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We investigate cosmological and astrophysical constraints on dark photons with masses ~ 107 *-
10® MeV. These dark photons can be copiously produced either in the early universe or during
core-collapse supernovae, potentially leaving distinct observational signatures. First, we derive up-
dated constraints from cosmological and astrophysical observables that rely on the thermal relic
abundance of dark photons, including the CMB spectrum, primordial light element abundances,
and galactic/extragalactic gamma-ray flux. We consider the minimal reheating temperature possi-
ble, Tru = 6 MeV, such that our constraints are conservative, but unavoidable within the minimal
dark photon model. Then, for supernova-sourced dark photons, we systematically examine all rel-
evant observational bounds, revisit the standard cooling argument and derive limits from other
arguments such as fireball formation, low energy supernovae and galactic positron injection.

I. INTRODUCTION

New light and weakly coupled degrees of freedom ap-
pear ubiquitously in many well-motivated extensions of
the Standard Model (SM). These hypothetical particles
offer a fertile ground for probing physics beyond the SM
through cosmological and astrophysical observations.

In this work, we explore one of the simplest and most
theoretically motivated extensions of the SM: a new spin-
one vector field identified as the gauge boson of an addi-
tional Abelian U (1)’ gauge symmetry. We denote the cor-
responding quantum field by A;L, and refer to its particle
excitation as the dark photon (DP), denoted by 4'. More
specifically, we investigate the constraints and prospects
on the most minimal communication channel with the
visible sector in the absence of other new particles at the
low-energy scale probed by processes relevant to cosmol-
ogy and astrophysics: the renormalizable Abelian kinetic
mixing [1-5].

The DP can be probed through a wide variety of exper-
imental and observational means. Laboratory searches,
including fixed-target [9-14] and beam dump experi-
ments [15, 16], rare meson decay measurements [10, 17—
27], and collider signatures [28-35], have excluded wide
regions of the DP parameter space, particularly at higher
kinetic mixing, where DPs are efficiently produced and
decay promptly. However, at lower values of the kinetic
mixing, where the DP becomes long-lived on experimen-
tal timescales, terrestrial experiments loose sensitivity,
and the role of astrophysical and cosmological probes be-
comes crucial.
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FIG. 1. Astrophysical, cosmological and colliders constraints
on the dark photon model in MeV mass range. In particu-
lar, we show constraints from SN 1987A cooling (dark-blue),
failed supernovae (mustard), low-energy SNe (light red), BBN
(salmon), ANeg (red), relic-density €.,/ (olive), 511keV line
(violet-blue), diffuse supernova ~-rays, SN 1987A ~-ray con-
straints (lilac), Galactic and diffuse 7-ray limits from cos-
mic relic densities (green), CMB spectral distortions (dark
gray), fireball formation both from both SN 1987A (magenta)
and GW170817 (grey). The light-grey region labelled “Beam
dumps” shows the combined exclusion from fixed-target and
collider experiments, obtained using DARKCAST [6-8]. We
stress that the combination of low-energy supernovae, fireball
formation, supernova «y-ray signals, and Galactic positron in-
jection is independent of the supernova explosion mechanism
and, taken together, supersedes the standard cooling argu-
ment. See the text for the details of each constraint.

In these regimes, DPs can be efficiently produced in
extreme environments, such as the hot and dense interi-
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ors of stars, supernovae, and neutron star mergers. De-
pending on its mass and mixing, DPs may escape the ob-
ject, deposit energy outside via decay, or remain trapped
and contribute to local energy transport, thereby modify-
ing observable quantities such as neutrino emission, light
curves, or post-merger signals.

In parallel, the cosmological implications of MeV-scale
DPs offer complementary and powerful avenues of con-
straint. In the early Universe, DPs produced through
thermal processes can contribute to the expansion his-
tory. Their radiative decays may inject entropy, alter
the predicted light element abundances of Big Bang nu-
cleosynthesis (BBN), or contribute to the effective num-
ber of relativistic species and distort the Cosmic Mi-
crowave Background (CMB), all of which are precisely
measured by current observations. At later times, de-
cays of relic DPs into photons or electron-positron pairs
can inject energy into the intergalactic medium, and
be probed through cosmological observables such as the
CMB anisotropy spectrum by affecting the ionization his-
tory. In galactic and extragalactic environments, the de-
cay products can lead to distinctive features in X-ray
signals if DPs are long-lived and decay on astrophysical
scales. Constraints from the Milky Way, clusters, and
nearby galaxies provide stringent bounds in this regime.

In this work, we provide a comprehensive survey of the
phenomenology of MeV-scale DPs, bringing together a
wide range of observational and experimental constraints
(see Ref. [36] instead for smaller DP masses). Our
analysis includes cosmological limits from early-Universe
physics, and astrophysical probes from SNe-associated
phenomena. In particular, we highlight the role of re-
cent developments in supernova probes and neutron star
merger simulations for probing long-lived DPs. We also
collect updated colliders constraints in the regime of in-
terest.

By combining all available constraints, we present an
up-to-date map of the viable parameter space for MeV-
scale DPs (see Fig. 1). This work serves as both a status
report and a resource for future investigations, identify-
ing open windows for discovery and clarifying the comple-
mentarity of different probes across cosmic and terrestrial
frontiers.

II. DARK PHOTON THEORY,
INTERACTIONS, AND PRODUCTION RATES

This section defines the theoretical framework that
forms the basis of our phenomenological analysis. We
begin by introducing the low-energy effective DP inter-
actions and discussing plausible UV origins for the two
key parameters appearing on the Cartesian axes of Fig. 1.
We then examine how Abelian kinetic mixing induces in-
teractions between the DP and electrically charged SM
particles. This requires identifying the physical propa-
gating states, which we carry out both in vacuum and
in a medium. Finally, we use these results to derive the

master formula in Eq. (5), which quantifies the number
of DPs produced per unit time and volume. This ex-
pression will be repeatedly used in the following sections
to study DP production in both the early universe and
supernova environments.

The low-energy Lagrangian for the DP that captures
the relevant phenomenology reads as follows
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Here, ES/V) = 8MA,(,/) — 8,,14,(1) is the photon (DP) field
strength tensor, m/ is the DP mass, and JEy is the
electromagnetic (EM) current. We notice how this La-
grangian contains the two parameters that define our
framework: the kinetic mixing € and the DP mass m.,.
The first row of Eq. (1) contains the kinetic terms of
the Lagrangian, including the operator that serves as the
sole interaction channel between the visible and dark sec-
tors: the kinetic mixing between the two Abelian field
strengths.! This interaction is conventionally normal-
ized by the dimensionless parameter €. Because particles
charged under both Abelian symmetries induce radia-
tive corrections, the kinetic mixing parameter typically
runs with the energy scale [1]. In any given UV com-
plete theory, its value must be fixed at a specific energy
scale, with the low-energy value determined accordingly.
In this work, we adopt a practical approach and treat
€ as the kinetic mixing parameter evaluated at the low
energies relevant for the constraints used in our analysis.
The mass term for the DP in the second row of Eq. (1)
explicitly breaks the U(1)" gauge symmetry. However,
there are several mechanisms that can generate such
a mass at low energies while preserving gauge invari-
ance at high energies. Two widely studied examples
are the dark Higgs mechanism [40] and the Stueckel-
berg mechanism [41]. The former, analogous to the well-
established mechanism for electroweak symmetry break-
ing, introduces a new scalar field that spontaneously
breaks the Abelian symmetry, resulting in a massive
gauge boson and an additional radial mode in the spec-
trum. In contrast, the Stueckelberg mechanism generates
a gauge-invariant mass term without spontaneous sym-
metry breaking or additional physical scalars, by cou-
pling the gauge field to a pseudoscalar degree of free-
dom. In this work, we remain agnostic about the origin
of the DP mass. We assume that any additional states as-
sociated with the mass-generation mechanism are heavy

1 If we were interested in a Lagrangian valid at arbitrarily high en-
ergies, the Abelian gauge group to which the DP couples would
be the hypercharge U(1)y [1]. However, since the processes rel-
evant to our analysis take place at energies well below the Fermi
scale, we work with the SM in its broken electroweak phase and
accordingly couple the DP to the electromagnetic gauge group;
coupling to the neutral weak gauge group is suppressed by the
Fermi scale as (m.,s /mz)? [37-39].



enough to be phenomenologically irrelevant, and we treat
m as a free parameter throughout our analysis.

Having introduced the effective parameters that define
our framework and outlined our low-energy, pragmatic
approach, we now turn to the physical implications of
a non-zero kinetic mixing. As we will show below, this
term induces a small effective coupling between the DP
and electrically charged SM particles.

We start our discussion from the simplest case where
physical processes happen in the vacuum and the SM
photon field is massless. The diagonalization of the pho-
ton and DP fields in Eq. (1) can be achieved via the
gauge-invariant shift of A, — A, + A, at the leading
order of € (higher order terms in € arise from the canon-
ical field normalization) [42]. Therefore, the interactions
of DPs with the SM contents in the vacuum are simply
written as [42]

£DP|vacuum ) geA;LJ]gM . (2)

The assumption that we are in vacuum is not always
justified and, in some of the cases considered in this work,
it is not valid. For this reason, we are also forced to con-
sider situations in which the system is embedded in a
dense medium. The effective DP couplings in this case
are affected by plasma effects, which modifies photon
dispersion. Considering the thermally corrected photon
propagator in the form of the polarization tensor, these
couplings can be described by the replacement of the ki-
netic mixing as [43, 44]
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where 77 1, quantifies the refractive properties of the in-
termediate photon propagator for transverse (T) and lon-
gitudinal (L) polarizations, respectively. Explicit expres-
sions for the polarizations can be found in App. A. This
expression indeed covers the case of the vacuum, where
both polarizations 7t 1, vanish.

We conclude this section with a very useful expression
that quantifies the DP production rate. The DP cou-
pling structure, which is provided in Eq. (3), follows that
of photons (i.e., EM interactions) up to an overall factor
proportional to the kinetic mixing €. Thus, we can ex-
press any interaction rates of DPs in terms of the total
absorption rate of SM photons. To this purpose, it is use-
ful to appreciate how the imaginary components of 7 1,
rely on processes that bring photons into thermal equi-
librium through scatterings, such as absorption and/or
decay. When particles participating in such processes are
in thermal equilibrium, detailed balance yields [45-47]

Im Tp,L = —W (1 — e_‘“/T) FT,L . (4)
Here, I't 1, represents the total absorption rate of pho-

tons with a modified dispersion relation that corresponds
to an external DP with energy w and momentum k, or

in other words satisfying the relation w? — k? = mg/.

Therefore, all the functions appearing in Eq. (4) are de-
termined by properties of the QED plasma populating
the early universe.

In particular, the differential DP production rate per
volume can be written as follows [43, 47]
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with g; = 2 (1) for the transverse (longitudinal) polariza-
tion. Under the typical condition of a narrow resonance
width (i.e., Rem; > Imm;), the DP production during
the resonance can be interpreted as the resonant conver-
sion from background photons and become independent
of the details of scattering processes as we will discuss.

III. COSMOLOGICAL DARK PHOTONS:
THERMAL PRODUCTION AND SIGNALS

The hot plasma in the early universe serves as a nat-
ural source for the production of massive DPs. In this
paper, we focus on the primordial DP abundance with
masses around the MeV scale, generated through thermal
processes such as particle scatterings within the thermal
bath. Even if these thermally produced DPs contribute
only a small fraction of the total dark matter density,
their decay into the electromagnetic sector can leave ob-
servable imprints on astrophysical and cosmological phe-
nomena. In the following sections, we examine sensitiv-
ities to probe a signal from the relic DP abundance via
their decay by exploiting some observables, which align
closely with predictions from the SM.

The cosmological evolution of the DP number density
n.+ is governed by the Boltzmann equation

dn ’ T~
dt” +3Hn., =,y (1 — ngq> , (6)
,Y/

where H accounts for the Hubble rate, and v, is the DP
interaction rate. For the sake of convenience, we rewrite
the Boltzmann equation in terms of the comoving number
density Y,  =ny/ /s

1 dlogg.s ) 00% (7)

Ay (L dlogg.s
dlogT—1 3dlogT—1) sH’

where s = (272/45)g.,T% denotes the entropy density,
T is the temperature, and g.s represents the effective
entropic degrees of freedom. Since DPs with MeV-scale
masses are produced during the radiation-domanited era,
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FIG. 2. Cosmic plasma frequency as a function of tempera-
ture.

the Hubble rate reads H = 1.66 xgi/sz/mpl with mp =
G~Y2 =1.22x10' GeV the Planck mass and gx the total
number of relativistic degrees of freedom.

The interaction rate v, is proportional to (nJ} —n.),
where n7! denotes the equilibrium number density of
DPs. If the DP coupling strength (i.e., the kinetic mix-
ing ¢) is sufficiently large, the DP number density follows
thermal equilibrium and eventually freezes out. On the
other hand, for small kinetic mixing, DPs never reach
thermal equilibrium but are gradually produced from
the thermal bath via the so-called ‘freeze-in’ production
mechanism. In this freeze-in regime, the DP production
rate is predominantly contributed from collisions that
generate DPs, approximately given by v,/ oc nJ/.

Building upon the description in Sec. II, the cosmolog-
ical DP production rate can be expressed as

— dN ’
o :/d?’k% 8
K dV dt d3k ®)

The plasma frequency wp1, which determines Re 7; as out-
lined in Egs. (A1) and (A2), is depicted in Fig. 2, incorpo-
rating the baryon asymmetry ng/n, ~ 6x 10719 with the
proton abundance n,/np ~ 0.878 after BBN, leading to
Ne— —Ne+ = Ny due to the electric-charge neutrality con-
dition. The imaginary component Im 7; encode informa-
tion on the absorption (and, correspondingly, production
in the detailed balance relation) of photon states with the
energy w and the dispersion relation of w? — k? = m?y,.

It is noteworthy that cosmological DP production is
IR-dominated. This IR-sensitive feature stems from the
renormalizable nature of DP couplings, governed by the
dimensionless kinetic mixing €. Moreover, at high tem-
peratures of wp > m.s, plasma effects further suppress
the effective DP couplings and, consequently, the inter-
action rate. Hence, the thermal production of cosmolog-
ical DPs becomes efficient at lower temperatures when
Wpl < My

A notable contribution to the DP abundance can arise
from the resonance point, Rew; = m?2,, similar to the
case of supernovae discussed above. Since the resonance
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FIG. 3. The comoving dark photon density Y, = n.,/s

generated by thermal processes with the initial temperatures
Tres = 6MeV (black) and Tres = 100MeV (gray dashed),
in the freeze-in scenario where thermal equilibrium is never
achieved.

width is narrow (i.e., Imm; < Rem;), the resonance con-
tribution to the DP abundance becomes independent of
the imaginary components Im 7;, as discussed in Eq. (24),
can be understood as a non-adiabatic resonant conversion
of photons into DPs. Details of the analytic derivation
can be found in Appendix. B.

We notice that the resonant production is dominated
by the transverse components, which occur when wy ~
m.-. This is because the resonance of the longitudinal po-
larization occurs at the specific low energy of @ = O(wp1),
considerably smaller than temperature. Therefore, the
photon number density available for resonant conversion
into longitudinal DPs is suppressed by factors of (wp/T")?
and (1/7)? relative to the equilibrium number density n.;
the second factor comes from the kinematic space inte-
gral. There is a compensatory enhancement of (T'/wp)
since the non-adiabatic resonant conversion probability
is inversely proportional to w. As a result, the reso-
nance contribution to the longitudinal DP abundance is
approximately two orders of magnitude lower than that
of transverse ones.

The thermal production of DPs persists until 7' ~ m.,/.
The conventional method for evaluating production rates
assumes that statistical factors for the final states are ne-
glected, and it exploits the advantage of invariance un-
der Lorentz transformations to the final states. This ap-
proach allows the use of Mandelstam variables to describe
scattering processes [48] in the center-of-mass frame.
However, in principle, this approach is not directly appli-
cable to calculating the DP production rate because the
plasma effect on the DP couplings depends on polariza-
tion, which is defined in a specific frame characterized by
thermodynamic properties such as temperature.

Nevertheless, once the temperature drops to the lower
temperature regime of wy,) < m.,, the plasma effect turns
out to be insignificant. At such low temperatures, the ef-
fective coupling of DPs becomes effectively independent
of polarization and behaves equivalent to the vacuum



case. In light of this and considering that calculations
are relatively insensitive to the initial temperature, the
conventional Lorentz-invariant method remains a reliable
approximation. In Appendix. B 2, we provide the cosmo-
logical DP production rate 7, for the relevant scattering
processes (semi-Compton scatterings and e~e™t annihila-
tion) and the inverse-decay processes (the so-called ‘coa-
lescence’) in terms of the Lorentz invariant variables.

Fig. 3 shows the freeze-in DP abundance Y, = n.//s
for the initial temperatures Try = 6 MeV (black solid)
and Try = 100 MeV (gray dashed). To compute Y./, we
perform the Boltzmann equation in Eq. (7) with the pro-
duction rate given in Eq. (8), incorporating the plasma
effect described in Sec. II. We take the effective degrees
of freedom for the entropy (g.s) and energy (g.) densities
within the standard cosmology from Ref. [49].

For Tru = 6MeV (black solid), the DP abundance
at masses below /3/2wp(6MeV) ~ 0.74MeV is dom-
inated by resonant production, while at higher masses
scattering processes without the plasma effect control
the abundance. A sizable contribution from the inverse
electron-positron decay arises only when it becomes kine-
matically allowed, i.e., for m,, > 2m,.. For the higher
temperature of Try = 100 MeV, resonance production
can occur even for m, > 2m,, but its contribution is
subdominant compared to inverse-decay process.

When the DP mass is sufficiently small compared to
the initial temperature, the thermal relic abundance be-
comes insensitive to the initial temperature due to the IR-
dominated nature of the production, as noted above. On
the other hand, for too heavy DP masses, its abundance
is exponentially suppressed by the Boltzmann factor, as
clearly shown in Fig. 3. These results do not account for
the subsequent decay of DPs; thus, the actual density
at a given time should include an additional exponential
suppression factor from decay.

The scaling behavior of the freeze-in DP abundance,
in regimes where it becomes independent of the initial
temperature (i.e., for m.,, < Tru), can be understood
analytically as follows. For masses above the electron-
positron threshold (2m. ~ 1.02MeV), the dominant pro-
duction mechanism is inverse decay, the rate of which is
Yy~ m2, TT oK1 (my [T) o< €?myT? at T > m.y; see
Eq. (B13). With this expression, we find

135 9~ Mp, Fy’%e*e*

Y, ~ S
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where S(x) ~ [0.266 4+ 0.734e~*]e~* (1 + x2)%/4, and
x = my /Tru. Notice that for x > 1 (equivalently,
m.s > Tgru), then the abundance gets suppressed as
S(x) ~ x°/2e7* while for * < 1, then S(z) ~ 1.
Derivation of these results can be found in Appendix B.

For lower masses, production is governed by the reso-
nant scattering, which relies on the resonant temperature
Tres- From Eq. (B2), the resonant contribution scales as
(Y, ] o Ezmg,Tr;S?’. When m., > 1072 MeV, electrons
and positrons are still relativistic at Ti..s that the plasma
frequency scales as wp) o< T'. This results in Y,/ oc 62m;,1,
consistent with the inverse decay regime. In the interme-
diate mass range of 1078 MeV < My < 1072 MeV, reso-
nance occurs during the epoch when positrons are being
annihilated. As illustrated in Fig. 2, Ties depends weakly

on m.s across this range, which leads to Y,/ o €2m3,.

At last, for my < 108 MeV, positrons are depleted
and the remaining asymmetric electron population de-
termines the plasma frequency that wy o né/ 2 o T3/2,
This results in a mass-independent abundance Y,/ ox 2.

In the main text, we focus on the irreducible DP relic
abundance for the initial temperature of 6 MeV, corre-
sponding to the minimal onset temperature consistent
with the standard cosmology (5.96 MeV at the 95% con-
fidence level [50, 51]), and explore the associated cos-
mological and astrophysical sensitivities to probe their
signals. We also examine a higher temperature case as a
more general case, with a detailed disucssion provided in
Appendix C.

The presence of a cosmological DP relic and its subse-
quent decay into the visible electromagnetic (EM) sector
could leave an imprint on cosmological observations. In
particular, cosmological probes are appropriate to search-
ing for DPs with lifetimes shorter than the age of the uni-
verse. Such short lifetimes are naturally realized for DP
masses above the electron-positron threshold, where tree-
level decay into electron-positron pairs becomes kinemat-
ically allowed with the rate described in Eq. (36). Hence,
the phenomenological impacts of these decays during the
early cosmological history become crucial for probing rel-
atively heavy DPs. We examine the effects of decaying
DPs with an irreducible abundance on various cosmolog-
ical observations, including the Cosmic Microwave Back-
ground (CMB) spectrum and the primordial abundance
of light elements from Big Bang nucleosynthesis (BBN).

A. Overproduction

Excessive production of DPs can alter the expansion
history of the universe by increasing the total energy
density beyond what is expected in the standard ACDM
cosmology. Once DPs are generated, they become non-
relativistic around T' < m.s and begin contributing to
the matter density, which redshifts more slowly than ra-
diation. An excess in matter abundance leads to a faster
expansion rate in the early universe and, in particular,
brings forward the matter-radiation equality epoch. This
shift in the expansion history affects various cosmological
observables, including the growth of perturbations and
the shape of the CMB power spectrum (e.g., through
modifications to the early integrated Sachs-Wolfe effect
and the acoustic peak structure).
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FIG. 4. The gray-shaded region is excluded by the over-
production of dark photons. The black solid line indicates
the parameter values that reproduce the present dark mat-
ter abundance. The purple-shaded region is excluded by the
ANeg constraint (20 confidence level). The green and blue
dashed lines correspond to the DP lifetime of 10'? sec (around
the CMB epoch) and 1sec (around the neutrino decoupling),
respectively. The gray dot-dashed lines indicate contours of
the dark photon yield, Y, = 107, 1072, and the equilibrium
value from bottom to top.

In Fig. 4, the gray-shaded region labeled ‘€2,/ > .aq’
(corresponding to the olive-shaded region in Fig. 1) is
excluded based on the requirement that DPs must not
dominate the energy density prior to matter-radiation
equality. This overproduction bound appears only for
masses below the electron-positron threshold, since at
higher masses the DP lifetime is too short compared to
the matter-radiation equality time toq ~ 1.2 x 10'%sec.
Even for lower masses, DPs can decay into three photons
rapidly when the coupling ¢ is large, which prevents them
from ever dominating the total energy density. However,
as we discuss in the next subsection, there is an additional
constraint arising from changes to the effective number
of neutrino species on top of the SM contribution due to
photon entropy injection by DP decay (red-shaded region
in Fig. 1 and purple-shaded region in Fig. 4).

B. AN

The decay of DP relics before the recombination era
can leave observable imprints on the early universe, such
as the power spectrum of CMB anisotropies. If DPs de-
cay after the neutrino decoupling epoch (T' ~ 2MeV),
their energy is injected exclusively into the electron-
photon plasma, while the neutrino sector remains unaf-
fected. This selective heating increases the photon tem-
perature relative to that of neutrinos, effectively reduc-
ing the fractional contribution of neutrinos to the to-
tal energy density. This effect is conventionally quan-
tified by the effective number of neutrino species, Neg =
(8/7)(11/4)*3(py, + pv, + puv.)/p~, where p,, and p, are
the energy densities of v; flavor and photons, respectively.

The SM prediction is Nog = 3.0440 [52, 53], while the
most stringent observational constraint from the Planck
collaboration yields Ns’é\/[ =2.99£0.17 at the time of re-
combination (frec =~ 1.2x 1013 sec). In the DP mass range
of interest, where m., > Tcmp, DPs cannot contribute
to additional (invisible) radiation degrees of freedom. In-
stead, their decay reduces Neg by injecting entropy solely
into the photon bath.

The Planck constraint on Neg implies limits on DPs
with large kinetic mixing €, where DPs thermalize with
the SM plasma and subsequently decay, resulting in a
suppressed Neg. In this regime, the freeze-in approxima-
tion is no longer valid, and we compute the relic abun-
dance and entropy injection by solving the full Boltz-
mann equations. We follow the procedure outlined in
Ref. [54], while properly incorporating the plasma effect
as discussed earlier. The purple-shaded region in Fig. 4
shows the constraint from the Planck collaboration on
|ANeg = Negg — N5M| < 0.394 at 20

For DP masses above 2m,, the ANgg constraint re-
mains relevant up to about 7MeV. Above this mass
scale, the DP lifetime easily becomes much shorter than
the neutrino decoupling time (~ 1sec), so that the en-
tropy injected by the decay of earlier-produced DP relics
is efficiently distributed between the electron-photon
plasma and the neutrino sector, which leaves negligi-
ble impact on Neg. The small bump observed around
m~ =~ 7TMeV arises from the interplay between the DP
lifetime and abundance, both of which control the effi-
ciency of entropy injection.

We also derive the AN.g constraint for DP masses be-
low 2m,, where the relic abundance is substantially en-
hanced by resonant photon—DP conversion in the plasma,
an effect that was not fully captured in earlier analy-
ses [54]. In this low-mass regime, however, the loop-
induced decay 7' — 3 results in considerably long life-
times. When the lifetime becomes comparable to or
exceeds the recombination time, the corresponding en-
tropy injection occurs too late to significantly modify
the photon-to-neutrino temperature ratio. This inter-
play leads to the sharp, lifetime-dependent exclusion for
m~ < 2m, seen in Fig. 4. Nevertheless, in this parame-
ter region, DPs are so efficiently produced and long-lived
that they already conflict with standard cosmology and
its associated observables. In other words, the AN.g
constraint for m., < 2m, lies entirely within the param-
eter space excluded by overproduction, as discussed in
Sec. ITIT A. For this reason, we do not include it in the
main summary plot, Fig. 1.

Additional constraints related to ANeg arise from Big
Bang nucleosynthesis (BBN), which proceeds at temper-
atures of T~ 0.01-1 MeV. Due to higher temperatures,
dark radiation from light DPs could, in principle, con-
tribute to an increase of Neg (i.e., ANeg > 0) during
this BBN epoch, which impacts the expansion rate of
the Universe as the cosmological parameter to govern
dynamics in BBN, such as the freeze-out of the neutron-
to-proton ratio. However, the production of lighter DPs



is typically delayed relative to the freeze-out of weak in-
teractions because plasma effects strongly suppress DP—
photon mixing at high temperatures. As a result, the di-
rect contribution of DPs themselves to Neg during BBN
is negligible.

Furthermore, entropy injection from decaying DPs
(particularly for m., > 2m.) can imprint observable ef-
fects on BBN. Such preferential entropy injection into
the EM sector accounts for a reduction of the relative
neutrino energy density (i.e., ANeg < 0), which alters
not only the expansion rate but also neutrino-induced
weak processes relevant for the proton-neutron intercon-
version [55-57]. In addition, entropy injection dilutes
comoving baryon densities, which subtly shifts the pre-
dicted primordial element abundances [55, 57]. We find
that the resulting BBN constraints [55] are comparable
to our Planck AN.g bounds, as both depend on similar
requirements for the DP relic abundance and lifetime.
Therefore, while BBN provides complementary informa-
tion in terms of ANgg, in our scenario it does not im-
pose additional constraints beyond those derived from
the CMB. Beyond the AN considerations, energetic
cascade photons produced by DP decay after BBN can
dissociate light nuclei; these photodissociation bounds
are discussed in detail in Sec. III D.

C. CMB anisotropy

An EM energy deposition through DP decay into
electron-positron pairs, occurring after recombination,
would heat up and ionize the neutral gas in the universe.
Such modifications to the cosmological thermal history
during the dark ages leave observable imprints on the
CMB, particularly in the temperature and polarization
anisotropy spectra. As extensively discussed in litera-
ture [58-63], precise CMB measurements place stringent
constraints on the properties of decaying (or annihilated)
dark matters associated with energy injection.

To derive the CMB constraints on DPs, we follow the
prescription outlined in Ref. [59], which provides a con-
sistent fit to the results in the literature, using PLANCK
2018 data [64]. The CMB constraints on DPs reads

2/3
My Yy < exp (tCMB>
PDM/ 50 Tmin Ty
where 7, = '} is the lifetime of non-relativistic DPs,
with the decay rate I'.z given by

mz/ 2 2 2
Feé:aQ%T” 1+ e ) J1—aZe )

m,yl m,y/

: (10)

where at rest (w = m.). Here, Tyin refers to the corre-
sponding lifetime constraints for dark matters decaying
into electron-positron pairs with a mass of m./, as de-
rived in Ref. [60], and we take tcyp =~ 8.7 x 103 sec.

FIG. 5. The blue-shaded region corresponds to the CMB
constraint from the lastest Planck results. The orange-shaded
region is excluded by BBN.

The blue-shaded region in Figs. 1 and 5 describes the
CMB constraint.

Notice that the lower part of the curve can be derived
analytically. Ignoring the exponential in Eq. 10, and con-
sidering that the bound from Ref. [60] is almost flat be-
tween 1-10 MeV (around ~ 3 x 10?%s), one finds

1/4
e>1.5x10717 (Mev> , (12)
Myt
which is in good numerical agreement with the plot. The
upper part of the curve instead coincides with having
T’Y' ~ tCMB~

D. BBN

BBN offers a powerful probe of physics beyond the
Standard Model, as it took place only a few seconds
to minutes after the Big Bang, when light nuclei first
formed. The observed primordial abundances of light el-
ements are in remarkable agreement with the predictions
of standard cosmology, and even small deviations can
thus impose stringent constraints on new particles that
could alter nuclear abundances.

The decay of DPs into the electromagnetic (EM) sector
can modify the final outcome of BBN. Once the universe
cools below T' ~ 0.1 MeV, photons energetic enough to
dissociate nuclei (especially deuterium) become too rare
to counteract nuclear synthesis. At this stage, roughly
three minutes after the Big Bang, the formation of light
elements ceases and their primordial abundances become
fixed.

The decay of DPs into electron—positron pairs triggers
an EM cascade, as the injected electrons, positrons, and
photons interact with the background plasma. Assuming
that the cascade develops instantaneously, the resulting
zero-generation photon spectrum takes the form of a bro-
ken power law with a sharp cutoff at the minimum value



of {m?/22T ,m., /2}, reflecting photon-photon pair cre-
ation processes [65], That is to say, high-energy pho-
tons are efficiently dissipated before they can interact
with nuclei. For details of this analytic spectrum, see
Refs. [66, 67].

Because nuclear binding energies exceed ~ 1MeV,
photo-dissociation by the EM cascade becomes rele-
vant only after BBN has completed. We therefore use
the standard primordial abundances as initial condi-
tions, adopting the light-element yields computed with
PATrthENoPE 3.0 [68-70].

We solve the Boltzmann equation, including nuclear
destruction terms from energetic cascade photons pro-
duced by DP decays. The stationary distribution of these
cascade photons depends on the DP number density and
decay rate, as well as on the zero-generation photon spec-
trum discussed above. It results from the balance be-
tween photon injection and energy degradation through
scatterings with the background medium [71, 72]. An-
alytic cross sections for all relevant photo-dissociation
channels, validated against experimental data, are taken
from Ref. [73].

For the observationally inferred light-element abun-
dances, we adopt the recommended PDG values [74]:

D/H
Yy

(25.47 £0.29) x 10~° (13)
0.245 £ 0.003 . (14)

Accounting for both observational and theoretical uncer-
tainties - which for D/H amount to ot} = 0.6 x 107°
(arising from nuclear reaction rates), and are negligible
for Y}, compared with the observational one — we derive
the corresponding BBN constraints at the 20 level. For
DP masses around m., ~ 10MeV—relevant given the
low initial temperature T; ~ 6 MeV—the dominant con-
straint arises from the photo-dissociation of primordial
deuterium.

E. X-Rays

The decay of cosmological DPs into the electromag-
netic (EM) sector can contribute to various astrophysical
observations, such as X-ray flux from the galactic center
or diffuse X-ray background. For the decay of DPs to
leave a significant observational imprint, their lifetime is
required to be comparable to or longer than the age of
the Universe. This long-lifetime condition can be nat-
urally achieved for DPs with masses below 2m., where
the leading decay channel, v — 77, is induced at the
one-loop level. The corresponding rest-frame decay rate
I's, is given by [75, 76]

17a* 9,
o TG ) (15)

Fg —_52—
R 726533 4,8
2735373 mg

where G(m.) accounts for deviations from the Euler-
Heisenberg approximation at higher masses; see Ref. [76].
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FIG. 6.  The red and green shaded regions are excluded
by galactic and extragalactic X-ray observations, respectively,
which constrain the X-ray flux from dark photon decays not
to exceed the observed background within the corresponding
instrumental sensitivities. The black solid line indicates the
upper limit from the overproduction argument.

The inclusive photon spectrum per DP decay, defined as
dN,/dz = 3(dl's,/dZ)/T's, with & = E,/(m,/2) in the
range of [0, 1], are described by

dN, 3 . 2919 ,
ki A 2 (1715 =31 kil 1
- 3><51<75 305!E+2£B>, (16)

where the factor of 3 accounts for the three photons pro-
duced in each decay.

Photons stemming from the DP radiative decay can
result in an excess over the expected photon background
flux. Given that current X-ray observations are consis-
tent with SM predictions within instrumental sensitivi-
ties, any such excess provides a sensitive probe of DP
relics. The expected differential galactic X-ray flux from
DP decay reads

o, { 2 qu y [ I's,

—c| =22 ds poy 17
dE,dQ ~ |my di drm, / i 0}’ (a7
I'syto

where c is the speed of light, and po = m./ Y, spe™
is the current dark photon relic density, accounting for
exponential depletion via decay. Here, Y, is the yield
in the absence of subsequent decays, sg is the current
entropy density, and s denotes the line of sight. Inte-
grating over the area of interest introduces the parame-
ter Dy = [ dsdS) py, which indicates the dark photon
column density for the corresponding observed region.
In our analysis, we assume that the local dark photon
density profile follows the morphology of the total dark
matter density; i.e. that the local and global ratios of
dark photons with respect to the whole DM abundance
remain consistent as D, /D = p,o/ppm with the global
dark matter density ppwm.-

There are several X-ray observations of various galax-
ies, where the observed flux is consistent with the SM pre-
diction within the instrumental sensitivity limits: XMM-
Newton [77-80], NuSTAR [81-83], and INTEGRAL [84].



These studies provide constraints on the lifetime of
single-component dark matter decaying into two photons,
which imposes a monochromatic photon energy spectrum
at the energy of half the dark matter mass for each decay.

For DPs with sub-MeV masses, however, the trident
decay channel 4/ — 37 produces a continuum photon
spectrum rather than a line, resulting in a broader X-ray
feature. We adopt the analysis of Ref. [85], which de-
rived galactic X-ray constraints on DP dark matter us-
ing INTEGRAL data. Since Ref. [85] assumes that DPs
constitute the entire dark matter abundance, we rescale
their lifetime limit as

Y. , t
Dyly o Ty exp[ U} 7 (18)
ppM/S0 ~ TDM Ty

where ty is the age of the Universe and mpy; denotes the
corresponding lifetime constraint reported in Ref. [85].
The red-shaded region in Fig. 6 is excluded by the equa-
tion above.

Besides their contribution to the present galactic X-
ray flux, the radiative decay of DPs during earlier cosmic
epochs can also impact the diffuse extragalactic X-ray
background. For masses around the MeV scale of inter-
est, the production of DPs occurs well before the recom-
bination era. Moreover, DPs become non-relativistic at
the time of decay, which happens much later than the
recombination era to contribute to the cosmic radiation
background. Under these conditions, the diffuse photon
background flux from the decay of cosmic DPs reads

ch)’Y _ YV/SOF?”Y 1d(f3 C e_FSWt(Q) dNﬂY
dE.,dQ) ArE, Jo H(3) dz
xe "ZE g (:@— Ey ) (19)
mq,//2
with
N

sinh™*

2
= - . 20
v 3H0 \ Qm 3 ( )

Qun (2 (my /2) [ )
Here, k(Z,E,) accounts for the optical depth, which
factors in the attenuation of photons during propaga-
tion with the present energy FE. emitted at a redshift
2 = &(m./2)/E,; we exploit the result from Ref. [86] to
describe this attenuation, in particular using their public
Mathematica notebooks. Based on the given upper lim-
its on the cosmic background radiation in Ref. [87], the
green-shaded region in Fig. 6 illustrates the constraint
from the diffuse X-ray background.

IV. SUPERNOVA DARK PHOTONS

During a core-collapse supernova (CCSN), the iron
core of a massive red supergiant becomes gravitationally
unstable and collapses under its own weight [88-91]. This
collapse halts when nuclear densities are reached, leading

to the formation of a stiff, neutron-rich object known as
a protoneutron star (PNS). In the first few seconds af-
ter core bounce, the temperature of the PNS can reach
approximately ~ 30 —50 MeV. Hence, massive dark pho-
tons (DPs) with masses in the MeV to several hundred
MeV range can be copiously produced within the PNS.
Based on Eq. (5), the DP luminosity per volume is given
by

P, / ap ANy
av AV dt d3k
B €2m47, dQ’Y’ " wQU,Y/
272 4 ew/T — 1
Imm
<> Il
i=T,L (mg, —Re m) + |Tm 74
with v/ = /1 —m?2, /w2 Here, we retain the angular

integral of d{0,//4m. As we will see, although produced
DPs radiate isotropically, their absorptive width along
the propagation trajectory, i.e., optical depth, exhibits
angular dependence.

In PNS, electrons are highly degenerate and relativis-
tic, (37rne)1/3 > T,mff7 where n. is the electron num-
ber density and m¢ the electron effective mass in the
medium. The plasma frequency, wgl ~ (647 /3)/ 3an?/ 3,
is of order O(10) MeV. Due to the form of the in-medium
photon polarization tensors, which we report in the Ap-
pendix, Eqgs. (Al) and (A2) that remain valid in the
dense PNS environment as the hard-dense-loop approxi-
mation [92], we notice that resonances for the transverse
mode occur when the DP mass is O(10) MeV. This is
because the value of Re 7T is on the order of the plasma
frequency across the entire energy range. On the other
hand, for longitudinal modes, Re w, ~ 3w§1m,2y,/w2, and
a resonance energy w ~ wpi always exists for the low mass
regime, M./ < Wpl.

The dominant production channel for DPs inside PNS
is bremsstrahlung in neutron-proton scatterings (n+p —
n+p++'), by which vector bosons can be radiated at the
leading dipole order [93, 94] when the center-of-mass is
not consistent with the center-of-charge. We employ two
valid approximations that make the computations sim-
pler, the soft-radiation approximation [95, 96] and the
non-degenerate and non-relativistic conditions of the nu-
clear medium (for details, see Refs. [93, 97]). Under these
approximations, the scattering amplitude can be sepa-
rated into the neutron-proton scattering part and the
photon interaction with the dipole current. We exploit
the neutron-proton scattering cross-section derived from
empirical data as shown in Ref. [93].

Furthermore, we take into account the multiple coher-
ent scattering effects [98, 99], which are significant in a
high-density medium of PNS. The absorption photon rate
via the inverse neutron-proton bremsstrahlung is given
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where n,,(,) denotes the number density of neutrons (pro-

tons), and <J,(L2p) (T))) is the thermally averaged neutron-
proton scattering cross section taking from Ref. [93].
The last term appears only for the longitudinal com-
ponent due to the current conservation. The factor of
W? /(w2 + T2, /4) with Ty & 1,0y (T)) (3T/my)"/”
represents the Lorentzian shape ansatz accounting for the
high-density behavior in neutron-proton bremsstrahlung
scatterings [100].

We remark that negatively charged particles heavier
than electrons, most notably muons [101] and charged
pions [102], may also contribute to DP production. Their
thermal abundance in the PNS can reach the ~ 1% level
relative to nucleons due to sizable chemical potentials
comparable to their masses (~ 100 MeV). While their
overall contribution to the total emissivity is subdom-
inant, these species can populate the high-energy tail
of the DP spectrum, potentially leaving observable sig-
natures that depend sensitively on the spectral shape
rather than the integrated luminosity. However, since
the abundances of these particles carry significant model
and equation-of-state uncertainties, we do not include
them in our numerical analysis; for a discussion of their
possible impact, see Ref. [103], and Ref. [104] for the case
of axions.

In the region far outside the PNS, DP production
(and also absorption) is governed by the semi-Compton
process, e~ + vy — e~ + 7/, which is less sensitive to
the medium density than bremsstrahlung scatterings.
While semi-Compton scatterings in these outer layers
contribute negligibly to the total DP luminosity, they
can nonetheless have a nontrivial impact on supernova
dynamics, particularly shock revival for a successful ex-
plosion [105]. In Appendix. D, we present an approxi-
mate analytic derivation of the semi-Compton absorption
rate, which is related to the production rate via detailed
balance, under various relevant conditions.

The integral over the momentum range of the DP pro-
duction rate in Eq. (21) can be divided into two regions,
around the resonance energy and outside the resonance
energy,

dP,  dPy

av av

dPy
v

(23)

res out

Due to Imm; << Rem; at the resonance energy, denoted
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by Wres, We can approximate
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Therefore, the production rate from the resonance
reads
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The contribution from outside the resonance energy is ex-
plicitly calculated from Eq. (21) with the neutron-proton
bremsstrahlung scattering rate given in Eq (22).

A. Implications

Dark photons (DPs) produced in CCSNe can affect
several observable aspects of the explosion and its af-
termath. Building on the DP production rate described
above, we consider multiple supernova observables to de-
rive constraints on the DP parameter space. For our
fiducial analysis, we adopt the L.S220-s18.88 supernova
simulation profile, which represents the one-dimensional
counterpart of a self-consistent three-dimensional explo-
sion model with a protoneutron star (PNS) mass of
1.81 Mg [106]. Fig. 7 illustrates the time evolution of
the temperature (upper panel) and the radial profiles of
the temperature (red) and plasma frequency (blue) at
0.2s (dashed) and 1s (solid) post-bounce (lower panel).
The profiles at £, > 0.2 s are particularly relevant for the
DP case, since for some DP masses the cooling rate can
be larger at earlier times due to the nature of resonant
production (this is somewhat peculiar; another similar
case is the Majoron model studied in Ref. [107]). We also
compare our results with four additional models from the
Garching supernova archive, thus bracketing the uncer-
tainties associated with the SN modelling.

We also want to stress that no clear evidence of a com-
pact remnant has yet been observed at the location of
SN 1987A, and in particular no pulsar-like signal. In
principle, this could call into question a neutrino-driven
explosion mechanism for SN 1987A, although the rem-
nant could simply be a non-pulsar neutron star, and the
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FIG. 7. Upper: time evolution of the temperature in the
L.S220-s18.88 supernova model; contour lines correspond to
the indicated value in MeV. Lower: radial profiles of temper-
ature (red) and plasma frequency (blue) at 0.2sec (dashed)
and 1sec (solid) post-bounce, respectively.

hot blob recently reported by the ALMA radio telescope
and the James Webb Space Telescope can be interpreted
as a hint of such a source (see section 8.6 in Ref. [108] for a
more detailed discussion about this). In any case, among
the arguments that we examine here, only the standard
cooling argument and the SN failure argument rely on a
specific, neutrino-driven explosion mechanism. By con-
trast, low-energy supernovae, fireball formation, super-
nova ~-ray signals, and Galactic positron injection are
independent on the explosion mechanism and, taken to-
gether, supersede the standard cooling argument, making
SNe a robust probe. Nevertheless, we recall that much
above the free-streaming boundaries, self-consistent sim-
ulations would be desirable.

1. Cooling argument

The gravitational binding energy of the nascent PNS
(= 3 x 10°3 erg) is predominantly released in the form of
neutrinos within the Standard Model. For the first few
seconds after core bounce, neutrinos remain trapped in

11

the dense stellar matter surrounding the PNS, forming
a neutrino sphere. Energy diffusion through this region
leads to a cooling phase lasting O(10) seconds. The ob-
served duration of the neutrino burst from SN1987A, de-
tected by Kamiokande-II, IMB, and Baksan [109-111],
agrees remarkably well with this prediction. To remain
consistent with these observations, any exotic energy-loss
mechanism must be subdominant to the standard neu-
trino cooling. This requirement is encapsulated in the
so-called Raffelt criterion [104, 112], which constrains the
specific energy-loss rate of new particles, ensuring that
the overall cooling timescale is not significantly short-
ened.

DPs produced in PNS can contribute to extra energy
leakage if they escape the region cooled down by neutrino
diffusion. In the course of propagation, DPs may either
be absorbed into the nuclear medium through scatterings
or decay into electron-positron pairs if the mass exceeds
the two-electron mass threshold. This absorption process
depends on the production location of a DP and its di-
rection of travel. The optical depth for a DP produced at
radius r with energy w, traveling at an angle 0, relative
to the radial direction, is given by

Teool = /dl f‘vx (\/r2 + 12 + 27l cos 97/> /o', (27)

where [ represents the path length from the production
point (I > 0), and I',/ is the DP absorptive rate. The
effective cooling rate due to DPs is then expressed as

av

with the volume emissivity dP,/dV given by Eq. (21).

For DP masses below 2m,, the optical depth is pri-
marily determined by scatterings near PNS due to rela-
tively higher density, allowing integration over arbitrarily
large distances. On the other hand, for masses above
2m,, DPs can decay into electron-positron pairs out-
side the PNS which leads to a significant contribution
to the optical depth without suppression at large radii.
In our analysis, we set an upper integration limit for ra-
dius ry, = 20km (i.e., the corresponding upper limit of
l=\/rd,
accounts for the geometric size of the PNS and the neu-
trino sphere.

The DP absorption rate is written by

dP-,
Pl = / Qv P e (28)

— 72 sin? 6, — ryp cos B/), which appropriately
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for each polarization mode ¢ = T, L. Inside the PNS, the
absorption of DPs is controlled by the inverse neutron-
proton bremsstrahlung, the rate (T'P*) of which is de-
scribed in Eq. (22). On the other hand, the semi-
Compton scattering process, e”7' — e~ v, dominates
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FIG. 8. Dark photon luminosity as a function of the kinetic
mixing parameter & for masses of 1 MeV (red), 2MeV (blue),
and 30 MeV (green), evaluated at 1s post-bounce. The gray
line indicates the neutrino luminosity.

the DP absorption outside of the PNS due to its weaker
power dependence of the number density (i.e., x n.). For
DP masses above 2m,, an additional absorptive channel
opens up via decay into electron-positron pairs. Ignoring
the positron abundance, the decay rate I'¢° is given by

2

Li’ , (30)

_ 1 T+
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16mjw? —m2, Jo e T 41

where pi. is the chemical potential of electrons, and zL =
(1 + \/ (1 —4m2/m2,)(1 - m?, /w2)> /2 defines the inte-

gration range. The squared matrix elements read

(2, +2m2) ~ € (@) [i="T

% () i=1]CY

’/Vli‘Q = 8ma X {
with ¢(z) = (22(1 — z)w? — m?y,/Q) m2, /(w? —m?2,); for
the detailed derivation, see Ref. [97].

Fig. 8 shows the DP luminosity as a function of the
kinetic mixing parameter e for several representative
masses. In the low-coupling regime, where DPs freely es-
cape from the PNS, the luminosity scales as £2. At larger
couplings, the typical optical depth in Eq. (27) exceeds
unity, leading to a suppression of the effective DP lumi-
nosity due to increased trapping and reabsorption. For
lighter masses, a peak appears at intermediate couplings,
where resonantly produced DPs are also resonantly reab-
sorbed near their production region, as shown by the red
and blue lines in Fig. 8 for m,» = 1MeV and 2MeV,
respectively. This implies that at higher couplings, the
DP luminosity becomes dominated by non-resonant pro-
duction processes. In this context, heavier DPs (such as
the case with m., = 30 MeV shown by the green line) ex-
hibit only a single peak due to the absence of resonance
effects. For DP masses below the 2m, threshold, where
decay into electron—positron pairs is kinematically for-
bidden, absorption is dominated by scattering processes;
above this threshold, the additional decay channel into
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FIG. 9. Constraints from the SN1987A cooling argument for
different SN models: LS220-s18.88 (red-shaded), LS220-s20.0
(blue dashed), SHFo-s18.8 (green dashed), SFHo-s18.6 (cyan
dashed).

electron-positron pairs significantly enhances the optical
depth.

Consequently, we derive cooling constraints from the
SN1987A neutrino observations by comparing the effec-
tive DP cooling rate at 1s post-bounce with the corre-
sponding neutrino luminosity (see, e.g., the gray line in
Fig. 8). The red region in Fig. 9 illustrates the param-
eter space where the effective DP emission rate exceeds
the diffusive neutrino luminosity, based on the LS220-
s18.88 simulation profile. We additionally show cool-
ing constraints obtained from other supernova models
of the Garching group [113, 114] with different progen-
itor masses and/or nuclear equations of state (EOS):
LS220-s20.0 (blue dashed), SFHo-s18.8 (green dashed),
and SFHo-s18.6 (cyan dashed). The LS220 EOS employs
a Lattimer—Swesty compressible liquid-drop model with
an incompressibility of K = 220 MeV, while the SFHo
EOS [115] is based on relativistic mean-field theory and
yields a more compact PNS with slightly higher central
densities and temperatures. The comparison across these
simulations, covering progenitor masses between 18.6 and
20.0 Mg, allows us to gauge the sensitivity of our results
to uncertainties in the progenitor structure and the nu-
clear microphysics. Overall, the resulting constraints are
largely consistent across most of the parameter space,
with some deviations only in the trapping regime for
my S 1 MeV—where the result is sensitive to the tar-
get density for scattering—and in the heavy-mass region,
where the constraint depends more strongly on the max-
imum temperature of the profile.

We also compare our updated results with those pre-
viously reported in the literature [97]. Fig. 10 shows this
comparison, where the black solid line represents the re-
sult from Ref. [97] obtained using their fiducial supernova
profile. As pointed out by Ref. [104], their evaluation of
the optical depth assumes a purely radial propagation
(i.e., cosf, = 1 in Eq. (27)) with an additional geo-
metric correction. This prescription tends to overesti-
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FIG. 10. Our SN1987A cooling constraints (red) using the
Garching 1.5220-s18.88 model, compared with the previous
results from Ref. [97]. We also show results (dashed blue) ob-
tained by evaluating the optical depth assuming purely radial
propagation. As pointed out by Ref. [104], such an incorrect
procedure leads to an overestimation of the constraints.

mate the optical depth, leading to a stronger constraint
in the trapping regime. Nevertheless, their bound for
my S 1,MeV is less stringent than ours because their
fiducial profile contains a higher electron density outside
the PNS, which enhances the optical depth through the
semi-Compton scattering contribution. For comparison,
we confirm that adopting a purely radial optical depth
treatment (blue dashed line) indeed reproduces this over-
estimation.

Finally, we note that the Stefan-Boltzmann (SB) ap-
proach provides a good approximation to the cooling
bound in the trapping regime for low-mass DPs, where
m. is smaller than the typical temperature at the PNS
boundary (T ~ 10MeV). The differential SB luminos-
ity [104] reads

SB
dp 2 Yi 3

PR A LI A— 32
;T:L & 3? G TR — 1 (32)

where R, denotes the radius at which the radial opti-
cal depth becomes 2/3 (i.e., [Tcool]cos 0,=1= 2/3). Since
the DP absorption rates from bremsstrahlung and semi-
Compton processes depend on the DP energy w, each
energy corresponds to a different diffusion radius R,,. In
particular, the absorption rate decreases with increas-
ing w, implying that the dominant emitted DP spectrum
in the trapping regime shifts toward higher energies as
¢ increases [97]. For very heavy DPs, however, the SB
approximation ceases to be valid. In this regime, the
dominant production region lies deep inside the PNS,
near the maximum temperature, where the transport of
energy even in the trapping limit remains essentially bal-
listic rather than diffusive.
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2. Low-energy supernova explosion

Even if DPs successfully escape the PNS, they can still
interact with materials in the outer layer of the progeni-
tor. Such interactions may deposit energy into the man-
tle, subsequently increasing the total kinetic energy of
SN explosive ejecta [116-118].

The explosion energy of a CCSN is inferred from
light-curve properties and spectroscopic analysis. While
the typical range of the SN explosion energy is around
1 bethe (1bethe = 10°! erg), some SN cases imply an or-
der of magnitude lower explosion energy, on the order
of 0.1bethe [119, 120]. We exploit observations of low-
energy supernova explosions to constrain DPs, following
Ref. [117], which pioneered this method using the ax-
ion—photon coupling as an illustrative example.

DPs deposit energy in the mantle through scatterings
with materials or via their decay into visible particles.
Scattering processes, which are proportional to the num-
ber density of charged particles, become significantly less
efficient outside the PNS, where the density drastically
decreases. Therefore, the absorption of DPs via scatter-
ings would be inefficient in transferring their energy to
the mantle. On the other hand, the decay of DPs is al-
most independent of the thermal properties of the outer
stellar medium (e.g., electron degeneracy).

For DP masses below 2m,, decays occur only via the
radiative three-photon channel, which is extremely sup-
pressed and leads to lifetimes too long to contribute to
SN explosion energy. On the other hand, for m., > 2m,,
their decay into electron-positron pairs is kinematically
allowed, and the lifetime can be short enough to deposit
their energy into the mantle. Hence, low-energy super-
nova explosion observations can give a relevant constraint
for m. > 2me..

We follow the procedure in Ref. [121] to derive the
constraint from low-energy SN explosion observations.
Based on the energy-deposition framework developed in
Refs. [116, 117], Ref. [121] provides an improved treat-
ment that properly accounts for the effective energy
transfer from feebly interacting particles produced inside
the PNS. In particular, it offers a consistent description
of the strong-coupling regime, where DPs are efficiently
absorbed or decay within the dense PNS medium, lead-
ing to diffusive energy transport. The energy deposited
in the mantle by DP decays can be expressed as [121]

mantle - /dt PPNS PNS ,Ppg?)g _,P[(ﬁog} : (33)

Here, Pf(>11\)Is = P.|cool Tepresents the total DP luminos-
ity generated inside the PNS that is available for energy
deposition, while PP2NS correspond to the portion escap-
ing the progenitor. The terms Pprog and ,P(%())g denote
the DP production in the mantle, with decays occurring
inside the PNS and outside the progenitor respectively.

In the weak-coupling regime, where PPNS > Pélr)og and
the mean free path of DPs exceeds the PNS radius (so



that energy transport is ballistic), the deposited energy
in the mantle reads

gmantle = /dt

The DP volume emissivity (dP,./dV), the optical depth
at the boundary of the PNS (= 7c01) are described above,
and Tg, indicates the optical depth for the progenitor
surface, which is dominated by the decay probability due
to the large progenitor radius. The volume integration
range for DP production is limited to the PNS region
(Rpns = 20km). For m. > 2m,, we find

v (e_Tcool

dv

—e ) L (34)

R,
TR, = lee 7 (35)

with the vacuum decay rate of the electron-positron chan-
nel (neglecting the medium effect in the mantle)

2 2 2
am 2mZ mé
Fee_e2§7 <1+ — ) 1—4m2‘ . (36)

In the small-¢ regime of our interest, DPs freely escape
the PNS (i.e., Teool < 1) and decay predominantly within
the progenltor (i.e., 7r, > 1). Eq. (34) then simplifies to

mantle — /dt/

corresponding to the total energy emitted in DPs from
the PNS. This allows a simple estimate of the bound by
comparing the DP luminosity with the neutrino luminos-
ity at lsec post-bounce (Sec. IVA1).

At large couplings, where the DP absorption or decay
length becomes shorter than the PNS radius, the bal-
listic description in Eq. (34) may no longer apply, but
the energy transport from the PNS would become diffu-

sive [121] (i.e ’PPNS ~ Ppmg > PPNS, F(,f&g). Such a
diffusive heatmg relies on the DP thermal conductivity,
which is set by the mean free path A,y ~ v//Tcz x e72.
The resulting diffusive energy deposition rate can be
approximated analytically (see Ref. [121] for detailed

derivation)

2 )\ E ’ e ’Y//T
dmantte _ 2Rpys (0T / dE., p—w2(38)
dt 3mT2 or (e” /T — 1)

evaluated at the PNS surface, r = Rpns.

However, this approximation breaks down for DP
masses above 50 MeV, since it assumes diffusive DP emis-
sion at the PNS radius where T < 10 MeV. For heav-
ier DPs, their emission are dominated deeper inside the
PNS, where the temperature is higher, and thus even in
the strong-coupling regime the transport remains effec-
tively ballistic. In this case, Eq. (37) remains valid.

To evaluate Enantle, we use the SN simulation pro-
file for the L.S220-s18.88 model, incorporating all post-
bounce time snapshots, and adopt a progenitor radius of

(37)
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FIG. 11. The cyan-shaded region shows the constraint from
low-energy supernova explosions, derived from energy depo-
sition in the mantle due to dark photon decays. The black
dashed line indicates the result obtained using the approach
based on the cooling argument (red), with an effective emis-
sion duration of 2 seconds.

R, ~ 10 cm. The cyan region in Fig. 11 (and the cor-
responding ‘LESNe’ region in Fig. 1) is excluded by the
condition of Epangle < 0.1 bethe. As expected, the low-
energy SN explosion provides a more stringent constraint
on DPs than the cooling argument.

The black curve in Fig. 11 indicates the result from
the simplified approach described in Eq. (37) with the
effective emission duration of 2 seconds. This approxi-
mate bound agrees well with the full numerical result,
except near m,s ~ 10MeV, where transverse resonance
production becomes significant. In the numerical calcu-
lation, this resonance is smeared out by accounting for
the time-evolving profiles.

3. Absence of prompt SN1987TA ~-ray signals

In standard core-collapse SN scenarios, any energetic
photons produced within the PNS are promptly trapped
and thermalized due to the extremely high density of the
stellar medium. Consequently, no prompt 7-ray signal is
expected to accompany the core collapse. However, new
particles such as DPs, which interact only feebly with SM
particles, can escape the progenitor. If they subsequently
decay into photons, these events may yield detectable -
ray signals, potentially observable with minimal delay
relative to neutrino emission.

At the time when the diffusive neutrino burst from
SN1987A was observed, the Gamma-Ray Spectrome-
ter (GRS) aboard the Solar Maximum Mission satel-
lite [122] was operational. It monitored the -ray flux
in three energy bands: 4.1-6.4MeV, 10-25MeV, and
25-100 MeV [123]. The observation period extended for
223.2 sec post-bounce before the satellite switched to cal-
ibration mode. No excess was detected in any energy



range, leading to upper bounds on the «-ray fluence:

F, < 61lem™? [4.1-6.4MeV], (39)
F, < 148cm™? [10-25MeV], (40)
F, < 184icm™? [25-100MeV] . (41)

Since the region where DP-induced photons can arrive
within the observation window is much closer to the pro-
genitor than the SN1987A distance (d, = 51.4,kpc), the
expected ~-ray fluence from DP decays can be approxi-
mated as

1 dN'Y’ —I' /r !

Fy /dr/dCOSQV/dE"’/dw@rdz ¢ /v
1 0Ty

O (taelay < 223.2s€C) (42)

Xii
v' dE.,dcosf,

where dN,//dw is the spectrum of the total number of
DPs emitted from the SN, integrated over the entire PNS
and all post-bounce snapshots. Dividing by 4md? gives
the DP fluence at Earth in the absence of decay. While
I'.,s is the total decay rate of DPs with the energy w, I'vaq
denotes the partial decay rate into channels with a final-
state photon. The variables £, and 6, are defined as
the photon energy and angle relative to the DP boost in
its rest frame, respectively. The observed photon energy
at Earth is then given by E,v'(1 + v’ cosf.) with v/ =
/1= m2 /w? and ' = w/m..

The non-vanishing DP mass and a non-straight line
of sight of radially emitted DPs (corresponding relative
angle to the straight line is correlated with 6,) impose a
delay in the arrival of photon signals from the DP decay,
which reads

r

tdclay I (43)

v'y"2 (14 vy cosby)
The observational constraint, tqelay < 223.2sec, in the
last term of Eq. (42) leads to the integration limits. Fur-
thermore, for the signals to be detectable, DPs must de-
cay outside the photosphere, i.e., 7 > R,.

We thus derive constraints on dark photons (DPs) from
the non-observation of prompt SN 1987A ~-ray emission.
For masses above the di-electron threshold, m., > 2m.,
the decay v/ — eTe™ is kinematically allowed, yielding
a short DP lifetime with a total DP decay rate given
by Eq. (36). The dominant radiative mode is final-state
radiation (FSR), v/ — e~ e™~, for which we adopt the
differential rate from Appendix B of Ref. [124]. The re-
sulting constraint on the DP parameter space, derived
from the absence of a SN 1987A ~-ray excess, is shown
in orange in Fig. 1 and labeled as “SN 1987A ~.”

Apart from SN 1987A, one may also consider the 7y-ray
signals from Type Ic SNe, which have much more com-
pact progenitors and therefore allow one to access dif-
ferent regions of parameter space by stacking many such
events detected by Fermi-LAT [125] (stacking multiple
events is necessary, because if a clear timing of the on-
set of the explosion is not available, a single Type Ic SN
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cannot individually provide constraints). Furthermore,
it would be interesting to study the impact of DPs on
early-time observations of SN explosions, such as those
of SN 2023ixf [126]. We leave these studies for the future.

4. Galactic positron injection

Injection of a significant number of positrons into the
Milky Way can substantially enhance the diffuse y-ray
emission from the Galactic Center region. As these
positrons propagate through the interstellar medium,
they lose energy via Coulomb interactions with ambient
electrons, emit bremsstrahlung radiation, and eventually
annihilate. The annihilation of non-relativistic positrons,
predominantly through the formation of positronium (a
bound state of an electron and a positron), gives rise
to the observed 511keV ~-ray line flux [127]. Precise
measurements of this 511keV line by the SPI spectrom-
eter onboard the INTEGRAL satellite [128-131] have
placed stringent limits on the Galactic non-relativistic
positron injection rate, constraining it to be no larger
than O(10%3) et s1.

The average number of positrons injected into the
Galaxy per CCSN, which eventually thermalize and con-
tribute to the 511 keV emission through the decay of SN-
produced dark photons outside the progenitor, can be
expressed as

AN,

SN Y —T
= i dtd R
NZE Z-:% HT / W e

X /dEe+ %PEG+—>me )
where PEe +—m, denotes the survival probability for
a positron with initial energy FE.+ to become non-
relativistic through interactions with the ambient Galac-
tic medium [132]. Here, dN.+/dE,+ represents the
positron spectrum from the decay of a boosted dark pho-
ton with energy w; the general transformation between
the boosted and rest-frame spectra is presented in Ap-
pendix E.

There are two main CCSN subclasses that contribute
to this rate: Type II and Type Ib/c. They are distin-
guished by the presence (Type II) or absence (Type Ib/c)
of hydrogen features in their spectra, which reflects the
difference in progenitor envelope size and composition.
Accordingly, the relative weight r; in the sum in Eq. 44
accounts for the occurrence rate of each SN type in the
Galaxy.

Following Ref. [133], we adopt the upper limit on the
number of positrons injected per CCSN,

NSN < 1.4 x 10%2, (44)

assuming the CCSN rate in the Milky Way galaxy of 2.3
per century [134]. For analysis, we take the progenitor
radii of R, = 5 x 102cm for Type Ib/c and 10** cm
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FIG. 12. The yellow-shaded region is excluded by galac-

tic positron injection leading to the observed 511keV line.
The black dashed lines represent the approximate estimate
obtained by rescaling the SN1987A cooling constraint (red-
shaded).

for Type II, with the relative fraction 11 = 33% and
ri = 67% [134], respectively. Since the core-collapse and
the subsequent PNS formation are essentially identical
for both classes, we assume an equivalent DP production
mechanism. By integrating over all the time snapshots,
the yellow-shaded region in Fig. 12 (and the correspond-
ing ‘611 keV line’ region in Fig. 1) is excluded by the
condition in Eq. (44).

Analogous to the low-energy supernova explosion con-
straint discussed in Sec. IV A2, one can estimate the
galactic positron injection constraint, based on a simple
rescaling of the SN cooling limits. In the regime where
DPs freely escape the PNS, the constraint can be rescaled
as

2
L
NSN ~ rits <€ ) TR () 45
w2 an) W o

where €.,01 denotes the kinetic mixing corresponding to
the SN1987A cooling constraint (the boundary of the red-
shaded region in Fig. 12), and L, is the total neutrino lu-
minosity. We take an effective duration of tgxy = 2 sec and
assume a monochromatic DP spectrum with the average
energy (w); one can evaluate this latter numerically, but
a decent approximation (especially for DP masses above
~ 20MeV is (w) ~ m4 + T. The black dashed lines in
Fig. 12 show this approximation, which agrees well with
the full numerical result except around m., ~ 10MeV,
where the broad transverse-resonance spectrum becomes
relevant. For masses below 3MeV, the production is
dominated by longitudinal resonance, which imposes a
sharply peaked DP spectrum centered near (w).

While here we have considered only the annihilation
of non-relativistic positrons, predominantly through the
formation of positronium, one can also consider rela-
tivistic positrons losing energy by scattering on free and
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bound electrons in the ISM, and then leading to a con-
tinuum emission above 511 keV [135]. This type of radia-
tion leads to constraints (using COMPTEL and EGRET
data) which are slightly better or slightly worse than the
ones considered here, depending on the treatment of the
background (see Fig. 9 of Ref. [136]).

5. Fireball

The fireball model was originally proposed to explain
the characteristics of v-ray burst (GRB), intense flashes
of energetic photons peaking in the sub-MeV range [137].
In this model, a compact source drives a relativistic out-
flow that carries energy either through the kinetic energy
of ultra-relativistic particles or through electromagnetic
Poynting flux. The initially optically thick plasma sur-
rounding the source is referred to as a fireball. As the
outflow expands and becomes optically thin, its internal
energy is released as y-rays. (See Ref. [137] and refer-
ences therein for a comprehensive review.)

Novel particles produced in core-collapse supernovae
(SNe) and decaying electromagnetically—such as the
dark photons (DPs) considered here—can act as an
“engine” for forming a fireball around the progenitor
star [138]; see Refs. [139, 140] for an analogous study in
the axion-like particle scenario. Following the approach
of Ref. [139], we assess whether DPs could trigger fireball
formation.

When DPs decay into electron—positron pairs, v/ —
ete™, they inject a dense population of charged particles
just outside the stellar surface. The characteristic radius
at which most decays occur is Rpp ~ FSJ;, , where I' g+ -
is the DP decay rate to an eTe™ pair, and the spread
in the decay radii defines the shell thickness A, which
typically satisfies A < Rpp. The number density of
electrons (and positrons) then reads

,e—R+/RrB
Nt ~ N7672 7 (46)
drRigA

where N,/ denotes the total number of DPs emitted from
PNS.

A fireball can form only if the electron—positron plasma
is sufficiently dense to maintain thermal equilibrium and
chemical equilibrium. The first requirement is that the
optical depth to pair annihilation, e~et — v, be large:

Met Octe—yy A > 1, (47)

where 0¢+.-_,,, is the annihilation cross section. In the
comoving frame of the expanding plasma, the center-of-
mass energy of the e pairs is set by the DP mass, yield-
ing the approximation oe+q— .y, ~ 47ra2/m3, [141]. A
second condition ensures that number-changing processes
such as bremsstrahlung, e~“e™ — e~et, are efficient:

Mt Oeoseey A > 1, (48)
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FIG. 13. Fireball constraints on the dark photon sce-

nario from both the Pioneer Venus Orbiter at the time of
SN 1987A (dark gray shaded region) and X-ray observations
of GW170817 by CALET/CGBM, Konus-Wind, and Insight-
HXMT/HE (pink region for the LS220-s18.88 SN profile and
pink dashed curve for the one-zone model).

With Oeeseery = 8a[log(m. /3me) + vE + 5/4]/m? [141],
assuming an initial plasma temperature of order m...
Substituting Eq. (46) into Egs. (47) and (48) shows that
both conditions are independent of A. The black-shaded
region labeled “Fireball (PVO)” in Figs. 1 and 13 indi-
cates the portion of the DP parameter space in which
either of the above conditions is satisfied and a fireball
can form around the SN progenitor.

Fireball formation has important implications for in-
terpreting several observational constraints on DPs [124].
In deriving bounds from the SN 1987A ~-ray search
by the GRS, we assumed that photons from final-state
radiation escape freely and retain their original spec-
trum. If a fireball forms, however, this radiation is
trapped and thermalized, and is instead released as
a GRB-like signal in the sub-MeV range—outside the
GRS sensitivity window. Similarly, fireball formation
affects the Galactic positron-injection constraints from
SN DPs: if bremsstrahlung efficiently increases the par-
ticle number [Eq. (48)], the plasma cools while main-
taining energy conservation, and most positrons anni-
hilate once the fireball becomes optically thin at 7" <
MeV [124, 137, 139, 140]. As a result, the SN 1987A
~v-ray and Galactic positron bounds do not apply within
the black-shaded “fireball” region in Figs. 1 and 13.

Beyond evading other constraints, the thermalized
emission from a fireball can itself provide a probe of
new particles. At the time of SN 1987A, the Pioneer
Venus Orbiter (PVO) was sensitive to photons in the
0.2-2MeV range—consistent with the expected thermal-
ized fireball spectrum. The non-observation of a ~y-ray
excess by PVO constrains the total fireball energy to
ESRI98TA < 35 10% erg [139]. In the dark gray region
of Figs. 1 and 13, DPs would deposit more energy than
this limit, leading to an exclusion.
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A similar mechanism can occur in binary neutron-star
mergers if a long-lived remnant forms before collapsing
into a black hole. The event GW170817 likely produced a
hypermassive neutron star surviving for ~ 1s [142, 143].
To estimate DP emission in this context, we consider
two representative thermal profiles: (i) the LS220-s18.88
SN profile at ¢, = 8s, and (ii) a simplified one-zone
model with 7' = 18 MeV, R = 16km, and duration
dt = 1s following Ref. [140]. For both, we evaluate
the thermalization criteria in Egs. (47) and (48), adopt-
ing Eq. (46) for n,+ and requiring decays occur beyond
Rumin = 1000km. X-ray observations of GW170817 by
CALET/CGBM, Konus-Wind, and Insight-HXMT/HE
place an upper limit of EFY 17817 < 3 x 10% erg on any
GRB-like fireball emission. The corresponding exclusion
based on the L.S220-s18.88 profile is shown as the pink-
shaded region in Figs. 1 and 13, while the pink dashed
curve denotes the result for the one-zone model.

6. Diffuse v-ray background

CCSNe have occurred isotropically throughout cosmic
history, and the emission of DPs from each event cumula-
tively contributes to a cosmological DP population. The
contribution to the comoving DP density per redshift in-
terval is given by

AN,
dw ’

dn. _ dnee do

4
dz dz (49)

where dn../dz represents the CCSNe event rate per co-
moving volume. Here we ignore any attenuation from
the intergalactic medium, since the optical depth at these
energies and low redshift is negligible. The subsequent
radiative decay of DPs tones up the diffuse cosmic -
ray background, which should not exceed the measured
value [87]. In the following we consider only DPs with
masses below 2m,. and their direct radiative decay into
photons. For larger masses, the DPs can decay into
electron-positron pairs, with associated final state radi-
ation. The associated bounds in this mass region, how-
ever, are already excluded by other probes and we will
not include them.

For the masses of interest here (smaller than 2 m.) DPs
remain relativistic at the time of decay, and the resulting
diffuse photon flux can be written as

d®, c

— !~

o d cc > d / 1
— dz—n / dw 7'/\/’7 tz
dE, ar Jo dz JE (142 dw w

g dt |
1-— — dz'T () |— o
X( exp{ /o : 7(Z)dZ’D<F~/)
dN.
X —71 (50)
dx r=F,(14+z2)/w

where I',/(2") is the total DP decay rate evaluated at
the redshifted energy ' = w(1 + 2')/(1 + 2), and Tyaq
is the partial decay rate for the radiative channel. The



Hubble time is expressed as |dt/dz| = 1/(1 + 2)H with
the Hubble rate H

H (2) = Ho\/Qu (1+2)° + 24, (51)

where Hj is the present Hubble constant, and €, and
Q) are the matter and dark energy densities, respec-
tively. We neglect photon absorption during propagation,
as the core-collapse SN rate dn../dz is concentrated at
relatively low redshifts (z < 3). The last term dN,/dx
represents the photon energy spectrum per radiative de-
cay of a boosted DP with the initially produced energy w
in terms of the covariant ratio of x = E,(142)/w € [0, 1].
The explicit derivation of dN.,/dx from the given energy
spectrum in the rest frame of the DP, denoted by dN,,/d&
with & = E/(m./2) for the photon energy E in the rest
frame of the DP, is provided in Appendix. E. In the highly
boosted limit (i.e., w > m./), the boosted spectrum sim-
plifies to

dN, Y di dN,
—~ [ == 52
dzx /I i di (52)

For masses below MeV, DPs are dominantly pro-
duced by resonant conversion of longitudinal plasmons at
the energy around the plasma frequency, approximately
20MeV, which results in DPs being relativistic during
decay. Therefore, the description above is relevant with
ANy Jdw = Nyd(w — wR).

In the highly boosted limit, the spectrum in the lab
frame becomes

dN, 5239 — 3430023 + 46575z* — 175142°
dz 1020 ’

(53)

The factor of 3 accounts for the total number of photons
per the decay. Substituting into the general expression
yields the diffuse photon flux from SN-originated DPs

dd, c [ dne WR 1+2
— ~ — d O——-F
dr, ar J, "z Ay <1+z V)(wR )
z r dt
X (1—exp [—/ dZ/w//;:YL ) (M])
0 v
X dé\?y , (54)
T Na=E,(142)/wr

where wr denotes the approximately monochromatic DP
energy from resonant production.

The blue-shaded region in Fig. 14 (and the correspond-
ing ‘Diffuse v (SN)’ region in Fig. 1) illustrates the con-
straint derived from the diffuse +-ray background. The
cosmic core-collapse rate is related to the comoving star
formation rate p.(z), through dne./dz = pi(z)kee with
the coefficient k.. for core-collapse ratio per mass. For
analysis, we adopt the star formation rate from Ref. [144]
and take k. = (143Mg) =t [145], which yields the most
conservative (i.e., lowest) estimate of the cosmic core-
collapse rate among those discussed in Ref. [104]
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FIG. 14. The blue-shaded region is excluded by the extra-
galactic y-ray background, contributed by radiative decay
of dark photons from cosmic core-collapse supernovae. The
magenta- and green-dashed lines represent approximate ana-
lytical limits corresponding to lifetimes much longer and much
shorter than the age of the universe, respectively.

The expression in Eq. (54) can be further simplified
in terms of the DP lifetime, following the approach for
axions in Ref. [104]. For short-lived DPs (I'y, > Hj),
most decay shortly after production, and the exponential
suppression can be neglected. Since the cosmic SN rate
peaks near z =~ 1, we approximate

déy] c {dncc} WR ( D) >
NIl ~ N /@ _— E JR—
|:dE’y FW’>>H0 4m dz z=1 K ( 2 7) WR
dN.
T : (55)
At |3 op jupy

Considering the approximately measured diffuse photon
flux in the 7-ray spectrum range as Ei(dq)v/dEv) ~
2 x 1072 MeVem 25 !ster™!, the dashed green line in
Fig. 14 shows the resulting limit in the short-lifetime
regime, consistent with the full numerical calculation for
m. 2 0.5,MeV, scaling as € m;,l.

In the long-lived regime (I'y, < Hy), most DPs survive
until late times, and the photon flux is instead approxi-

mated as
d‘I)fy C e dncc WR
— N o— d /0 —F
[dEJm«HO 47r/0 Mo\t B
X(1+Z>/zd2/ /F3'Y ﬁ
WR 0 W' [mey | dz!
dN.
- (56)
dz i=E,(1+2)/wr

The corresponding estimate is shown by the dashed ma-
genta curve in Fig. 14, which exhibits a scaling & m;,?’.

In principle, for m., > 2m, one could also consider
constraints from photons produced via FSR in the de-
cay v — e~ eT+, similarly to the SN1987A gamma-ray



analyses. In the diffuse case, however, the corresponding
limits are already ruled out by either SN1987A observa-
tions or by the 511keV line constraints, so we do not
show them.

7. Can dark photons prevent SN explosions?

Traditional SN1987A DP bounds come from cooling
arguments: too much energy loss from the PNS via
DP emission would shorten the observed neutrino burst.
Moreover, for most cases the emission of new particles is
computed around ~ 1s after bounce and it comes from
the central core, where the PNS is hot and dense enough,
and the typical emission of particles such as the QCD ax-
ion is at its maximum. However, DP energy loss is rather
peculiar due to the DP resonant production; thus cooling
can be largest in the gain layer below the stalled shock
wave and counter-act the usual shock rejuvenation by
neutrino energy deposition and thus prevent the explo-
sion [105]. In fact, in the Bethe-Wilson framework [146]
of CCSN, a gain region exists between the gain radius and
the stalled shock front, rgain < 7 < Tshock, Where neutrino
absorption dominates over emission and deposits energy
that helps re-energize the shock. DPs, in contrast, pro-
vide an additional energy-loss channel that drains energy
from the same region, potentially suppressing shock re-
vival if the cooling is sufficiently strong. In this regime,
arguments based on subsequent PNS cooling become ir-
relevant: the mere requirement that the explosion occurs
already leads to more restrictive and robust limits, inde-
pendent of the SN 1987A neutrino signal.

To investigate the impact of this cooling channel, one
can compute the differential DP luminosity (dP,//dr)
as a function of radius and compared it with neutrino
heating and cooling at various times before shock re-
vival [147].

The net neutrino heating rate per unit volume in the
gain region can be approximated as [147]

Q+ ~ 160 MGVL Ll,e’52 < T’,j(i

2
s My 72 {f1y) 4MeV> » (67)

where p is the matter density, m, the atomic mass unit,
L,, 52 the v, luminosity in units of 1052 ergs™!, 77 the
radius in 107 cm, and (u,) the neutrino flux factor ap-
proaching unity in the free-streaming limit. This es-
timate assumes equal luminosities and spectral shapes
for ve and 7. (L,, ~ Lp, ), Fermi-Dirac spectra with-
out degeneracy ((eZ )~ 2177 ), and typical composition
Y, +2Y, ~ 1. The temperature 7T, is defined at the
neutrinosphere, the energy-sphere—where neutrinos de-
couple energetically from the background.

Along the same lines, one can derive the corresponding
neutrino cooling rate per unit volume [147]

Q, =
v

6
145MeVp( T > , (58)

S My \ 2 MeV
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FIG. 15. Upper panel: time evolution of the plasma frequency
at the gain radius (red) and at the shock radius (blue), mul-
tiplied by a factor of \/3/2. Lower panel: differential lumi-
nosity profiles as a function of radius at 0.2s post-bounce
for dark photons (blue), neutrino heating (red), and neu-
trino cooling (green). For the dark photon emission, we adopt
m, = 0.3MeV and the corresponding kinetic mixing at the
supernova cooling limit.

where 7' is the local matter temperature and p the density
in the gain region. This expression follows from

o0 Tp(3a2 + 1

@ = e T F) + VaFs(-nl59)
with F5 the relativistic Fermi integral (see Eq. (32) in
Ref. [147]). In the second line of Eq. (58) we assumed
Y, +Y, ~ 1 and low electron degeneracy, appropriate for
shock-heated layers rich in e* pairs. Unlike the heating
rate, which scales as Tfe with the neutrino temperature at
the neutrinosphere, the cooling rate depends on the sixth
power of the local temperature. The gain radius, rgain, is

defined by the balance condition Q}f = @, , yielding [147]
Ly€,52 ( Tl/g

T, \°
ren (i) =195 152 (i) 0

where Ty = T'(rgain) is the local temperature at the gain
radius.




Fig. 15 illustrates the time evolution of the plasma fre-
quency at the gain and the shock radii (upper panel)
and the corresponding radial profiles of differential lumi-
nosities at 0.2sec post-bounce for the supernova explo-
sion model 1.S220-s18.88; the DP parameters are fixed
at my = 0.3MeV and € ~ 107® corresponding to the
supernova cooling limit. We compute the DP emissiv-
ity and compare it with the neutrino cooling and heat-
ing rates. A resonance occurs within the gain region at
r ~ 80km, where DP cooling largely exceeds the effec-
tive neutrino heating. In such a case, a successful super-
nova explosion within the Bethe-Wilson framework can
be prevented. The resulting excluded parameter space
for 0.1MeV < m. < 0.5MeV is shown in Fig. 1 (“SN
Failure”), although most of it is already ruled out by
cosmological probes. More interesting regions of the pa-
rameter space could be probed studying the impact on
the explosion for larger DP masses, m., 2 0.5 MeV, for
which resonant production of T modes occurs in deeper
regions below 7g.in, Where it could alter the diffusive neu-
trino flux and affect the explosion mechanism. Such a
case, however, deserves self-consistent numerical simula-
tions, which we plan to perform in the future. Further
details can be found in Ref. [105].

V. CONSTRAINTS FROM COLLIDERS

Although this is not the focus of our work, we find it
useful to include for comparison also bounds from col-
lider probes, given that DPs can affect both precision
observables and direct searches at accelerators.

One of the earliest probes arises from the anomalous
magnetic moments of the electron and muon [17], since
a kinetically mixed dark photon induces loop corrections
proportional to as?/2r. For m. > 2m,, dark photons
decay to charged fermions and depending on parameters,
the decay can be prompt or displaced, requiring com-
plementary search strategies. FElectron fixed-target and
beam-dump experiments are sensitive to dark photons in
the MeV—-GeV range [9, 27, 148, 149]. Fixed-target se-
tups search for narrow resonances in the invariant-mass
distribution of eTe™ pairs produced in eZ — eZ A’ reac-
tions, while thick-target beam-dump experiments (e.g.,
E137, E141, E774 [150, 151]) probe smaller mixings
by exploiting long-lived dark photons decaying down-
stream of the dump. Proton-beam dumps also pro-
duce dark photons via meson decays such as 7%, —
~A’ [15, 16],providing sensitivity to similar parameter
regions. FElectron—positron colliders (e.g., BaBar, Belle,
Belle-1T, KLOE) search for eTe™ — A’ followed by A" —
fTf~, using bump-hunt techniques in the invariant-mass
spectrum [32]. The production cross section scales as
OyAr X g2/ Eﬁeam making low-energy colliders particu-
larly competitive for sub-GeV dark photon masses. At
higher energies, proton—proton colliders such as the LHC
can probe heavier dark photons via Drell-Yan produc-
tion, prompt low-mass dimuon resonances [152, 153] or
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(more model dependent) exotic Higgs decays [31, 154],
while LHCb extends coverage to smaller masses through
displaced-vertex searches in meson decays [155, 156].
Rare meson decays such as 7°,n, K, ¢ — vA’ [10] provide
additional, though currently subleading, constraints. Fi-
nally, dark sectors may contain a dark Higgs boson (h')
enabling associated production (eTe™ — A’L/), leading
to distinctive multi-lepton or displaced signatures stud-
ied at BaBar [32], Belle [157], KLOE-2 [158], and Belle-
I [159].

In Fig. 1, the grey-shaded region in shows the compila-
tion of constraints obtained using the DarkCast tool [6—
8]; for the masses and couplings of interest for this work,
the relevant bounds come from beam-dump experiments.

VI. DISCUSSIONS AND CONCLUSION

In this work, we have re-examined the irreducible con-
straints on DPs. On the cosmological side, we fixed the
reheating temperature of the Universe to Try = 6 MeV,
which corresponds to the lowest value still compatible
with Big Bang Nucleosynthesis according to the most re-
cent evaluation of light-element abundances and Neg [50].
Within this cosmological setup, we consistently derived
all related observables, including diffuse and galactic
gamma-ray emission, CMB spectral distortions, varia-
tions of Neg, and the impact on primordial element abun-
dances. After addressing these cosmological implications,
we turned to the production of DPs in core-collapse su-
pernova (CCSN) environments and derived the associ-
ated constraints, such as those from neutrino cooling,
prompt and diffuse gamma-ray emission, fireball forma-
tion, galactic positron injection, low-energy supernova
energetics, and the possible stalling of the SN shock wave.
We also surveyed current collider limits, which provide a
complementary probe to the cosmological and astrophys-
ical bounds, particularly in the regime of large DP masses
and sizable kinetic mixing. Taken together, these results
delineate the most robust and model-independent exclu-
sion region for dark photons over many orders of magni-
tude in mass, highlighting the complementarity between
laboratory, astrophysical, and cosmological probes.

Finally, we recall that our constraints apply to the min-
imal DP model, and that any coupling to a dark sec-
tor [160] may alter some of the bounds discussed. For
example, if the DP can decay invisibly into dark sector
particles, all limits from fireball formation, ~-rays, 511
keV line, LESNe must be rescaled. Similarly, cosmologi-
cal bounds assume that production is driven by freeze-in
via kinetic mixing with the Standard Model; however,
the relic abundance can be significantly modified in the
presence of a richer dark sector. We leave the study of
these different scenarios for future work.
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Appendix A: Properties of the SM plasma

In this appendix, we summarize well-known results
about the SM plasma. We focus on the scenario in
which a maximal temperature is as low as O(1) MeV,
as required to ensure the consistency of the standard
cosmology; in this paper, we take 6 MeV. Thus, the
light degrees in the SM thermal bath contain photons,
electrons, and neutrinos. Although there exists a rela-
tively small baryon asymmetry in the form of nucleons,
its impact on our discussion is negligible due to its mas-
siveness. Accordingly, the real parts of 71, are mainly
contributed by the coherent scatterings with surrounding
electrons/positrons and read [161, 162]

1
Renp = wgl 1+ §G (V2 k* W) |, (A1)
m2, 1 — G (vV2k?w?
Reﬂ'L — wgl oi (U* /LU) (AQ)

w2 1—w2k2fw?

where w and k denote the energy and momentum of the
external DP state, respectively. The plasma frequency
wpl is given by

4a [ p? 1
2 _ 4 — 22
b= X7 sk (1-37). )

where f; denotes the phase space distribution of i with
their energy E and momentum p, v = p/FE, and v, is the
typical electron velocity given by

2 fooo dp fpp (5@3/3 — v5)

i = (A4)
fo dpfpp(’U—’US/?))
The function G is defined as
3 20 1l—z. 1447
G(x)—; 1 3 Qﬁlogl—\/f (A5)
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Appendix B: Thermal production in the early
universe

In this Appendix, we provide details about resonant
and non resonant production of DPs.

1. Resonant production

We start providing the analytic derivation of the ther-
mal production of DPs at the resonance point. The
following derivation is valid for narrow resonance width
cases, which are typically satisfied.

Transverse modes

For the transverse polarization, Re 7t is of the order of
%2)1 across the entire momentum range. Since the typical
energy range of produced DPs is an order of temperature,
which is larger than wp1, we can employ the relativistic
approximation for the energy-momentum of DPs (i.e.,
w ~ k) leading to

1
Re 7y ~ w?) {1 + §G (vf)} : (B1)

Although each momentum of transverse DPs may expe-
rience resonance at different epochs in principle, the time
difference within the dominant energy range of tempera-
ture is shorter than the Hubble scale; taking momentum-
independent Re7r in Eq. (B1) is a valid simplification.
Therefore, the resonance of the transverse polarization
occurs approximately at the specific temperature Tjes.
Plugging Eq. (5) with Renr in Eq. (B1) into the Boltz-
mann equation in Eq. (7), we can derive

e2ms, 1 1 dlog
Ve~ 2 g —— (1 - 228
Yol w2 /d sTH( 3d10gT1)
% |Im7TT|
(ORemr/OT)* (T — Tres)” + [Im mp|?

Vw2 — m?Y,
X /dwiew/:r —7
3 [ﬁ (ORemr/0T) " 1

2 —_—
712¢(3) L s T/m2, TH

1 dlog gus
1 - 298G } .
3dlogT—1 ) lr=",

Here, we approximate ((ORe 7TT/8T)2 (T - Tres)2 +
Im7p|?) =t ~ §(T — Thes) X 7 (ORewp/0T) ™" /[ Im 7|,
which is valid within the narrow resonance width condi-
tion Im 7 < Remp. Moreover, we neglect m.+ for inte-
gral over w due to wp < T, enabling it to be expressed
by the photon equilibrium number density n.,.

>~ 52m

(B2)
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FIG. 16. The freeze-in dark photon abundance partially con-
tributed from the resonance, [Y,/];*, for ¢ polarizaton.

Longitudinal modes

The resonance feature for the longitudinal polarization
differs from the case of the transverse polarization. Ac-
cording to Eq. (A2), the real part of the longitudinal
polarization can be approximated as

5 02
Renm, ¥ m5, — B3
o (83
where ©* = O(w?)) . This indicates that the resonance

for the longitudinal polarization, Rewp, = m%,, occurs at
the specific energy w = w at any temperature, as long
as M. > wpl. Following the transverse case above, the
contribution to the DP abundance from the resonance of
the longitudinal polarization reads

e2m2, 1
Y P~ il T—(1-—
Yl 272 d sTH (

(Jw?2 —m2,
x [dod— T
ew/T — 1

1 dlog gus
3dlogT

[Tm 7y, /m2, |
2
2/&)% (W — @)% + ’ImTrL/m%/
N g2 m 1 dlog gus
a 3dlogT—1
5 o2 — m2
w w ’7/

((2/@)* (w - @)* +

where we approximate |Im 7,/ m,zy,
|y, /m2,|°) =~ 6w — @) x 7 (&/2).

Fig. 16 illustrates [Y,/ |57y, for the transverse (solid) and
longitudinal (dashed) polarizations.

2 When electrons/positrons are relativistic (i.e., T > me), @2 is
an order of wf)l increased by a factor log[w? /m_zy,], which is never
a large number for the cases of interest.
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2. Non-resonant production

We provide the DP production rate for the following
processes: eT +v — eT + 4’ (Compton-like scatterings),
e~ +et — v++/ (annihilation), and e~ +e™ — 7/ (coa-
lescence). The following expressions and derivations can
also be straightforwardly generalized to other charged
particles as scattering targets.

In the following derivations, we neglect plasma ef-
fects, as they are irrelevant under the conditions where
these processes become important. Although this as-
sumption is strictly valid only for temperatures satisfying
wpl < My, the IR-dominated nature of DP production
renders this approximation reliable for our purposes (see
the discussion in the main text) In this limit, plasma ef-
fects can be ignored, and the polarization sum simplifies
to

W1V
26“ e gt S
m?2

,Y/

(B5)

where the contribution of the last term vanishes due to
electromagnetic current conservation.

For a generic 2 — 2 process, 1 +2 — 3 + 4/, the DP
production rate is given by

Zd 3 A3k
V' */ H g p g’y) fif2(L £ f3)

1= 123

x |M|* (2m)* 54 (p1+p2—p3 —pyr)

where p; = (E;, pi), fi is the distribution function, and g;
denotes the internal degrees of freedom of species i. Here,
Dy = (w, k) is the four-momentum of the DP, and M is
the corresponding matrix element The + sign accounts
for Bose enhancement or Pauli blocking in the final state,
though these effects are negligible in the analysis below.

Since plasma corrections are neglected, the phase-
space integration can be evaluated in the center-of-mass
(CM) frame following the standard method in Ref. [48].
Assuming the Boltzmann statistics, f; = e %/T the DP
production rate can be written by

9192 0 A(s,ma,ma) Vs
;= T ds———— K1 | —
’y’y 327T4 ‘/smin ’ \/g ' T

X0O12—3" (s)

(B7)

where 012_,34/(s) is the corresponding cross-section av-
eraged over the angular dependence in terms of the
squared center-of-mass energy s with the integral range
of Smin = Max([(m1 +m2)?, (m3 +m.)?], and the Killén
function A is defined as

Mayy,z)=(z—(y+2)°) (2 - (y—2)?%) . (BY
The corresponding differential cross section reads
d ’ 1 A /
012—3~" (s,mg,my ) |./\/l|2 . (BY)

aa 64g,9;m%s \| A(s,m1, ma)



For the Compton-like scattering process eT ++v — et +
~', the cross section is given by

g2et \/A(s,me, my)

167s

OsC —
° s(:sfmg)3

€

X <s3 + (15m§ + 7m3,) 5% +m? (2m3, - m2) s

6 4,2
+me —memy,

— (82— (6m2 +2m2) s — 3mi + 2m?m?, + 2m?))
4 2 mz, — mg — S
Y Coth | e 7 B10)

(S, Me, M) A(8, M, My )

The cross section for the electron-positron annihilation
process reads

g2et 1

47s3/2 5 —dm? (s B m%/)

Oann —

2 2 4
><<5 f4mesfm,yl

2y/s (s* + 4m2s — 8m? — 4m?2m?2, + m?,)

Vs —4m?

,/% ) (B11)

Note that the factor (s — m?y,)’l of the denominator in
the production rate may cause IR divergence if m., >
2m.. Following the prescription in Ref. [43], this can be

regulated by replacing

x Tanh™*

' (B12)

(s—m2)™" = (s— m,ZY/ + 2mqm.(T))
where m. (T') is the thermal photon mass from electron-
photon plasma and is approximately given by m?2 ~ W;2>1~

When kinematically allowed, inverse-decay (i.e., coa-
lescence) processes, e~ +et — «/, can also contribute sig-
nificantly to DP production. Using detailed balance and
following Ref. [48], the corresponding reaction density
can be expressed in terms of the equilibrium DP phase
space and its vacuum decay width as

2
_ gy my T My
'Yv/(T) = TKl( T ) Fe"’e_ 3 (B].?))
where g, = 3 for a massive vector, K; is the modified

Bessel function, and the decay width at the rest frame
reads

ae? 2m? 4m?2
Fe*e*:Tm’Y' I+ 26 L= 26'

m,y, m,yl

(B14)

Here, we provide a useful analytical result for the DP
abundance from electron-positron coalescence; for de-
tails, see Ref. [163]. Performing the Boltzmann equation
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in Eq. (7) with defining = m.,/ /T, we obtain

Tru ,
Y, ~ / B ar

1, SHT Bls
_ 45 gy MpiDeve- [ 4 (B15)
= (1 660)4774 172 5 x Kl(l‘) dx
: Gxs x m’y’ TRH

with gy = m./Tru. Since contributions at T' < m.
are exponentially suppressed, the lower integration limit
Ty is irrelevant. It is convenient to factor out the full-
range integral [~ 2° K1 (z) dz = 37/2 and define

2

S(z) = g/oo u3Ky (u) du, S(0)=1. (B16)

Then, the yield takes the compact form

135 g/MP1F+— <m /)
Y, = X “L S ). B17
TL660870 g gl/? 2, \Tra (BI7)
For x > 1, where Ky (z) ~ \/7/(2z) e~ 7, one finds
2
() ~ —— 227 (z>1), (B18)

3V2r

which makes the expected Boltzmann suppression ex-
plicit when m,s > Tru. A smooth analytic fit valid
for all 2 that reproduces S(0) = 1 and Eq. (B18) is

S(z) ~ [0.266+0.734e "] e * (1 +2%)**.  (B19)

Appendix C: Higher initial temperature limit

We extend the analysis presented in the main text,
where we considered the minimal cosmological ini-
tial temperature of 7; = 6MeV, to explore higher-
temperature scenarios as a more general case. As an
illustrative example, we take T; = 100 MeV and exam-
ine how the resulting cosmological bounds on DPs are
modified.

Since the DP production rate governed by renormaliz-
able interactions is infrared-dominated, the contribution
of non-resonant scattering processes (see Appendix. B 2)
to the thermal freeze-in abundance is largely insensitive
to T; when the DP mass is below this temperature. Con-
sequently, as shown in Fig. 3, for m,, < 0.74MeV cor-
responding to 1/3/2wp1(6 MeV), the thermal DP abun-
dance is essentially identical for both 7; = 6 MeV (black
solid) and T; = 100MeV (gray dashed). At higher
masses, however, the abundance increases due to addi-
tional production channels. Resonant conversion from
photons occurs up to +/3/2wpi(10MeV) ~ 12MeV;
while this mechanism dominates for sub-threshold masses
as m, < 2m,, its contribution becomes subdominant
(about 10% of the total) for heavier DPs, where kinemat-
ically allowed coalescence processes begin to dominate.
At even higher masses, additional coalescence channels
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FIG. 17. Constraints on the dark photon model with Tien, =
100 MeV. The blue-shaded region is excluded by CMB. The
orange-shaded regions correspond to BBN. The purple-shaded
region shows A Neg constraints. The gray-shaded region is ex-
cluded by the overproduction of dark photons. The red/green-
shaded region is ruled out by galactic/extra-galactic X-ray
flux.

involving both leptons and hadrons become kinemati-
cally accessible. Their contribution to the total DP pro-
duction rate can be expressed using Eq. (B13), with the
relevant decay widths for each channel. For leptonic co-
alescence processes such as u~u™ — 7/, the decay width
follows Eq. (B14) with the appropriate lepton mass. For
hadronic processes like 7=7t — 4/, the decay width
reads [72]

. o\ /2
T m‘ﬂ'
Fer = Eaeﬂcgmy/ (1 —4— ) , (C1)

m,y,

where o denotes the effective scalar QED coupling [72,
164]. We adopt the empirical fitting functions for oZF
in the cases of the charged pions [164] and the charged
kaons [165], based on measurements of the e~e™ — 7~ 7™
and e"et — K~ KT from BaBar collaboration.
Building upon the derivation of the thermal DP abun-
dance, we perform the same cosmological analyses as out-
lined in Sec. III. The results for T; = 100 MeV are illus-
trated in Fig. 17. For m., < 2m,, the constraints from
overproduction (gray-shaded) and galactic/extragalactic
photon observations (red- and green-shaded regions, re-
spectively) remain nearly identical to those in the T; =
6 MeV case, except for an enhancement in the range
m~ 2 0.74MeV due to additional resonant contribu-
tions to the DP abundance. For intermediate masses,
2me < my S 100MeV, the bounds from AN.g, CMB
energy injection, and BBN (mainly due to deuterium
dissociation) are also comparable to those obtained for
At higher masses, m., 2 100MeV, the CMB con-
straint extends up to m., ~ 300 MeV, while new bounds
emerge from hadronic effects during BBN once m.+ ex-
ceeds the pion threshold, 2m,. These additional BBN
constraints originate from the injection of mesons (e.g.,
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FIG. 18. BBN constraints for an initial temperature of Ty, =
100 MeV (orange-shaded) compared with the previous BBN
result from Ref. [72] (brown dashed). We have verified that,
when adopting the same values for the measured D/H ratio
and nuclear reaction rates as in Ref. [72], our results below
the GeV scale agree very well, except for a 10% discrepancy
of unknown origin around m.,, ~ 100 MeV.

7%) produced in DP decays. Such mesons can alter the
neutron—proton interconversion rates via reactions such
asp+7n- o n+70and n+ 7T < p+ 70, thus modify-
ing the neutron freeze-out fraction prior to nucleosyn-
thesis [166]. Since charged pions have short lifetimes
(7r ~ 1078 s) and are rapidly thermalized in the primor-
dial plasma, their number density can be approximated
by a quasi-static equilibrium form of n,+ =~ 7,I'yn..
The resulting modification of the neutron—proton ratio
can be evaluated by incorporating this meson popula-
tion into the Boltzmann equations governing weak in-
teractions; for details, see Refs. [166, 167]. This al-
ters the freeze-out neutron fraction and consequently
the predicted He abundance, leading to the BBN con-
straint shown as the orange-shaded region in the high-
mass regime of Fig. 17.

In Fig. 18, we compare our updated BBN constraint
(orange-shaded) with the earlier result from Ref. [72]
(brown dashed). For lower masses, where reduction of
the relic deuterium abundance is induced by the radia-
tive DP decay, our bound is slightly weaker due to the in-
clusion of sizable theoretical uncertainties in the nuclear
reaction rates affecting deuterium synthesis. At higher
masses, where hadronic energy injection occurs, our re-
sult is in good agreement with Ref. [72] up to 0.8 GeV,
above which the thermal DP abundance is exponentially
suppressed. We have verified numerically that, when we
adopt the same values for the measured D/H ratio and
nuclear reaction rates as in Ref. [72], our results below
the GeV scale agree, except for a 10% discrepancy of
unknown origin for m., ~ 100 MeV



Appendix D: Compton-like scattering rate in
supernova environment

We compute the Compton-like scattering rate for DPs,
e~ +~+' — e~ +, which contributes to both DP absorp-
tion and, by detailed balance, their inverse production
process, under conditions relevant to core-collapse super-
novae. As discussed in Sec. II, DP interactions follow the
same structure as electromagnetic interactions, up to an
overall factor of the kinetic mixing parameter . The de-
tailed balance relation connects the absorption and emis-
sion rates (see Eq. (4)), allowing the Compton rate for
photons to be reinterpreted. Hence, we derive the Comp-
ton scattering rate for photons involving the dispersion
of DPs and one can easily apply these results to evaluate
the DP interaction rate in CCSNe. In what follows, we
focus on the transverse polarization modes; the longitu-
dinal mode contribution can be obtained by multiplying
the transverse result by a factor of m2, /w?, which follows
from current conservation.

The general expression for
Compton-like scatterings reads

2 Bp, &7
L) = o [ oot | moyiag (1= 9

d3p.
/ (2W)3;E (M (2m)" 64 (k + p; =Py —Dpy)
Y

the absorption via

(D1)

where p;r) = (Ejp), Pi(s)) denotes the four-momentum
of the incident (scattered) electron, k is the four-
momentum of the incoming photon with the DP disper-
sion, and p, = (E,,p,) is that of the outgoing photon
state. For the final photon state, we neglect the statisti-
cal factor and the plasma correction (i.e., E, ~ |p,]). In
the relativistic regime, the leading-order squared matrix
element, averaged over initial spin degrees of freedom,
reads

IM|? = 327203 (M) . (D2)

Pi P~y

Although a full analytic expression valid across all
regimes is cumbersome, useful approximate results can
be obtained for conditions characteristic of CCSNe. Be-
low we discuss two representative limits relevant for DP
absorption and production.

DPs produced in the PNS may be reabsorbed in
the outer stellar layers through Compton-like scattering,
~v'+e~ — ~v+e~, since the bremsstrahlung process, being
proportional to the square of the target density, becomes
inefficient in the dilute outer regions. In this case, the
relevant DP energies are comparable to or higher than
the PNS temperature of 30-50 MeV. At the outer PNS
boundary (r 2 20km), the temperature decreases signif-
icantly, while the matter remains degenerate (e > T).
For the parameter space of interest, we typically have
w 2 I in this case of absorption outside the PNS.

In this degenerate limit, the Fermi-Dirac distribution
may be approximated by a Heaviside step function, im-
plying that electrons are filled up to p., and scattering is
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only allowed for final electrons with E; > p.. Performing
the phase-space integration under these conditions yields

Hw
log (n’%) .

This expression provides a reliable estimate of the
Compton-like absorption rate for DPs escaping the PNS
core and is the dominant absorption mechanism outside
the neutrino sphere.

DP production in the outer supernova layers can also
impact the explosion dynamics, potentially preventing
successful shock revival (see Sec. IVAT). Analogous to
the absorption discussed above, the DP production out-
side the PNS is governed by Compton-like scatterings.
In these regions, such as the gain region, the electron
density is much lower, and the temperature exceeds the
chemical potential (T' > p.), corresponding to the clas-
sical limit. Pauli blocking can then be neglected, and the
rate can be expressed as

a? 2
o~ ot
2T w

(D3)

&p;
F,y/ = 2/(pzfi0'scvmola (D4)

2r)°

where vy = (s — m?2)/2wE; is the Moller velocity, and
the cross section takes the well-known form

2ra? s
Osc = log — |-
s m2

Assuming the Maxwell-Boltzmann for electrons as a good
approximation in this case results in

272 T
| SRS a——log (w) .

2
T W m2

(D5)

(D6)

Note that Eq. (D6), derived under the assumptions
T > pe and w ~ T, remains approximately valid even
in the degenerate regime (y. > T) as long as T ~ w,
up to a factor of about 2. This is because only electrons
near the Fermi surface, within a narrow energy width
~ T, participate effectively in the scattering. The dom-
inant contribution arises from backward scatterings in
the center-of-mass frame, where the outgoing electron ac-
quires a higher energy, making Pauli suppression less. In
this regime, however, the Compton-like process typically
becomes subdominant compared to bremsstrahlung, ow-
ing to the higher target density dependence of the latter.
Finally, we stress that for all the results of this paper, we
have used the complete, fully numerical production and
absorption rates for DPs. However, the analytical formu-
las reported here agree extremely well with the numerics
across all the parameter space of interest.

Appendix E: Spectrum of the decay of dark photons
in the boosted frame

We provide the energy spectrum of daughter particles
from the decay of boosted dark photons, in terms of the
spectrum in the rest frame.



Let us consider the dark photon decay channel into de-
generate particles; for instance, 7/ — 3y or v/ — e”e™.
Denoting the decay rate at the rest frame, I',/, the spec-
trum of a daughter particle i in the boosted dark photon
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where 7/ = w/m., m is the mass of daughter particles,
and N; indicates the number of degree of i. The integra-
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