SENSEI and a possible experiment using

a silicon target sensitive to single electrons with a 1 kg-year exposure (both dotted blue) [15, 91].

3.4 Millicharged particles

In this subsection, we consider millicharged particles, as discussed in section 2.1.2. Our

SN1987A constraints improve on prior work [31, 104] by considering the plasma effects

on the SM photon, an improved trapping criterion, and an improved treatment of the

high-mass region. We also consider several detailed temperature and density profiles.

Our main results are shown in figure 8 (left) in the Q versus mχ parameter space.

The solid colored lines show the constraint from using different temperature and density

profiles for the proto-neutron star. Note that plasma effects self-consistently cut off the

potential divergence at low-momentum transfers in our calculation. The dotted line shows

the constraint from [31]. While our lower boundary is slightly higher, our upper boundary

is stronger by more than an order of magnitude. We also show constraints from the SLAC

millicharge experiment [105], as well as white-dwarf, red-giant, and horizontal-branch stars,

all of which are independent of whether the χ is present in the early Universe [106]. In

addition, we show constraints from Neff considerations at the time of BBN and the CMB,

assuming no dark sector population after reheating [106], and we also show a region in which

the DM has not decoupled from the SM at the time of the formation of the CMB [107, 108].

The constraints on millicharged particles can also be applied to DM interacting with

a massive, but ultralight, mediator. Such a mediator can mediate DM-electron scattering,

leading to a cross section that scales as 1/q4, where q is the momentum transfer. We show

the SN1987A constraints on the σ̄e versus mχ plane in figure 8 (right), together again

– 21 –



J
H
E
P
0
9
(
2
0
1
8
)
0
5
1

with the other constraints also shown in the left plot. We also now include a constraint

on DM-electron scattering using XENON10 data from [82]. This plot updates the bounds

presented in [15]. Projections from selected future direct-detection experiments are shown

with dotted lines [15, 91]; for other projections see [17].

Note that since our upper boundary is more than an order of magnitude stronger than

prior bounds, it could have ramifications for the recently claimed detection of an anomalous

absorption strength in the 21cm line from the epoch of first star formation [109, 110]; for

example, our bounds disfavor some of the parameter space shown to be open in [111].

4 The hadronic QCD axion

We now shift to discuss a different DM candidate, the QCD axion [32–34]. Unlike the

fermionic DM discussed in section 2, the axion has no conserved quantum numbers. This

enables us to make a straightforward calculation of the luminosity as in eq. (2.7), where

we must of course apply suitable substitutions for the bremsstrahlung production rate and

the optical depth. In this section, we evaluate this luminosity for the KSVZ or “hadronic”

axion. The KSVZ axion couples to the CP-odd combination of gluon and hypercharge field

strengths, and also to nucleons with

L ⊃
∑

N

CN

2fa
∂µaN̄γµγ5N . (4.1)

On the equations of motion, the fermion mass may be substituted for the derivative,

∂µf̄γ
µγ5f → 2imf f̄γ5f , such that L ⊃ −i

∑

N
mNCN

fa
∂µaN̄γµγ5N , where mN is the mass

of a nucleon.

Calculations for the axion bremsstrahlung rate have been obtained previously under

a variety of simplifying assumptions. Limits on the axion coupling and mass have been

extracted in these contexts starting immediately after the observation of SN1987A. We

provide a chronological summary of related prior work in appendix E. Here, we evalu-

ate the limit on the axion beyond the diagrammatic calculation of the nuclear scattering

cross section and without approximating the luminosity as a blackbody spectrum at large

coupling, where absorption is important. Instead, we use results for the spin-flip current

obtained at N3LO order in chiral perturbation theory [112–114] to consistently “correct”

the diagrammatic rate. The higher order contributions are stable, but due to a large,

well-understood destructive interference at NLO they display qualitative differences from

the leading order result. In order to make the comparison with previous bounds as clear

as possible, we will phrase the N3LO results in terms of multiplicative corrections to the

leading order result. In practice, we multiply the tree-level result by suitable density- and

energy-dependent factors to reproduce the N3LO result.

These corrections change existing limits in important ways. At low (high) coupling,

our constraints point to a bound on the axion mass that is a factor of about five (one to

two orders of magnitude) higher than previously extracted [35]. Equivalently, this implies

a bound on the Peccei-Quinn breaking scale that is lower by a factor of about five (one to

two orders of magnitude). We discuss the nature of these corrections now.

– 22 –



J
H
E
P
0
9
(
2
0
1
8
)
0
5
1

4.1 Corrections to the axion bremsstrahlung rate

Our results incorporate three classes of corrections to the tree-level, massless pion calcula-

tion: a cutoff for scattering at arbitrarily low energies, a factor for the nucleon phase space

that accounts for the finite pion mass, and a factor that introduces higher orders in the

nucleon scattering. These effects have been known in some cases for many years, but they

have not been consistently applied to the scattering rate of the axion.

Collecting all effects and setting the notation, we write an amended form of the canon-

ical expression for the axion absorptive width (found, e.g., in [115]) as

Γa = Γnn
a + Γpp

a + Γnp
a + Γpn

a , Γij
a =

C2
i YiYj
4f2

a

ω

2

n2
Bσnpπ
ω2

γfγpγh . (4.2)

The factors that appear in eq. (4.2) are:

Ci is the coupling of the axion to nucleon i = n, p;

Yi is the mass fraction of nucleon i;

fa is the axion “decay constant,” the scale of breaking of the global U(1) symmetry of

which the axion is the pseudo-Nambu-Goldstone boson;

σnpπ is the nucleon-nucleon scattering cross section from exchange of a single pion with

vanishing pion mass, with canonical value σnpπ = 4α2
π

√

πT/m5
N [115–117], where

απ ≃ 15 and T is the temperature of the SM matter in the proto-neutron star;

γf is introduced to cut off the low-energy divergence of eq. (4.2) [118, 119]. We use the

form
[

1 + (nBσnpπ/2ω)
2
]−1

[118], which mimics plasma effects that cut off small-

angle scattering;

γp accounts for the finite pion mass and nucleon degeneracy, for which we use the

dimensionless phase space integral s
(

nB, Yi,
ω
T ,

mπ

T

)

described in the case of neutron-

neutron scattering at arbitrary degeneracy in eq. (49) of [120]; and

γh is the ratio of the dynamical spin structure function calculated in chiral perturba-

tion theory for nucleons i, j to the value in the one-pion exchange approximation,

schematically γh = Sσ/Sσ|OPE, for Sσ defined in [58, 112, 113]. The Yi = 0.5 case

was originally obtained with a nuclear potential calculation by [119]; the Yi = 0 case

was addressed in [58] using the soft radiation approximation and measured nucleon

phase shifts; and the extension to arbitrary proton fraction using chiral effective field

theory at high densities and measured nucleon phase shift at low densities data was

developed in [112–114]. For simplicity, we use the fitting function in eq. 5 and ta-

ble 1 of [114] and we assume no energy dependence, which is roughly compatible

with [58, 119] away from the deuteron resonance at relatively low energies.

We reproduce these various correction factors in figure 9, fixing ω = T for illustration.

Critically, each correction factor individually reduces the original rate by a non-negligible

multiplicative factor. Very roughly speaking, we find that the rates are suppressed by
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Figure 9. Each of the correction factors γ shown in the left panel multiplies the total rate, as in

eq. (4.2). For radii close to the core the suppression is more than two orders of magnitude, so we

zoom in on the product of corrections at small radii in the right panel.

a factor between 5 and 100 from the core to the neutrinosphere. We discuss alternate

parameterizations of these effects in appendix D and find very similar results. Some of

these effects, specifically γf , have been included in calculations of the axion luminosity

before, as discussed in appendix E, but this is the first attempt to collect all known effects

together. Combined with our improved treatment of the energy dependence of the optical

depth and our inclusion of different supernova temperature and density profiles, we find

that bounds on the axion mass may change significantly from the canonical values.

Since we will be interested in the sum of the scattering rate over all nucleon pairs,

we define a reduced coupling constant C2 = YnC
2
n + YpC

2
p . We then go on to model-

independently bound C2 along with the axion decay constant fa. Following conven-

tion, we will show this as a bound on the axion mass, which is in one-to-one corre-

spondence with the decay constant. The relation between fa and ma is, at leading or-

der, m2
af

2
a = m2

πf
2
πmumd/(mu + md)

2 [121], and including NLO effects the relation is

ma = 5.7 eV(106GeV/fa) [122]. Finally, we have

Γa ≃ 5.2× 10−15MeV

(

ρB
ρc

)2( T

Tc

)1/2( ω

Tc

)−1 C2

C2
KSVZ

(

fa
5.7× 106GeV

)−2

γfγpγh ,

(4.3)

where the density and temperature are of order ρc = 3 × 1014 g / cm3, Tc = 30MeV, and

the reduced coupling in the case of the KSVZ axion, with Cn ≃ 0, Cp ≃ −0.47 [122], is

C2
KSVZ ≃ 0.066 for Yp = 0.3. We use eq. (2.7) with the replacements τ =

∫

Γibrdr →
∫

Γadr

and Γbr → e−ω/TΓa to get the total instantaneous luminosity in axions. The hadronic axion

that we consider is stable against decay and other absorptive processes in the proto-neutron

star, so eq. (4.3) is the only width we need to calculate.

We emphasize that our various correction factors collectively reproduce the N3LO cal-

culation in chiral perturbation theory [112–114] and together should consistently “correct”

the leading order calculation of the axion emission rate. In other words, the product γfγpγh
is a self-consistent correction: starting from a simplified calculation for which a closed-form
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Figure 10. Left: luminosity of the QCD axion for a variety of correction factors. The red dashed

line labelled “thermal” is the bound one would obtain at large couplings (equivalently, small fa
or large ma) if one assumes that the emission is a blackbody. The black lines instead assume a

more accurate calculation as described in the text. The thin black line labelled “uncorr.” does

not include any correction factors given in eq. (4.2), while the other black lines include one, two,

or all three correction factors, respectively. Right: luminosity of the QCD axion for a variety of

supernova temperature and density profiles.

solution is easy to calculate, we wind up with the N3LO ChPT result. However, a full cal-

culation should include additional effects and error bars. New nuclear potentials could also

be used to expand on our treatment of higher-order corrections, e.g. by including addi-

tional energy dependence that we did not model. It is also important to understand more

systematically the exact nature of the low-energy cutoff. For these and other reasons, an

exact calculation is still desirable.

4.2 Results

We plot the luminosity4 as a function of QCD axion mass times reduced coupling in fig-

ure 10, and we show the corresponding excluded regions of the axion mass times reduced

coupling in figure 11. In the left panel of figure 10, we show the breakdown of effects aris-

ing from the different correction factors γ and also from the novel treatment of the optical

depth at high coupling. The improvement in the treatment of the optical depth leads to

big effects at large coupling, while the low-energy cutoff and higher-order diagrams have

bigger effects at low coupling. In the right panel of figure 10, and in figure 11, we show the

effect of using numerical proto-neutron star temperature and density profiles rather than

4We emphasize that for the range of couplings where La ≫ Lν , backreaction of the axion flux on the

star will be qualitatively important for the stellar evolution and the luminosity should not be interpreted

literally. For La ∼ Lν (and, in particular, for La = Lν where we set a bound) the backreaction should be

slight and our results should be realistic.
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Figure 11. Constraints on the QCD axion mass and axion decay constant for various supernova

temperature and density profiles. The “canonical” bound from the PDG [35, 115] is shown with

a solid gray line, while the bound labelled “counts” comes from [123]. Our bounds close the gap

between these constraints, known as the “hadronic axion window”.

the “fiducial” profile adapted from [2]. Interestingly, we find that the fiducial profile leads

to the most conservative excluded region. In all cases, we are able to close the “hadronic

axion window” that had previously existed between the luminosity bounds [115] and the

bounds from additional counts in Kamiokande for a more tightly coupled axion [123], la-

beled “(counts)” in figure 11. We also point out that our revised bound has implications for

the claim that stellar cooling anomalies can be explained by weakly coupled, non-hadronic

axions [124], and new joint constraints are warranted.

Our results differ from those in canonical references by up to roughly two orders of

magnitude at large coupling and a factor of a few at small coupling [35, 115]. This comes

from several effects, all of which point in the same direction. Our approach to taking into

account the energy dependence of the optical depth, following [20], increases the extent of

the bounds at high coupling by approximately a factor of five compared to assuming that

axions thermalize and are emitted with a blackbody spectrum. The remaining difference

between our final bounds and the ones shown in [35] is slightly less than an order of

magnitude: the difference is apparent at both high and low coupling, and is attributable

to our inclusion of the correction factors γ in eq. (4.2). The factors γf and γp lead to

approximately a factor of a few discrepancy with [35], and the corrections to the nucleon

scattering rate encapsulated by γh lead to a similar correction. We illustrate this breakdown

in the left panel of figure 10. These nuclear corrections have been incorporated for neutrino

interactions in various nuclear physics codes that evolve supernova explosions, in particular

in [114], but to our knowledge this is the first time these effects have been included in bounds

on the interactions of the axion.
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Figure 12. Thick solid black, red, green, and red lines show the SN1987A constraints for various

temperature and density profiles on axion-like particles (ALPs) with Yukawa couplings, updating

the bounds presented in [36]. Other constraints are taken from [36, 125], omitting bounds due to

Kaon decays from [125, 126].

5 Axion-like particles with Yukawa couplings

Our analysis of the QCD axion naturally extends to variations on the single-parameter

axion model. This allows us to investigate bounds in a general two-parameter space for

what is commonly referred to as an “axion-like particle,” or ALP. The ALP mass mA and

“decay constant” fA are not related, and we will explore the part of the parameter space for

which the finite mass of the ALP becomes non-negligible (our bounds can then be simply

extrapolated to lower masses at fixed fA).

As in [36], we consider an axion-like particle for which the mass and coupling are no

longer related, mAfA /≃ Λ2
QCD. The Lagrangian for the ALP scenario is similar to the QCD

axion Lagrangian, but the ALP couples to particles other than the nucleons,

L ⊃
∑

i

Ci

2fA
∂µaf̄iγ

µγ5fi . (5.1)

Since the mass and coupling are now independent parameters, we assume for simplicity

that all of the couplings Ci are equal, but because of the identity ∂µf̄γ
µγ5f → 2imf f̄γ5f

noted above, the ALP will couple less strongly to lighter SM fermions. For this reason,

as well as for the reasons enumerated at the beginning of section 2.3, the ALP production

due to scattering or annihilation of electrons in the proto-neutron star is negligible. The

luminosity is then given by

LA =

∫ Rν

0
dV

∫

d3ka
(2π)3

ωe−ω/TΓA×

× exp

{

−
∫ Rfar

0
dr

[

ΓA +
mA

8π

∑

ℓ

Θ(mA − 2mℓ)
m2

ℓ

f2
A

√

1− 4m2
ℓ

m2
A

]}

,

(5.2)
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where we define ΓA = Γa×
√

1−m2
A/ω

2, with Γa from eq. (4.3). For convenience, we have

rescaled fA → fA/Ci. We explicitly include a contribution to the absorptive width of the

axion for its decay to leptons ℓ if ma > 2mℓ, although in practice we find that this does not

affect the limits at all, since me ≪ T and the Boltzmann suppression effectively depresses

the production rate for ma & 2mµ. We assume that the coupling to leptons does not affect

the early stages of the supernova explosion, but this must be checked for self-consistency.

If we omit these couplings the SN1987A bounds are not impacted, but the accelerator and

rare-decay bounds from [36, 125] are not applicable.

We show our results in figure 12, updating the bounds in [36]. In particular, as in the

DM case, axions with masses that are kinematically accessible but too weakly coupled to be

produced at accelerator-based experiments are potentially probed by SN1987A [36]. Inter-

estingly, a small gap remains between the SN1987A bounds and accelerator-based searches.

6 Conclusion

In this paper, we have considered constraints derived from the duration of the neutrino

cooling phase of SN1987A on two broad classes of DM particles: a dark sector fermion cou-

pled to a kinetically mixed dark photon, as well as the QCD axion and axion-like particles.

For the dark sector fermion, we derive constraints for several different mass hierarchies

of the dark-sector particles. We show these constraints for the case of a heavy dark photon

that can decay to dark fermions (m′ = 3mχ) for elastic DM in figures 5 and 6 and for

inelastic DM in figure 7; for the case of a massive but light dark photon (m′ . mχ . Tc) in

figures 3 and 4; and for the millicharged case (m′ ≪ mχ . Tc) in figure 8. To derive these

constraints, we have suggested a novel criterion for highly mixed dark fermions, wherein

they return to chemical equilibrium if they take a random walk in their velocity vector that

turns them 90◦ from their initial direction of motion. We use this requirement because the

scattering cross section for dark sector fermions can be very forward peaked, and scattering

an O(1) number of times does not change a light DM trajectory enough to prevent the DM

from escaping.

Our bounds have important implications for popular sub-GeV DM models, in which

the DM couples to a dark photon of similar mass. They suggest that large regions of

otherwise unexplored sub-GeV DM parameter space are now disfavored. However, the

SN1987A bounds are complementary to both existing bounds and proposed experimental

searches: they lie well below current bounds, and many motivated and concrete benchmark-

model “targets” remain unconstrained. This further emphasizes the need for a robust

experimental program to search for sub-GeV DM as envisioned in [17], at least down to

the SN1987A constraint, if not beyond.

The QCD axion has been studied in some detail previously, but bounds on axion prop-

erties from SN1987A have heretofore been extracted with a range of simplifying assump-

tions that are known to be violated at the order-of-magnitude level. Here we attempted

to rectify this situation by including some estimates of known nuclear physics and particle

physics effects. In particular, recent progress in chiral effective theories demonstrates that

corrections up to N3LO can have a substantial impact on the spin fluctuation rate of free
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nucleons [112–114], confirming earlier calculations using nuclear phase shift data [58, 119]

that have long been applied to the neutrino emissivity. These effects conspire to point in

the same direction, resulting in large changes to the expected axion emission rate. Cou-

pled with our improved description of boson luminosity in the high-mixing limit, the axion

bounds are changed significantly from the “canonical” range, as shown in figure 11. We also

re-visited the constraints on axion-like particles with Yukawa couplings, shown in figure 12,

finding some difference with the previous literature.

The wealth of information that has been gained over the years from the observation of

SN1987A is rather remarkable. As simulations of core-collapse supernova keep improving,

it will be highly desirable to continue the effort to include new, weakly-coupled particles

directly into the simulations.
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A Production and decay of dark photons

In the relativistic, degenerate regime we use eq. (77) of [43] with the conventions of [18] to

define the SM photon polarization tensor:

ReΠL =
3ω2

p

v2
(

1− v2
)

[

1

2v
ln

(

1 + v

1− v

)

− 1

]

, ω2
p = 4παEMne/EF

ReΠT =
3ω2

p

2v2

[

1− 1− v2

2v
ln

(

1 + v

1− v

)]

, E2
F = m2

e + (3π2ne)
2/3.

(A.1)

As a result of the structure of the mixing angle, there is a particular energy ω∗ at which

ReΠ = m′2, where the mixing angle hits a resonance. When production is resonant, the

magnitude of the differential power exactly compensates the narrow width of the resonance,

and the luminosity becomes independent of the production mechanism. The rates for
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resonant inverse bremsstrahlung and electromagnetic decay of the A′ particle are [20]

ΓL,T
ibr. =

32

3π

αEM(ǫm)
2
L,Tnnnp

ω3

(

πT

mN

)3/2

〈σ(2)
np (T )〉

[

m′2

ω2

]

L

ΓL,T
e =

αEM(ǫm)
2
L,Tm

′2
√
ω2 −m′2

∫ xe
+

xe
−

dx
1

exp
(

−x+µe/ω
T/ω

)

+ 1
×
{

m2
e/m

′2 + z(x) (T )

1− 2z(x) (L)

} (A.2)

where 〈σ(2)
np (T )〉 = 1

2

∫∞
0 dx

∫ 1
−1 d cos θ e

−xx2
dσnp(x)

dθ is an angle- and energy-

averaged neutron-proton scattering cross section extracted from measured nuclear

phase shifts [26]; we introduce a kinematic function z(x) = x
(

ω
m′ − x

)

−
(

1
2 − ωx

m′

) [

1
2 − ω

m′

(

ω
m′ − x

)]

1
ω2/m′2−1

; and the endpoints of the energy integral are xe± =
1
2 ± 1

2

√

(1− 4m2
e/m

′2) (1−m′2/ω2) for the outgoing electron-positron pair. In the soft

radiation approximation, the detailed balance factor e−ω/T between bremsstrahlung and

inverse bremsstrahlung becomes unity, and so we define a bremsstrahlung production rate

ΓL,T
br. =

32

3π

αEM(ǫm)
2
L,Tnnnp

ω3

(

πT

mN

)3/2

〈σ(2)
np (ω, T )〉

[

m′2

ω2

]

L

, (A.3)

where 〈σ(2)
np (ω, T )〉 = 1

2

∫∞
ω/T dx

∫ 1
−1 d cos θ e

−xx2
dσnp(x)

dθ differs from 〈σ(2)
np (T )〉 only in the

lower limit of the energy integral.

B Dark matter Bremsstrahlung

One of the dominant production modes for DM in the supernova is via on- or off-shell A′

bremsstrahlung during nucleon elastic scattering events, as in figure 2. We calculate this

amplitude of this process in the limit of soft bremsstrahlung following §6.1 of [127].

The matrix element for DM production is

iM = ieū(P3)

[

Mnp(P3, P1 −K)
i(/P 1 − /K +mN )γµ

(P1 −K)2 −m2
N

+
iγµ(/P 3 + /K +mN )

(P3 + k)2 −m2
N

Mnp(P3 + k, P1)

]

u(P1)

×
( PLµν

K2 −ΠL
+

PTµν

K2 −ΠT

)

iǫK2gνα
i(−gαβ +KαKβ/m

′2)

K2 −m′2 + im′Γχ
ū(χ)igDγ

βv(χ̄),

(B.1)

where Mnp is the matrix element for the process with no bremsstrahlung, which is n − p

scattering [26]; the incoming p [n] has four momentum Pµ
1 = (E1, ~p1) [Pµ

2 = (E2, ~p2)];

the outgoing p [n] has four momentum Pµ
3 = (E3, ~p3) [Pµ

4 = (E4, ~p4)]; the DM particles

have four momenta Pµ
χ = (Eχ, ~pχ) and Pµ

χ̄ = (Eχ̄, ~pχ̄); and the dark photon carries an

interior momentum Kµ = Pµ
χ + Pµ

χ̄ = (ω,~k). In what follows, lower-case letters without

the vector symbol indicate the magnitude of the three vector, e.g. k = |~k|. We include

different contributions from the longitudinal and transverse modes, which can contribute

differently in the dense environment of the proto-neutron star.
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In the low momentum or “soft” limit, eq. (B.1) becomes

M = ǫeū(P3)Mnp(P3, P1)u(P1)

(

2Pµ
1

K2 − 2P1 ·K
+

2Pµ
3

K2 + 2P3 ·K

)

×
( PLµν

K2 −ΠL
+

PTµν

K2 −ΠT

)

K2

K2 −m′2 + im′Γχ
ū(χ)gDγ

νv(χ̄) .

(B.2)

We square the amplitude and take the trace. Current conservation, KµPµν = 0, implies

Pµν(P
ν
χP

β
χ̄ + P ν

χ̄P
β
χ )Pαβ = −2PµνP

ν
χP

β
χPαβ , leading to

|M|2 = − 32π2ǫ2ααD|M|2np
K4

(K2 −m′2)2 + (m′Γχ)2

×
(

2Pµ
1

K2 − 2P1 ·K
+

2Pµ
3

K2 + 2P3 ·K

)(

2Pα
1

K2 − 2P1 ·K
+

2Pα
3

K2 + 2P3 ·K

)

×
( PLµν

K2 −ΠL
+

PTµν

K2 −ΠT

)( PLαβ

K2 −Π∗
L

+
PTαβ

K2 −Π∗
T

)

(4P ν
χP

β
χ +K2gνβ) .

(B.3)

We find that we may in general rearrange this as

|M|2 =
|M|2np|~p1 − ~p3|2

m2
N

S(K,Pχ) , (B.4)

where, for the sake of brevity, we separate the contribution due to the n−p dynamics from

a “soft factor” S due to the DM emission. This soft factor is a function only of the virtual

and radiated particle momenta.

Assuming that the DM does not scatter on its way out of the star, we can calculate

the local differential luminosity per unit volume,

dLχ

dV
=

∫

d3~p1 f1
(2π)32E1

d3~p2 f2
(2π)32E2

d3~p3 (1− f3)

(2π)32E3

d3~p4 (1− f4)

(2π)32E4

d3~pχ (1− fχ)

(2π)32Eχ

d3~pχ̄ (1− fχ̄)

(2π)32Eχ̄

× (2π)4δ4(P1 + P2 − P3 − P4 − Pχ − Pχ̄)
|M|2np |~p1 − ~p3|2

m2
N

ωS(K,Pχ) , (B.5)

where the fi are distribution functions. In the following, we will assume the particles are

non-degenerate such that we may ignore all (1 − f) factors. We also approximate the

effect of the soft radiation limit (invoked above to obtain the matrix element) by taking

δ4(P1 + P2 − P3 − P4 − Pχ − Pχ̄) ≃ δ4(P1 + P2 − P3 − P4)e
−ω/T . Note we use a different

approximation from [20], which gives more conservative results. Changing variables Pχ̄ →
K for convenience, we have

dLχ

dV
=

∫

d3~p1f1
(2π)32E1

d3~p2f2
(2π)32E2

d3~p3
(2π)32E3

d3~p4
(2π)32E4

(2π)4δ4(P1+P2−P3−P4)
|M|2np|~p1− ~p3|2

m2
N

×
∫

d3~pχ
(2π)32Eχ

∫

d3~k

(2π)32(ω − Eχ)
ωe−ω/TS(K,Pχ) . (B.6)

Since the first line only depends on the nucleon scattering and the second line is only

sensitive to the DM kinematics, we can calculate them separately.
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The first line of eq. (B.6) involves many of the same features as the result in [20] and

summarized in appendix A, and we follow a similar procedure. In particular, we assume

the nucleons are nonrelativistic and invoke the relations

|M|2np = 64π2E2
cm

dσnp
dΩcm

, f1,2 = np,n

(

2π

mNT

)3/2

e−|~pi|2/2MT , TCM =
(~p1 − ~p2)

2

4mN
(B.7)

to get

Eq. (B.6), first line ≈ 16√
π

(

T

mN

)3/2

nnnp〈σ(2)
np (T )〉, (B.8)

where 〈σ(2)
np (T )〉 is defined below eq. (A.2). With a little work, the second line of eq. (B.6) is

∫

d3~pχ
(2π)32Eχ

∫

d3~k

(2π)32(ω − Eχ)
ωe−ω/TS(K,Pχ)

=
256π4αEMαDǫ

2

3

∫

d|~pχ|d|~k|d cos θkχ|~pχ|2|~k|2ωe−ω/T

×















k4
[

k4 − 4
(

Eχ|~k| − ω|~pχ| cos θkχ
)2
]

ω4
[

(k2 −m′2)2 − (m′Γχ)2
] [

(k2 − ReΠL)
2 − ImΠ2

L

]

+
2k4

(

k2 − 2|~pχ|2 sin θ2kχ
)

ω2
[

(k2 −m′2)2 − (m′Γχ)2
] [

(k2 − ReΠT )
2 − ImΠ2

T

] + L-T cross-terms







,

(B.9)

which is calculable numerically.

C Dark matter elastic scattering

Once DM particles are produced, they elastically scatter off protons on their way out of

the supernova, as in figure 2. This can lead to the thermalization of the DM particles,

which can allow them to return to chemical equilibrium, as described in section 2.5. The

matrix element squared for this process is

|M|2s = 16π2ǫ2ααD
K4

(K2 −m′2)2 + (m′Γχ)2

×
( PLµν

K2 −ΠL
+

PTµν

K2 −ΠT

)( PLαβ

K2 −Π∗
L

+
PTαβ

K2 −Π∗
T

)

× Tr[γµ(/P 1 +mχ)γ
α(/P 3 +mχ)] Tr[γ

ν(/P 2 +mN )γβ(/P 4 +mN )] ,

(C.1)

where P1(P2), P3(P4) are incoming and outgoing DM (proton) momenta and K = P1 −P3

is the momentum transfer. We define a scattering rate and an average angular deflection

per scatter by

Γs =
1

2E1

∫

d3~p2 f2
(2π)32E2

d3~p3
(2π)32E3

d3~p4
(2π)32E4

(2π)4δ4(P1 + P2 − P3 − P4)|M|2s (C.2)

∆θ =
1

2E1Γs

∫

d3~p2 f2
(2π)32E2

d3~p3
(2π)32E3

d3~p4
(2π)32E4

(2π)4δ4(P1 + P2 − P3 − P4)θ13|M|2s , (C.3)
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where θ13 is an angle between incoming and outgoing DM, and we assume the protons and

the DM are nondegenerate, such that 1 − f3 ≃ 1− f4 ≃ 1. Also, we assume f2 follows the

Maxwell-Boltzmann distribution. With these definitions, we can define the total number

of scatters and the maximum angular deflection in eq. (2.13).

Scattering through a light mediator has a t-channel singularity and thus is weighted

towards small angles, θ13|typical ≪ π/ few. This characteristically “forward peaked” scat-

tering indicates that light DM scattering through a light mediator neither loses a significant

fraction of its energy nor deviates far from its initial trajectory in a typical scattering event.

Thus, measures of DM decoupling that assume stationary initial state nucleons and calcu-

late mixing angles for which the DM scatters an order one number of times are bound to

overestimate the tendency of DM to be trapped in the neutron star and thus to predict an

overly small value of the kinetic mixing as the trapping line.

We also point out that if the dark photon is massless, as we assume in section 3.4, then

the longitudinal mode decouples and the propagators PL should be omitted from eq. (C.1)

because the different polarizations do not mix.

Finally, note that in eq. (2.13), we numerically evaluate the integrals from Rd to Rν ,

and we approximate the integrand for the region from Rν and Rf as Γ(Rν)Rν/5v.

D Alternate parameterizations of axion corrections

In section 4.1 we chose to correct the rate for axion bremsstrahlung to match the energy-

averaged rate calculated at N3LO order in chiral perturbation theory. Other parameteriza-

tions of similar effects exist in the literature, and the exact rate could in principle deviate

from the chiral perturbation theory result. Here, we summarize some possible alternative

correction factors that account for similar physical effects in different ways:

γmπ accounts for the finite pion mass rather than γp, which we model as γmπ =
(

1 + m2
π

3mNT

)−2
, roughly matching [117] (this analytic prescription falls between the

numerical work of [128], obtained with non-degenerate nucleons, and the result

of [129, 130], calculated for degenerate nucleons);

γSRA is the ratio of the dynamical spin structure function for nucleons i, j in the soft

radiation approximation to the value in the one-pion exchange approximation with

finite pion mass, obtained numerically with the aid of nuclear phase shift measure-

ments. The Yi = 0.5 case was originally discussed by [119] while the Yi = 0 case was

addressed in [58], each finding reductions of order a few. For the purpose of illustra-

tion, we will neglect the density dependence and simply assume a constant factor

of 5 reduction in the rate compared to the uncorrected result, which potentially

underestimates the axion luminosity; and

γLPM accounts for the Landau-Pomeranchuk-Migdal effect, for which we use the semi-

analytic fit γLPM =
[

1 + 1
3

( ρ
ρc

)1/3]−6
following [131].
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Figure 13. Luminosity of the QCD axion for a variety of alternate correction factors and supernova

profiles, as described in appendix D. This figure is similar to figure 10, and by comparing these two

figures, we find that the excluded regions are very similar.

Together, γSRA and γLPM should roughly combine to account for the same physics as γf
and γh in our main results. Likewise, the factor γmπ potentially mimics the effect of the

pion propagator in place of γp.

We show results for the luminosity in axions using these alternate correction factors

in figure 13. This figure is the counterpart of figure 10. By comparison of these two figures

we see that the excluded regions change very little regardless of how we choose to account

for these nuclear physics corrections.

E Summary of previous work on the hadronic axion

The absorption rate of the QCD axion has been obtained to varying degrees of preci-

sion since before the explosion of SN1987A. Because the axion is predominantly produced

during nucleon-nucleon bremsstrahlung, the exact result requires evaluating the fifteen-

dimensional integral of a non-perturbative matrix element with a partially degenerate phase

space. This technical challenge has taken quite some time to thoroughly understand.

Here we summarize the evolution of the work that has previously put bounds on the

QCD axion, listed in chronological order:

[1, 132] provided the first calculations for axions emitted from nucleon-nucleon

bremsstrahlung, modeling the nuclear interaction with a single (massless)

pion exchange and assuming that the squared matrix element is constant

in the nucleon momenta;

[133] compared measured pion production rates in p−p scattering to those found

from a diagrammatic one-pion exchange calculation and found that these

agreed to within a factor of a few;
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[134] conducted supernova explosion simulations including a free-streaming ax-

ion energy sink and backreaction on the star for a wide variety of proto-

neutron star profiles;

[116] computed phase space integrals over the one-pion exchange diagram

for arbitrary nucleon degeneracies, justifying the use of non-degenerate

phase space;

[135] conducted supernova explosion simulations for a tightly coupled axion,

confirming prior bounds in the trapping regime;

[117] verified the calculation of [116] and discusses ways of cutting off patholog-

ical limits, including the first appearance of the 1/(ω2 + aΓ2) prescription

and a discussion of when the pion mass should not be neglected;

[118] also advocates the 1/(ω2 + aΓ2) approach and additionally proposes a

“saturation width” that cuts off the rates at some maximum spin fluc-

tuation rate.

All of these authors roughly agree in the free-streaming limit, finding the requirement that

the Peccei-Quinn scale must respect fa & 108−9GeV, with the uncertainty on this limit

primarily arising from the difference in treatment of the low-energy scattering, which can

be cut off by the 1/(ω2 + aΓ2) factor.

Many other works have calculated neutrino couplings and luminosities, which are im-

portant because neutrinos and axions couple to the same nuclear current. There are too

many developments to name here, but we do clarify the origin of the chiral effective theory

corrections that we utilize above:

[119] gives the spin density structure function for n−p scattering in a variety of

ways, indicating a qualitative difference in the magnitude of the scattering

rate and in the density dependence, ultimately due to the different contri-

bution to the partition function of n− p scattering, which can be resonant

near the formation of a deuteron;

[58] gives the ratio of spin density structure function for identical nucleon scat-

tering based on measured phase shifts;

[112–114, 136] use a chiral effective theory approach at high densities and show that this

matches to the phase shift analyses at intermediate densities, all of which

confirm the high-density suppression and low-density enhancement sug-

gested by [58, 119]

These corrections are a major ingredient that lead us to the modified limits shown in

figure 10.
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[111] J.B. Muñoz and A. Loeb, A small amount of mini-charged dark matter could cool the

baryons in the early Universe, Nature 557 (2018) 684 [arXiv:1802.10094] [INSPIRE].

[112] S. Bacca, K. Hally, C.J. Pethick and A. Schwenk, Chiral effective field theory calculations of

neutrino processes in dense matter, Phys. Rev. C 80 (2009) 032802 [arXiv:0812.0102]

[INSPIRE].

[113] A. Bartl, C.J. Pethick and A. Schwenk, Supernova matter at subnuclear densities as a

resonant Fermi gas: enhancement of neutrino rates, Phys. Rev. Lett. 113 (2014) 081101

[arXiv:1403.4114] [INSPIRE].

[114] A. Bartl, R. Bollig, H.-T. Janka and A. Schwenk, Impact of nucleon-nucleon bremsstrahlung

rates beyond one-pion exchange, Phys. Rev. D 94 (2016) 083009 [arXiv:1608.05037]

[INSPIRE].

[115] G.G. Raffelt, Astrophysical axion bounds, Lect. Notes Phys. 741 (2008) 51

[hep-ph/0611350] [INSPIRE].

[116] R.P. Brinkmann and M.S. Turner, Numerical rates for nucleon-nucleon axion

bremsstrahlung, Phys. Rev. D 38 (1988) 2338 [INSPIRE].

[117] G. Raffelt and D. Seckel, A selfconsistent approach to neutral current processes in

supernova cores, Phys. Rev. D 52 (1995) 1780 [astro-ph/9312019] [INSPIRE].

[118] W. Keil et al., A fresh look at axions and SN1987A, Phys. Rev. D 56 (1997) 2419

[astro-ph/9612222] [INSPIRE].

[119] G. Sigl, Nucleon spin fluctuations and neutrino-nucleon energy transfer in supernovae,

Phys. Rev. D 56 (1997) 3179 [astro-ph/9703056] [INSPIRE].

[120] S. Hannestad and G. Raffelt, Supernova neutrino opacity from nucleon-nucleon

bremsstrahlung and related processes, Astrophys. J. 507 (1998) 339 [astro-ph/9711132]

[INSPIRE].

[121] P. Di Vecchia and G. Veneziano, Chiral dynamics in the large N limit, Nucl. Phys. B 171

(1980) 253 [INSPIRE].

[122] G. Grilli di Cortona, E. Hardy, J. Pardo Vega and G. Villadoro, The QCD axion, precisely,

JHEP 01 (2016) 034 [arXiv:1511.02867] [INSPIRE].

[123] J. Engel, D. Seckel and A.C. Hayes, Emission and detectability of hadronic axions from

SN1987A, Phys. Rev. Lett. 65 (1990) 960 [INSPIRE].

[124] M. Giannotti et al., Stellar recipes for axion hunters, JCAP 10 (2017) 010

[arXiv:1708.02111] [INSPIRE].

[125] M.J. Dolan, F. Kahlhoefer, C. McCabe and K. Schmidt-Hoberg, A taste of dark matter:

Flavour constraints on pseudoscalar mediators, JHEP 03 (2015) 171 [Erratum ibid. 07

(2015) 103] [arXiv:1412.5174] [INSPIRE].

[126] F. Kahlhoefer, private communication.

[127] M.E. Peskin and D.V. Schroeder, An introduction to quantum field theory, CRC Press,

U.S.A. (1995).

[128] S. Stoica, B. Pastrav, J.E. Horvath and M.P. Allen, Pion mass effects on axion emission

from neutron stars through NN bremsstrahlung processes, Nucl. Phys. A 828 (2009) 439

[Erratum ibid. A 832 (2010) 148] [arXiv:0906.3134] [INSPIRE].

[129] N. Iwamoto, Axion emission from neutron stars, Phys. Rev. Lett. 53 (1984) 1198 [INSPIRE].

– 42 –

https://doi.org/10.1038/s41586-018-0151-x
https://arxiv.org/abs/1802.10094
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.10094
https://doi.org/10.1103/PhysRevC.80.032802
https://arxiv.org/abs/0812.0102
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0102
https://doi.org/10.1103/PhysRevLett.113.081101
https://arxiv.org/abs/1403.4114
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4114
https://doi.org/10.1103/PhysRevD.94.083009
https://arxiv.org/abs/1608.05037
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.05037
https://doi.org/10.1007/978-3-540-73518-2_3
https://arxiv.org/abs/hep-ph/0611350
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0611350
https://doi.org/10.1103/PhysRevD.38.2338
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D38,2338%22
https://doi.org/10.1103/PhysRevD.52.1780
https://arxiv.org/abs/astro-ph/9312019
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9312019
https://doi.org/10.1103/PhysRevD.56.2419
https://arxiv.org/abs/astro-ph/9612222
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9612222
https://doi.org/10.1103/PhysRevD.56.3179
https://arxiv.org/abs/astro-ph/9703056
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9703056
https://doi.org/10.1086/306303
https://arxiv.org/abs/astro-ph/9711132
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9711132
https://doi.org/10.1016/0550-3213(80)90370-3
https://doi.org/10.1016/0550-3213(80)90370-3
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B171,253%22
https://doi.org/10.1007/JHEP01(2016)034
https://arxiv.org/abs/1511.02867
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.02867
https://doi.org/10.1103/PhysRevLett.65.960
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,65,960%22
https://doi.org/10.1088/1475-7516/2017/10/010
https://arxiv.org/abs/1708.02111
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.02111
https://doi.org/10.1007/JHEP03(2015)171
https://arxiv.org/abs/1412.5174
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.5174
https://doi.org/10.1016/j.nuclphysa.2009.07.007
https://arxiv.org/abs/0906.3134
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.3134
https://doi.org/10.1103/PhysRevLett.53.1198
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,53,1198%22


J
H
E
P
0
9
(
2
0
1
8
)
0
5
1

[130] N. Iwamoto, Nucleon-nucleon bremsstrahlung of axions and pseudoscalar particles from

neutron star matter, Phys. Rev. D 64 (2001) 043002 [INSPIRE].

[131] T. Fischer, The role of medium modifications for neutrino-pair processes from

nucleon-nucleon bremsstrahlung — Impact on the protoneutron star deleptonization, Astron.

Astrophys. 593 (2016) A103 [arXiv:1608.05004] [INSPIRE].

[132] M.S. Turner, Axions from SN1987A, Phys. Rev. Lett. 60 (1988) 1797 [INSPIRE].

[133] M.S. Turner, Axions, SN1987A and one pion exchange, Phys. Rev. D 40 (1989) 299

[INSPIRE].

[134] A. Burrows, M.S. Turner and R.P. Brinkmann, Axions and SN1987A, Phys. Rev. D 39

(1989) 1020 [INSPIRE].

[135] A. Burrows, M.T. Ressell and M.S. Turner, Axions and SN1987A: axion trapping, Phys.

Rev. D 42 (1990) 3297 [INSPIRE].

[136] S. Bacca et al., Neutrino processes in partially degenerate neutron matter, Astrophys. J.

758 (2012) 34 [arXiv:1112.5185] [INSPIRE].

– 43 –

https://doi.org/10.1103/PhysRevD.64.043002
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D64,043002%22
https://doi.org/10.1051/0004-6361/201628991
https://doi.org/10.1051/0004-6361/201628991
https://arxiv.org/abs/1608.05004
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.05004
https://doi.org/10.1103/PhysRevLett.60.1797
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,60,1797%22
https://doi.org/10.1103/PhysRevD.40.299
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D40,299%22
https://doi.org/10.1103/PhysRevD.39.1020
https://doi.org/10.1103/PhysRevD.39.1020
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D39,1020%22
https://doi.org/10.1103/PhysRevD.42.3297
https://doi.org/10.1103/PhysRevD.42.3297
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D42,3297%22
https://doi.org/10.1088/0004-637X/758/1/34
https://doi.org/10.1088/0004-637X/758/1/34
https://arxiv.org/abs/1112.5185
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5185

	Introduction
	Dark matter coupled to a dark photon: model and analysis
	Model description and preliminary comments
	Model variation: inelastic dark matter
	Model variation: millicharged particles

	Dark-sector particle production in the proto-neutron star
	Dark photon luminosity (L(A')) for small couplings
	Dark matter luminosity (L(chi)) for small couplings
	Bremsstrahlung of dark matter pairs
	Standard-model photon decay in the thermal plasma

	Dark-sector luminosity and trapping criterion for large couplings
	Supernova temperature and density profiles

	Dark matter coupled to a dark photon: results
	Heavy dark matter
	Light dark matter
	Inelastic dark matter
	Millicharged particles

	The hadronic QCD axion
	Corrections to the axion bremsstrahlung rate
	Results

	Axion-like particles with Yukawa couplings
	Conclusion
	Production and decay of dark photons
	Dark matter Bremsstrahlung
	Dark matter elastic scattering
	Alternate parameterizations of axion corrections
	Summary of previous work on the hadronic axion

