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We examine the constraints on sub-GeV dark sector particles set by the proto-neutron star cooling
associated with the core-collapse supernova event SN1987a. Considering explicitly a dark photon portal
dark sector model, we compute the relevant interaction rates of dark photon (A”) and dark fermion (y) with
the Standard Model particles as well as their self-interaction inside the dark sector. We find that even with a
small dark sector fine structure constant @p < 1, dark sector self-interactions can easily lead to their own
self-trapping. This effect strongly limits the energy luminosity carried away by dark sector particles from
the supernova core and thus drastically affects the parameter space that can be constrained by SN1987a. We
consider specifically two mass ratios my = 3m, and 3m, = m, which represent scenarios where the
decay of A’ to y7 is allowed or not. For m, = 3m,, we show that this effect can completely evade the
supernova bounds on widely examined dark photon parameter space for a dark sector with a, = 1077, In
particular, for the mass range m, <20 MeV, supernova bounds can only be applied to weakly self-
interacting dark sector with a, < 107'5. For 3m, = m,,, bounds in regions where ap 2 1077 for m, <
20 MeV can be evaded similarly. Our findings thus imply that the existing supernova bounds on light dark
particles can be generally eluded by a similar self-trapping mechanism. This also implies that nonstandard
strongly self-interacting neutrino is not consistent with the SN1987a observation. Same effects can also

take place for other known stellar bounds on dark sector particles.

DOI: 10.1103/PhysRevD.103.103005

I. INTRODUCTION

The detection of 20 electron antineutrinos emitted from the
core-collapse supernova (SN) explosion event, SN1987a
[1-3], not only broadly confirmed the prevalent SN theory,
but also led to several important consequences to funda-
mental physics, including, e.g., bounds on the neutrino decay
lifetime, the absolute masses of neutrinos, and nonstandard
neutrino interactions [4—13]. In particular, important con-
straints on a variety of particles beyond the Standard Model
(SM) including the axion, sterile neutrino, dark photon, etc.,
whose masses are sub-GeV, were derived [13-48], which
complement ongoing experimental searches for those par-
ticles. These constraints were based on the requirement that
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the exotic particles should not carry away an amount of
energy from the cooling proto-neutron star (PNS) more than
the inferred total energy carried by neutrinos, E, ~3 x
10°3 erg (see, however, a caution from Ref. [49]). In addition
to the SN cooling (more precisely, the PNS cooling)
constraint, recent works also proposed new constraints on
light dark photon or dark photon portal light dark matter
(DM) based on other SN-related observables, such as the
measured SN explosion energy [50], the y-rays [51,52], or
the produced (semi-)relativistic dark matter flux arriving at
the terrestrial detectors [53].

One important aspect in deriving the SN constraint on
light dark sector (DS) particles is that their interaction
with SM particles cannot be too strong for them being
trapped inside the PNS. We note that previous studies
always ignored the self-interactions between dark sector
particles when deriving the SN bounds. However, if
the abundance of dark sector particles inside the SN
core can be as large as SM particles, and if the self-
interaction cross section can be as large as the neutrino-
nucleon scattering cross section ~O(10™') cm? for
neutrinos of ~O(10) MeV, dark sector particles can trap
themselves inside the PNS. Consequently, SN bounds on
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self-interacting dark sector particles can be largely
evaded (see also a very recent study discussing SN
bound on axionlike particle portal light DM [54]).
Note that self-interacting dark matter has been considered
to be a viable option to resolve a number of tensions in
the scale of galaxies or galaxy clusters, e.g., the core-
cusp, too-big-to-fail, and the missing satellites problems;
see, e.g., Refs. [55-58]. Extensive efforts investigating
consequences of self-interacting or annihilating dark
matter on various cosmological and astrophysical signa-
tures have been pursued in recent years, e.g.,
Refs. [59-73].

In this work, we aim to address the issue of SN
constraints on self-interacting dark sector particles by
taking into account their self-trapping effect in a systematic
way for the first time. We use a widely examined dark
photon portal dark sector model explicitly to compute all
the relevant interaction cross sections and the decay rates.
In principle, to determine precisely the dark sector particle
fluxes emerging from the PNS requires solving full
Boltzmann transport equations in a way similar to the
neutrino transport problem in SNe (see e.g., a recent review
[74] and references therein).] Such approach demands
intensive computational power to fully incorporate the
scattering kernels and particle annihilation. Instead of
directly pursuing full numerical simulations, we adopt an
approximated approach to estimate the energy fluxes
carried by dark photons and dark fermions evaluated in
the nondiffuse regime and diffuse regime separately, and
formulate a physically motivated criterion to switch from
one regime to another. This approach allows us to estimate
the effect of dark sector self-trapping on SN bounds for a
wide range of parameter space, which turns out to be very
important even for small couplings in the dark sector.

The rest of the paper is organized as follows. In Sec. II,
we describe the underlying dark photon portal dark sector
model, the considered SN model, and list the relevant
interactions and decay processes that we included in this
work. In Sec. III, we compute the energy luminosity of dark
sector particles leaving the PNS in the nondiffuse and the
diffuse regime, respectively, and formulate the criterion to
switch from one regime to another. We apply this method to
derive SN bounds on self-interacting dark sector particles in
Sec. IV. Our conclusion and discussions of potential
caveats as well as other implications are given in Sec. V.
All detailed derivations of the cross sections, the decay
rates, and the diffusion luminosity of dark sector particles
are given in the Appendixes. We adopt natural units
with 2= c =1 throughout the paper unless explicitly
specified.

'Reference [53] adopted a Monte-Carlo based particle
transport scheme to compute the light dark matter flux emitted
from the PNS, without considering their potential self-
interactions.

II. MODELS

A. Dark sector model

We consider a dark photon portal DS model wherein the
Dirac dark fermion y couples to dark photon A’ and the dark
photon kinetically mixes with the SM photon [75-77]. The
corresponding Lagrangian of the dark sector is given by

1 1
LD = FpF" =S F P 4 S m AL A"

+ 7(id — m, )y + gpxAly. (1)

where € is the mixing parameter, 71, is the dark photon mass,
m,, is the mass of the dark fermion, and gy, is the DS coupling
constant. We define the DS fine structure constant ap =
g5/4rm analogous to the electromagnetic fine structure
constant a, = e>/4x.

Through the mixing of dark photon with the SM photon,
dark photons and dark fermions can be produced via
processes analogous to the SM electromagnetic ones. We
follow Refs. [33,35] to consider the following production
channels for light dark photons and dark fermions inside
the hot and dense interior of a PNS with a temperature
~30 MeV and a core mass density >10'* g cm™. For the
dark photon, we include the nucleon-nucleon bremsstrah-
lung np — npA’, Compton-like interaction ye~ — e~ A’,
and electron-positron annihilation e~e™ — A’. For the dark
fermion, we consider three pair-production channels
including nucleon-nucleon bremsstrahlung np — npyy,
electron-positron annihilation e~e®™ — y¥, and plasmon
decay y* — x7.

When the PNS interior is optically thin to dark photons
or dark fermions, the rates of the above production channels
directly determine the energy luminosity carried away by
the dark particles. However, when the interactions between
dark particles and the SM medium, as well as the self-
interactions in the DS, are strong enough, dark photons and
fermions can be trapped in the PNS. These interactions
include the inverse processes of the above production
channels, the dark photon (fermion) pair-annihilation
A’A" < yz, the DS Compton scattering A’y <> yA’, the
scattering of dark fermions yy — yy and yy — yy, as well
as the dark fermion scattering with SM charged fermions
xp — ypand ye~ — ye~. These interactions determine the
mean free path of the DS particles and thus the energy loss
rate through the neutrinosphere in the diffuse regime.
Moreover, when my > 2m,, the (inverse) decay of dark
photon A’ <> y7 needs to be considered. In this scenario,
the inverse decay process dominates all the dark fermion
pair-absorption processes and the DS self-interactions due
to the resonances.” Other DS self-interactions without

2;(;‘( — x¥ has a dark photon resonance and A’y — A’y has a
dark fermion resonance; see Eq. (A13) and text below in
Appendix A for details.
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TABLE 1. Relevant processes of dark photon interactions
considered in this work. “Abs.” refers to a process which absorbs
dark photon(s) or decay of dark photon. “Sca.” refers to a
scattering process of a dark photon with a Standard Model
(SM) particle or a dark sector (DS) particle. Only leading-order
processes are included here. Note that for my > 2m,, A" — yy
also accounts for contribution from A’y — A’y [see Eq. (A13) and
text below for details].

Mass Interaction Type Particle Coupling
my < 2m, A'np = np Abs. SM €2
Ae™ > ey Abs. SM €2
A > e et Abs. SM €2
A'A = yp Abs. DS a,
Aly —» yA Sca. DS a?,
my > 2m, A'np - np Abs. SM €
Ale” > ey Abs. SM €2
A > eet Abs. SM €2
A =y Abs. DS ap

TABLE II. Relevant processes of dark fermion interactions.

Notations are the same as in Table I. Only leading-order processes
are included here. Note that for my > 2m,, yy — A’ also
accounts for DS processes of A’y — A’y and yjy — yy, as well
as SM processes involving a pair of dark fermions [see Eq. (A13)
and text below for details].

Mass Interaction Type Particle Coupling
my < 2m, xinp — np Abs. SM eap
yy — e et Abs. SM e2ayp
Xy = Abs. SM eap
xpP = Xp Sca. SM eap
ye~ — ye” Sca. SM eap
xy — A'A Abs. DS a?,
=X Sca. DS a?,
Xy = xr Sca. DS a?,
yA — Ay Sca. DS a,
my > 2m, xXp = xp Sca. SM eap
ye  — ye~ Sca. SM eap
= A Abs. DS ap

resonances are suppressed by an extra factor of «a
compared to the (inverse) decay rate and thus can be
neglected for m, > 2m,. We list all the included inter-
actions in this work in Tables I and II for dark photon and
dark fermion, respectively.

Throughout this work, we will use perturbative calcu-
lation for the interaction rates. Since the temperature in the
PNS is ~30 MeV, we only consider DS particles of masses
below ~1 GeV.

B. PNS cooling constraint and SN model

Without the presence of dark particles, long-term SN
simulations predicted that the PNS cools by emitting

neutrinos of all flavors in ~10 s. The total energy carried
away by neutrinos is ~3 x 10°3 erg, which is fixed by the
available gravitational energy released to form a compact
neutron star. The potential emission of exotic particles that
may be produced inside the PNS will thus reduce the
duration of the neutrino emission and can be constrained by
the observed neutrino events from SN1987a. Based on
comparisons with simulations including the emission of
axions from the PNS, a well-known criterion (Raffelt’s
criterion) was formulated to constrain the maximal energy
luminosity carried by any exotic particles [78],

Lp<L,=3x102ergs™, (2)

where L denotes the energy luminosity of dark emission,
evaluated during the early PNS cooling phase, and L, is
approximately the time-averaged neutrino energy luminos-
ity in SM.

In this work, we use the PNS density and temperature
profile at 1 s post the SN core bounce obtained in Ref. [79]
to compute the emission of dark photons and dark
fermions. This PNS profile was widely used recently for
similar purposes (see, e.g., Refs. [33,50]). Note that the
choice of a particular SN model may introduce uncertain-
ties of a factor of a few for the derived bounds [32,33].
Figure 1 shows the radial evolution of the density p,
temperature 7, the electron chemical potential y,, and
the plasma frequency w,, [see Eq. (B7)]. The position of the
spectral-averaged neutrino decoupling sphere, i.e., neutri-
nosphere, is indicated by the vertical dash line at
R, ~22 km. The density profile shows a monotonically
decreasing behavior as a function of radius, while the
temperature profile exhibits a peak at r ~ 11 km, due to the
inefficient compression heating at the densest core region.
The electrons are highly degenerate inside the PNS. The
plasma frequency w, ~ 14 MeV at the PNS center and
decreases at larger radii. The plasma effect effectively alters
the mixing between the dark photon and the SM photon
differently for the transverse and the longitudinal polar-
izations [33,34,80]. We have included this effect through-
out this work and give the details in Appendix B.

III. LUMINOSITY OF DARK SECTOR PARTICLES

In this section, we first describe how we compute the
energy luminosity of DS particles leaving the PNS for the
scenario where the DS self-trapping can be ignored
(Sec. I A) and for cases where they can be considered
as diffusive due to self-trapping (Sec. III B). We formulate
the criteria that determine if a DS particle species is in
diffuse regime or not in Sec. III C. In Sec. III D, we then
apply our formalism to the adopted PNS profile to compute
the total luminosity carried away by DS particles from the
PNS interior.
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18 M, progenitor model in Ref. [79], extracted at the time 1 s post the core bounce. The vertical dash line indicates where the

neutrinosphere is located.

In the rest of the paper, we denote the 4-momentum of A’
by k = (w, k), that of y by p = (E, p) and that of ¥ by
p' = (E',p’), unless noted otherwise.

A. Nondiffuse regime

In the nondiffuse regime, we consider the bulk emission
rates of DS particles inside the neutrinosphere and the
attenuation due to absorption and decay, following
Refs. [33,50]. The luminosity of the dark photon is given by

R, Pk
Ly = / 4ﬂr2dr/
2 7

X gL’Ta)FL;imd (o, r)e—TL.T(w.r)’ (3)

where g; = 1, gr = 2, and Fﬁ;gm 4 and 7; 7 are the produc-
tion rate and optical depth, respectively. The exponential
factor accounts for the absorption of dark photons by the
medium and their decay. We separate the longitudinal (L) and
transverse (T) modes because the medium effect modifies
their dispersion relations and leads to different effective

mixings of the two modes with the SM photon

(see Appendix B). The production rate I'%;”

,pro
by the interactions involving the SM particles listed in
Table 1. By detailed balance, the rates of each production

d is determined

1 inv

rocess and its inverse process are related b
LT _ —o/TTLT LT . .

r A prod = € [ s Where I' A.abs 18 the total absorption

rate of the inverse process. Therefore,

Ll = /T (kT

L, T L.T
A’prod A'np—np + l—‘A +T ) (4)

le~—e7y Al—e et

For the optical depth, we include the absorption and
decay of A’ by the same processes with SM particle as
above and ignore those involving DS particles, to avoid

double counting the total DS luminosity (see also later
discussions in this subsection).’ This gives

R, d7
wrlon) = 0) [T @n.

r

The pair-annihilation rate of A’A’ — y7 is also ignored since
the dark photon abundance inside the PNS is relatively small
compared to that of SM particles in the nondiffuse regime.
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where v = |/€|/ w is the dark photon velocity, and f(r) is a
geometric factor used in [33] that effectively takes into
account different path lengths of dark photons emitting
locations to the neutrinosphere. The explicit forms of these
absorption rates are given in Appendix C.

Next, we compute the luminosity of the dark fermion (y)
in the nondiffuse regime as

R, d*p
L}{ = A 47'[}’ dr WQXEF%PWC‘(E’ r), (6)

where g, = 2 is the physical degrees of freedom of y, and
', proa 18 the production rate of y by the SM medium (see
Table II). Note that since y and )y are symmetric in our
model, the total luminosity in the dark fermion pair is
L, + Ly = 2L,. Here we do not include the attenuation due
to pair absorption. This is because in the nondiffuse regime,
the dark fermion abundance below the neutrinosphere is
very low, which suppresses the pair absorption of dark
fermions.

If the dark fermions were in equilibrium with the
medium, detailed balance could relate the production rates
to the absorption rates by I' qpmd = e /T, We take the
equilibrium production rates I"..\ prod 8 an approximation for

the production rates I', ,;oq used in Eq. (6). That is,

F}(;?—w*)‘ (7)

This approximation in principle underestimates a bit the
production rates of y and ¥ due to the assumed equilibrium
occupation number, which effectively results in Pauli
blocking. However, since the y and y are always produced
in pairs, the effective Pauli-blocking suppression of the
rates is small due to their zero chemical potentials.

We note that when my > 2m,, the dark fermion pair
production is in fact dominated by the decay of on-shell
dark photons. Since in Eq. (3) we do not include the decay
of A’ to y and ¥ when A’ are in nondiffuse regime, it leads to
double counting of the total dark luminosity if we also
include the dark fermion production. Thus, we do not
consider the contribution of Eq. (6) when dark photons are
in nondiffuse regime and when my > 2m,. We also note
here that if dark photons are in the diffuse limit but dark
fermions are not, then effectively the nondiffuse dark
fermion luminosity can be determined by the decay rate
of the trapped dark photons that are in thermal equilibrium
with the SM medium (see Appendix A).!

Before we discuss the detailed numerical results of the
DS luminosity in the nondiffuse regime, let us provide an

—-E/T
r y.prod = € / (rx;?np*np + F)()?—w’e* +

*Note that we consider separately the diffuse condition for the
longitudinal and the transverse dark photons. Thus, we further
multiply the nondiffuse dark fermion luminosity by a factor of
1/3 (2/3) if only the longitudinal (transverse) mode of the dark
photons is trapped (see Appendix D).

analytic estimation for the relevant region of the parameter
space. First, for most cases, the production rates of longi-
tudinal dark photons and dark fermions are suppressed by a
factor of m? /w* (see Appendix C) and by the coupling
constant ap, respectively, compared to the production rate of
the transverse dark photons. We can thus approximate the
nondiffuse luminosity of DS particles by considering trans-
verse dark photons only. Second, we consider for simplicity a
homogeneous PNS with radius R, ~ 10 km, temperature
T ~30 MeV, density p=~3x10* g/cm’, and electron
fraction Y, ~0.3. We also assume that dark photons are
relativistic. Taking the nucleon-nucleon bremsstrahlung
A'np — np without the plasma effects (see Appendix
C1), the luminosity of DS patrticles, Lp, is approximately

€ 2 my
Lp~Lyx (—S M) g
D ”X<4x10—10) XexP( 29MeV> ®
for my <1 GeV.

B. Diffuse regime

In the diffuse regime, we assume that DS particles are in
good thermal contact with the SM medium. Due to the
temperature gradient, the DS phase space distributions are
slightly anisotropic, which induces an outward energy flux.
We use the radiative transfer equation for the DS particle
energy flux through the neutrinosphere in Appendix E. The
energy flux of a particle species i is approximately given by

Zg,RzT3 dr
3z dr

R,

//T \/‘fz efil = &

where the upper (lower) sign is for fermions (bosons), g; is
the physical degrees of freedom of particle i, T, is the
temperature at the neutrinosphere, m; is the mass of particle
i, and (A71(r)) 1s the thermally averaged inverse mean
free path (IMFP)’ of particle i at radius r defined by

S &pfi(E.T(r)A (E. 1)
WL 20 (10
J &pfi(E.T(r))
where f;(E, T(r)) is the distribution function of particle i at
radius r. We distinguish between the absorptive and
scattering IMFP, A7}, and 7!, and define the total
IMFP as

>The IMFP used here is rescaled by the relative abundances of
the DS particles. See Sec. III C for the definition.
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BN E.r) = Ay, (E. r)(1 £ e7F/T0)

T AL(E . (1)
As in the nondiffuse regime, we compute the energy fluxes
of the longitudinal and transverse dark photon separately,
and assume that the energy fluxes of y and y are equal.
Hence, the total energy loss rate in the DS particles is
L= Ly + Ly +2L,. The IMFP calculations can be
found in Appendix C.

We now estimate the relevant parameter space region in the
limit where the DS self-interaction is the dominant opacity
source. When mys > 2m,,, the dominant DS self-interaction
is the (inverse) decay A’ <> y7. Given T, ~ 3.9 MeV and the
temperature gradient |dT/dr|p ~6.2 x 107* MeV/m, if
we fix my /m, = 3, the luminosities of the DS particles
can be fitted by

. 10712\ /MeV )2
bt (221072 00
ap my

X exp [—%19.0 + (43’”7&W> 1 (12)

for my <25 MeV, and

2.1 x 10713\ /MeV)\ 2
LX+L)?ﬂLUX

ap m)(

X exp Kl;n—l\)/([e\/) - \/49.0+ (43’”71\51@\/) 2}
(13)

for m, <30 MeV. If we take my =9 MeV and
m, = 3 MeV, then the total DS luminosity is

<1.5 X 10"6>
L, x|————|.
ap

The corresponding yy — A’ cross section is®

Lp~ (14)

_ ap
Oyy—A ~47x 10 41 sz <W> (15)

When my < 2m,, the diffuse luminosities of dark
photons and dark fermions depend on the values of ¢
and ap. For regions where € is small enough such that the
dominating opacity source for dark photons is DS self-
interaction A’A” — y¥, one may estimate the DS luminosity
by considering the dark photon luminosity only. If we fix

®The estimated value here is the thermally averaged cross section
evaluated at the center of PNS o, 4 = (i;)?lq L(r=0))/
n,(r=0).

my/m, = 1/3, then the dark photon luminosity can be
fitted by

2.0 x 10‘7>2

ap

my my 2
M ) a9.0 4 (-
exp [(0.74 Mev> ¢ 9.0+ (4.3 MeV) ]

(16)

Ly~L,x (

for my <25 MeV. Adopting
m, =9 MeV, this gives

my =3 MeV  and

4.5 x 10782
Lp~L,x (X7> . (17)
ap
The corresponding yy — yy cross section is’
_ ap 2
6)0(_’)()( ~97x 10 37 sz (W) y (18)

and the corresponding A’A’ — y¥ cross section is

a 2
6A’A’—>)()_( ~3.1x 10_39 sz <45X7D10—8> . (19)

These analytical formulas Eqgs. (14)—(19) already illus-
trate that DS particles can be self-trapped by interaction
cross sections of >O(1074%) ¢cm? such that the correspond-
ing diffuse DS luminosity Ly <L,. Only very weakly
interacting DS particle with ap much smaller than those
nominal values in Eqgs. (14)—(19) can result in L, > L,.

C. Diffuse criteria

Whether DS particles are in the nondiffuse or in the diffuse
regime sensitively depends on their abundances in the PNS.
For example, if the dark fermion abundance is significant,
the contribution of their pair-absorption processes (e.g.,
xxnp = np,yy — e et and yy — y*) to the dark fermion
optical depth cannot be neglected. Furthermore, the DS
abundances lead to significant DS self-interactions (e.g.,
xx = xx xx = AA, yA — Ay, ...) that can trap them-
selves in the PNS. These DS self-interactions delay the
escape times for both the dark photon and the dark fermion,
which enhances their abundances and optical depths.
Therefore, the abundances of DS particles is critical in
determining whether self-trapping is important. Below, we
formulate the diffuse criteria in terms of the DS abundances
and their IMFP at the neutrinosphere.

To obtain the exact DS abundances, detailed transport
incorporating their production, scattering, and absorption
needs be solved. Here we roughly estimate the abundance

"The cross section is evaluated in the same way as Eq. (15).
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of each particle species by their production rate and a
relevant timescale. The abundance of a DS particle species i
is approximated as

R” 2 d3pi
N; :A 4rr dr/ngri,pmdAti’ (20)

where the quantity At¢; is subject to the following consid-
erations. First, the longest possible time for DS particles to
accumulate is the cooling time of the PNS. We set this
upper bound of Af; as t,,, = 1 s. Second, the shortest
possible timescale, i.e., the lower bound of Atz;, is estimated
by the free-escaping timescale .. = R,/v;. Another
characteristic timescale here in the limit where a DS particle
is trapped is the diffusion timescale f; 4 ~ R2/D; where
D;~v;/A7" is the diffusion coefficient (see below for
details). For fpe. < t;gifr < feoo, We then take ¢ g as
At;. Combining these criteria, the relevant timescale At
used in Eq. (20) is given by

tfreev if ti,diff < tfreev

Aty = < tigirrs 1 free < gt < Leools (21)

feools  1f Teool < 1 ity

Since the PNS is not homogeneous, the diffusion of DS
particles cannot be described by a constant D;. As shown in
Tables I and II, the interactions relevant to the IMFP of DS
particles can be categorized as SM-type or DS-type by
particles involved in the interactions. We choose particular
locations in the PNS where the IMFPs of each type are
maximal to roughly estimate their contribution to the
diffusion timescale.® For the SM-type interactions, we
estimate the IMFP at the center (rq; =0 km) of the
PNS where the density of SM particles is the largest. As
for the DS-type interactions, we estimate the IMFP at
rps = 11 km where the temperature is the highest. This
location has the largest DS particle density, if DS particles
are in thermal equilibrium with the SM medium. Knowing
the IMFPs of both types at these respective locations, we
can then compute the diffusion timescale

R, .
ol v (rsw)) + (Aips(rps))l. (22)

i

1 gitr =

where EZEM and ;1;}” are SM-type and DS-type contribu-
tion to the IMFP of particle i. When computing the IMFP
contribution from DS particles, ;IZLI)S in Eq. (22), we take
the assumption that DS particles are in full thermal
equilibrium with the SM medium. Combining Egs. (20)—

¥Overestimating the IMFP makes Eq. (24) easier to satisfy.
Because the luminosity in the diffuse regime is generally lower
than that in the nondiffuse regime for the same parameters, our
estimation leads to a conservative bound.

(22) then allows us to compute the DS abundance N; for
particle i.

After deriving N;, we then define a scaling factor ; =
N;/N;? for each dark particle species i for N; < N;!
(n; = 1if N; > N,), where

y &p;
v = [ amear [ SR OET() (23)

is the corresponding total equilibrium abundance of i.
These scaling factors are then used to better estimate the
IMFP, ;},c due to the DS particles self-interaction, used in
Eq. (10) for computing the DS diffuse luminosities. We also
use 7; to calculate the thermally averaged total IMFP of i at
Ry, (7\(R,).

We are now finally ready to write down our diffuse
criteria. We say that a DS particle species i can be treated as
in diffuse limit if the following conditions are satisfied:

N, > N and(A7'(R,)) > R} (24)

The first condition ensures that a DS particle species i is
only considered to be diffusive when their production is
efficient enough such that their amount can exceed the
equilibrium number within the relevant timescale At;. The
second condition requires that the IMFP of i at R,, where
both the density and temperature are the lowest in the PNS,
is large enough to trap particle i inside the PNS (see
Fig. 1).” When Eq. (24) is satisfied, we use Eq. (9) to
compute the DS diffuse luminosity for i. Otherwise, we
take the nondiffuse luminosities, Egs. (3) and (6) for dark
photons and dark fermions, respectively. Note that in the
diffuse regime and when At; = t, 4, the first condition in
Eq. (24) is approximately equivalent to having the char-
acteristic thermalization IMFP [81,82] of DS particles with

SM medium, /47 &y s X A7 @veraged over the phase

space and spatial volume inside R,, being larger than R; .
This means that the energy exchange between the DS
particles and the SM medium, enhanced by the DS self-
interactions, is efficient enough to keep themselves in
thermal contact with SM medium.

We provide in Appendix D a detailed work flow to
additionally describe how we use the results in these
sections to compute the dark sector luminosity for inter-
ested readers.

°Note that in computing the second criterion, we exclude the
contribution from the dark photon decay via A’ — e¢~e* This is
because including this decay process leads to an artificially
enhancement of the IMFP by several orders of magnitudes for
dark photon heavier than ~30 MeV, as the electron chemical
potential y, ~ 15 MeV at R,. However, this process should be
strongly Pauli blocked for m, < 200 MeV in most region inside
the PNS (see Fig. 1) where dark photons are most abundant in the
diffuse limit.
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FIG. 2. Luminosity of different dark sector particles as a function of @, for a fixed value of ¢ = 1073, In the left (right) panel,
my =9 MeV and m, = 3 MeV (my =3 MeV and m, = 9 MeV). The horizontal dotted lines label the neutrino luminosity L, =
3 x 10°% erg/s used to set the supernova bound [Eq. (2)]. The vertical dashed lines indicate the transition from the nondiffuse (smaller
ap) to the diffuse (larger ap) regime (see text for details). Note that y is in the nondiffuse limit for the range of aj shown in the

right panel.

D. Numerical calculations

We now apply formulas derived in previous sections to
compute the dark photon and dark fermion luminosities and
examine how they depend on the coupling constants ¢ and
ap. Figure 2 shows the luminosities of different DS
particles as functions of aj, with e = 1078 for two different
choices of DS masses. In the left panel, the masses are
chosen such that the decay process A’ — yj is allowed. In
this scenario, dark photons of different polarization modes
are trapped diffusively when ap =5 x 1078, while the
dark fermions are diffusive when ap > 1077, The non-
diffuse luminosity of the dark photon for small ap mainly
depends on the interaction with the SM particles and thus is
independent of aD.lo The dark fermion luminosity is
proportional to ap in the diffuse limit, as analyzed in
Appendix A. However, the dark fermion luminosity for
ap <5x 10718 is set to zero to avoid double counting
because they are predominantly produced through the
decay of on-shell dark photons (see discussions in
Sec. III A). In the diffuse regime, the luminosities of the
DS particles are proportional to a,! due to the self-trapping
interactions effectively dominated by the (inverse) decay
process A’ < y¥.

For the right panel in Fig. 2, we choose DS masses such
that the decay process A’ — x is not allowed. In this case,
dark photons of different polarization modes are in diffuse
regime when ap > 8 x 107°, while dark fermions are
always in the nondiffuse regime for the range of aj shown
in the plot. The main reason leading to several orders of

""The difference of ~10%5 between the luminosities of the
longitudinal and transverse dark photon is due to the plasma
effects.

magnitude larger difference in «p here than the previous
case is due to the extra ap dependence in the IMFP of DS
self-interactions [see, e.g., Table I or Eqgs. (14) and (17)].
Similar to the previous scenario, the nondiffuse luminosity
of the dark photon is independent of ap. However, the
luminosities in the diffuse regime scale as a;”. Once again,
this is because the dominant interaction is responsible for
trapping the dark photon being A’A” — y¥, whose inter-
action rate is proportional to @3. The dark fermion
luminosity is significantly smaller than the dark photon
luminosity for the range of @, in the plot, because the dark
fermion production rate is proportional to e?a;,, suppressed
by an extra factor of ap when compared with the dark
photon production rate.

In Fig. 3, we show the luminosities of the DS particles as
functions of e with two choices of ap and same DS masses
as those in Fig. 2. For the case with a;, = 107!7 in the left
panel where the decay process A" — y¥ is again allowed,
the longitudinal (transverse) dark photons are trapped when
€23 %107 (¢ 22 x 107). For dark fermions, they just
free stream independent of the value of ¢, because of the
small value of ap (cf., Fig. 2). The nondiffuse luminosities
of the dark photons of both modes are proportional to € as
determined by their production rates. The dark fermion
luminosity for € <2 x 107 is set to zero for the same
reason discussed above. The diffuse luminosities of dark
photons are affected by both the interactions with the SM
particles and the DS self-interactions. For ¢ 1077,
dark photon—-SM interactions dominate over DS self-
interactions, so the dark photon luminosities are propor-
tional to €~2 as determined by the mean free path of the dark
photon—SM interactions. Interestingly, the dark fermion
luminosity becomes independent of € and can thus remain
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Luminosity of different dark sector particles as a function of ¢ for fixed values of a;, = 1077 (left), 10~ (right). In the left

(right) panel, my =9 MeV and m, =3 MeV (my =3 MeV and m, =9 MeV). The horizontal dotted lines label the neutrino
luminosity L, = 3 x 10°% erg/s used to set the supernova bound [Eq. (2)]. The vertical dashed lines indicate the transition from the
nondiffuse (smaller €) to the diffuse (larger €) regime (see text for details). Note that y is in the nondiffuse limit for the range of € shown

in the left panel.

larger than L, for large e. This is because the branching
ratio of the dark photon absorption processes approaches to
1, such that dark fermions can be produced via the decay of
trapped dark photons (see Appendix A).

For the right panel in Fig. 3, we choose a;, = 107 for
the case where A’ — y7 is not allowed. There, longitudinal
(transverse) dark photons are diffusively trapped when € =
3x 1077 (¢ =2 x 1077), while dark fermions are in the
diffuse limit when € > 2 x 1073, The dark photon lumi-
nosities are proportional to € for ¢ < 107°, where the
optical depths are negligible. The diffuse luminosities of
dark photons scale as €~2 because the absorption processes
by the SM medium are dominant. The dark fermion
luminosity is much smaller than that of the dark photons
until € > 107>, because the dark fermion production rate is
suppressed by an additional factor of a; when compared
with the dark photon production rate. The diffuse lumi-
nosity of the dark fermion is proportional to €2 for
€ > 107*, where ye~ — ye~ dominates the IMFP at R,.

IV. COOLING BOUNDS ON SELF-INTERACTING
DARK SECTOR PARTICLES

In this section, we examine the excluded parameter space
of the DS. Since the model has four free parameters, m,,
m,, €, and ap, we choose to project the exclusion contours
on various combinations of these parameters. As discussed
in the previous sections, whether the decay of A" — y¥ is
allowed affects the DS luminosity significantly. Here we
choose two benchmark mass ratios m,//m, = 3 and 1/3 to
investigate the SN bounds for these two scenarios.

We first show the contours of the DS luminosity Ly =
L,and Lp = 0.1L, on the ap — € plane with fixed m, and

m, in Fig. 4. The chosen masses are my =9 MeV and

m, =3 MeV (my =3 MeV and m, = 9 MeV) for the left
(right) panel in the figure, which allows (forbids) A" — y7.
Regions inside the Lp = L, contours indicate that the
cooling bound [Eq. (2)] is violated. In the left panel where
A’ - yy is allowed, the excluded region exhibits an L
shape, covering the parameter ranges of (I) a;, < 1071¢ for
10719 < e <1075, as well as (II) 107 < < 1071¢ for
€ > 107°. For the majority of the parameter space in (I)
(ap < 1071 and 107'° < € < 107°), the DS luminosity is
mainly contributed by the nondiffuse dark photons (see also
Figs. 2 and 3). In (II) (107! < a; <1071 for € > 107°),
Lp is mainly contributed by the nondiffuse dark fermions
(see also Fig. 4). Close to the upper edge of the L, = L,
contour in both regions, self-trapping of DS particle takes
effect such that L, « o' decreases with increasing o), (see
Fig. 2), leading to the horizontal edge at aj ~ 10716, The
lower bound of ap ~ 107! for region (II) is due to the
inefficient production of dark fermions. For the right panel
in Fig. 4 where A’ - y7 is not allowed, two regions
similarly exist. Region (A) with 107 <e <107% and a, <
1073 receives dominant contribution from nondiffuse dark
photons as region (I) in the left panel (see also Figs. 2 and
3). Similarly, the self-trapping of DS particles defines the
upper edge of L, =L, at ap~ 1078, For the narrow
diagonal-shape region (B) at € > 107>, L, is dominated by
dark fermions. This shape is related to the fact that both the
production and pair-absorption rates of dark fermions from
the SM medium are proportional to eap, as discussed also
in Sec. III D.

For both scenarios shown in Fig. 4, there are specific
values of ap above which the cooling criterion gives no
constraint due to DS self-trapping. We now investigate the
dependence of these critical values of ap on DS particle
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9 MeV (right). Solid black (brown) curves indicate where L, = L, (Lp = 0.1L,). Regions inside the L, = L, are excluded by the
supernova bound. Thin dash lines show where the transition from the nondiffuse to diffuse regime occur. See text for discussions on

regions labeled (I), (IT), and (A), (B).

masses. Figure 5 shows the excluded regions on the ap-m,
plane with e = 107® for fixed mass ratios m, = 3m, (left
panel) and 3my = m, (right panel). Note that regions
below the contours are excluded. In the left panel where the
decay A’ — yy is allowed, the SN bound only weakly
depends on ap for m, <10 MeV. On the other hand, ap
increase sharply with m, for m, 2 10 MeV. The main
reason is the DS particle abundances are insensitive to the
mass for m, < 30 MeV which is the typical temperature
inside the PNS. Larger m, (and m, ) leads to smaller DS
abundances, which in turn gives rise to a smaller IMFP of
DS self-trapping for a given ap. Thus, the suppression of
Lp due to DS self-trapping occurs at a larger ap for larger
m,, (and my ). For m, 2 70 MeV (my 2 210 MeV), no SN

g=10° m,/m, =3

l L L MRS PR
10 10?
m, [MeV]

bounds can be placed due to the inefficient production of
DS particles. In the right panel where 3my = m,, the
bound is completely determined by the dark photon only
because the dark fermion production is further suppressed
by an extra factor of a,. Here, the critical a, also increases
with m,, sharply for m, 2 10 MeV as in the left panel. Once
again, this is resulting from smaller dark photon abundance
for larger m,, (thus m),) inside the PNS. It thus requires a
larger ay, for A’A’ — y¥ to self-trap the dark photons. Note
that the maximal m, ~ 800 MeV below which SN bound
exists corresponds to a maximal m;x ~ 250 MeV, consistent
with the maximal m/, in the left panel.

The above examples clearly demonstrated how effi-
ciently a small ap, within the self-interacting DS can affect

e=10° m,/m, =1/3

107"

10—9 N L M| L MR I
10 102 10°
m, [MeV]

FIG. 5. The L, = L, contour on the aj — m, plane for a fixed value of ¢ = 1078 and mass ratios myr/m, =3 (left), 1/3 (right).
Regions below the contours are excluded by the SN bound. Above the contours, the self-trapping of dark sector particles limit their

luminosities and cannot be excluded by the supernova bound.
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FIG. 6. The excluded regions (enclosed by the solid curves) on the e-my, plane for different ap values, with fixed mass ratios
myr/m, = 3 (left), 1/3 (right). Note that we include bounds from considering the degree of freedom of dark photon only (dotted black
curves) for comparison. The thin gray curve in the right panel shows regions excluded by the terrestrial experiments extracted from [83].
These curves show that even with tiny values of ap, supernova bounds on dark photon parameter space can be largely affected.

the SN bound. In Fig. 6, we further show the excluded
regions in the € — m, plane with two different values of ap
for each choice of the DS mass ratio. Also shown are the
bounds derived by considering the dark photon degree of
freedom only, as well as the existing experimental con-
straints on dark photon (extracted from Ref. [83]). We
refrain from showing other astrophysical or cosmological
bounds on dark photon of similar masses; see, e.g.,
Refs. [50,52,80,84-90]. These plots show once again that
even for small values of ap = 10~'? (left panel) and 107>
(right panel), the SN exclusion regions shrink significantly
due to the self-trapping effects when compared to results
derived by considering only dark photons without self-
trapping. However, for very small values of ap, e.g., 107!
and 10~ shown in the left and right panels, respectively,
the cooling bounds can be extended to larger e. This is due
to the contribution of dark fermions through the decay of
trapped dark photons, as discussed in earlier sections. Note
that for a;, = 107!2 in the left panel, the excluded region
slightly extends to larger values of my for ¢ > 10~". This is
because the dark fermion luminosity depends on both the
decay rate of A’ — yj and the blackbody energy density of
dark photons (see Appendix A). The larger decay rate can
compensate the smaller dark photon energy density with
increasing m,, provided that the branching ratio of the dark
photon absorption processes is close to 1.

V. CONCLUSION

In this work, we examined the SN bounds on self-
interacting dark sector particles. Adopting a dark photon
portal dark sector, we derived the relevant interaction cross
sections and (inverse) decay rates for reactions listed in
Tables I and II. We then used these to compute the energy

luminosities of dark sector particles in the nondiffuse and
diffuse regimes separately, and formulated a simple cri-
terion to connect these two regimes. The self-interaction of
dark sector particles can efficiently trap themselves inside
the proto-neutron star and thus suppress their energy
luminosities.

Comparing the dark sector luminosity with the neutrino
luminosity inferred from the SN1987a event, we derived
SN bounds for two assumed dark photon to dark fermion
mass ratios, m, /m, = 3 and 1/3, which represent scenar-
ios where A’ — yy is allowed or not. For the former (later)
case with my /m, =3 (ms/m, = 1/3), SN bounds only
apply to weakly interacting dark sectors whose dark fine
structure  constant  ap S 1071 (1077), for m, <
0O(20) MeV (see Figs. 4 and 5). The dominating dark
sector cross sections for these ap values correspond to
~107% cm?. In particular, there is no SN bound for the
former case for aj, > 1077 (Fig. 5). Our results differ from
the previous analysis [35] considering similar models. This
is because Ref. [35] assumed that the DS particles decouple
from the SM medium at the surface where the y-p scattering
becomes inefficient and ignored the DS self-interactions
which can trap themselves and help thermalize the DS
particles with the SM medium.

Although the exact excluded regions in the DS parameter
space should also depend on the chosen value of m, /m,,
which are unexplored in this work, our results demon-
strated that when applying the supernova bounds to dark
sector particles, their self-interactions, which can evade the
bounds, must be taken into considerations. Our results here
also imply that other stellar bounds, e.g., from the hori-
zontal branch stars, tips of red giants, or white dwarfs, on
dark sector particles may also be sensitive to the structure of
the dark sector. Similarly, our results also indicate that for
nonstandard strongly self-interacting neutrinos proposed to
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resolve the Hubble tension [91], the needed strong self-
interaction, ~10° or 10° times stronger than the SM weak
interaction, will likely lead to self-trapping of neutrinos and
results in inconsistency with the SN1987a observation
[cf. Egs. (15) and (19)]. Moreover, we would like to point
out that although the self-interaction of dark sector can
completely evade the SN bound, new constraints may be
further derived by considering their potential late-time
heating to the remnant NS via decays or annihilations in
a longer timescale. Furthermore, such self-trapping effect
might provide an efficient mechanism to produce DM-
admixed NS, which might have implication for the GW
detection of binary NS merger events [92-94]. All these
aspects are beyond the scope of this paper and can be
further investigated in future work. We also note that our
results indicate that self-interacting DM that can help solve
the small-scale issues in galaxies cannot be excluded by the
SN cooling bound, as the required y — y self-interaction
cross section 6, /m, ~ O(1) cm? g~! largely exceeds val-
ues that can be constrained by SN cooling [cf. Eq. (18)].

Finally, we comment on potential caveats in this work.
First, our criterion of switching from the nondiffuse to
diffuse regime is rather abrupt and can sometimes create
non-negligible discontinuity in dark sector luminosities as
shown in e.g., Figs. 2 and 3. In reality, the transition should
be smooth and this can possibly introduce errors of a factor
of a few in all our derived bounds. For example, while
evaluating the luminosities in the nondiffuse regime, we
only included absorption and decay processes in the
opacity. In principle, scattering can somewhat reduce the
energy luminosity of dark sector particles leaving the PNS,
before the condition for diffusion is fully satisfied. Also, we
used a sharp neutrinosphere as a boundary to estimate the
luminosities in the diffuse regime. This may lead to some

errors when the dark sector particles are not fully in the
diffuse limit. Second, when we evaluated the diffusion
timescale used to determine the diffuse criterion, we
selected two specific locations where the IMFPs are largest
for simplicity. This approximation may overestimate the
diffusion time a bit. All these sources of uncertainties can
only be addressed by performing a full numerical calcu-
lation of multidimensional Boltzmann transport and can be
pursued in future. However, the main conclusion derived in
this work—self-interactions inside the dark sector can
crucially affect stellar bounds—should remain relatively
solid and needs to be considered in all relevant studies.
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APPENDIX A: NARROW WIDTH
APPROXIMATION

Consider a process yy = A™* = f1f5... when my >

2m, so that the intermediate A’ can be on shell. Let k =
(w.k) be the momentum of the intermediate A’ and
p=(E,p), p) = (E,p’) be the momentum of the initial
 and ¥, respectively. The spin-averaged amplitude squared
is given by

K? leg - J|? w—2E\? > ler - J)? 1 2m2 1 [/w—2E\?2
2_ 2 L AlE€TA X
_gD‘i 1_ = =~ I - = 5 Al
M 2 {(k2—m/24,)2+(a)l L)2|: < |k| > } (K =m3)* +(al'r)? L S 2< |k| > }} (A1)

where J* is the final state current that couples to the dark photon, €;, €7, are the polarization vectors of the longitudinal and
transverse dark photon with helicity index 4 = 1, 2, and the thermal width of the dark photon I'; 7 is given by [95]

Tpr=(1-e/T)

In the limit I'; 7 < my,s, we can approximate the Breit-Wigner distribution by a § function,

1

—
(K> = m3%)? + (o, 7)?

rj;zbs +Tasyz)- (A2)
T S(k2—m2). (A3)
a)FL,T

With the above approximation, the absorption rate of y becomes
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(A4)

|
Note that the inverse decay rates into dark photons of

different polarizations are

1

A2
16ﬂ'E|p| . da)(l +fA’)g)(f)(|M| =4 ¢

(A1)

U 2X—AL

Thus, we can relate the differential absorption rate and

inverse decay rates by

dr dr,;

2—A S f , )()(—’AI
—77 7 ~Br(A Br(A .
T (AL~ f) dw % Br(Ap— f) o

(A12)

With the above equation, the total pair-absorption rate of y
is given by

- s ]

@4 dr’ y—A dr —>A/
_ d 2—=A,
/H @ [ do + dw

=Dg-ar-

The total pair-absorption rate is equal to that of the inverse
decay process yy — A’. Therefore, the inverse decay
process yy — A’ accounts for all the pair-absorption
processes with dark photon resonances when my > 2m,.
These processes include yynp — np, yy — e e',
xx — v, and yy — yy. Note that the dark Compton
scattering yA’ — A’y also admits an on-shell dark fermion
- With the approximation analogous to Eq. (A3), one can
show that the scattering rate of y via yA’ — A’y is
equivalent to the inverse decay rate of yy — A’, and the
scattering rate of A’ via the same process is equivalent to the
decay rate of A" — y¥. Thus, we do not include the dark

(A13)

Compton process in our IMFP calculations (see Tables I
and II).

With Eq. (A12), we can derive the luminosity of y and
in the nondiffuse regime,

d/
L,+L,=~ /dV/da) Ll Y

[3 Br(A] — f) —|—2Br(A’ - ), (A14)

where 1, is the blackbody energy density of the dark photon.
We shall make several comments on the above equation.
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(1) It is assumed that dark photons are in thermal
equilibrium with the SM medium while the dark
fermion streams freely. (This corresponds to large €
and small ap,.) In this scenario, Br(A} ; — SM) = 1.
So 1/3 of the dark fermion is produced by the
longitudinal dark photon, while 2/3 of the dark
fermion is produced by the transverse dark photon.
However, if the dark photon escapes the PNS freely,
this calculation is invalid, and the dark photon
usually cannot decay into the dark fermions before
escaping the PNS. Thus, the dark fermion luminos-
ity would be negligible. Therefore, we compute the
luminosity of y according to Eq. (D4) for different
scenarios.

(2) In the limit of large € and small ap, the dark sector
luminosity is mostly contributed by the dark fermion
since the dark photon is trapped. The luminosity
only depends on aj, and does not depend on € in this
limit. It is possible that the luminosity can exceed L,
for some values of ap, even if € is large, as shown in
the left panels of Figs. 3, 4, and 6.

(3) The luminosity in this regime also depends on m,
through the blackbody energy density u,.. There-
fore, for a larger value of ap, the constraint can
extends to larger m, values, as shown in the left
panel of Fig. 6.

APPENDIX B: PLASMA EFFECTS

In the PNS, the hot (T ~30 MeV) and dense
(p ~ 10" g/cm?®) plasma consisting of electrons and nucle-
ons can modify the dispersion relations of the SM photons
and give rise to a longitudinally polarized propagation
mode called plasmon. This plasma effect changes the SM
photon propagator, so we must take it into account when
calculating the interaction rates between SM and DS
particles through photon—dark photon mixing. The effective
mixing €y r and the plasma factor fy r for the SM
current—dark photon interactions are defined by

2 eaL-T = (k)?
MLT = g2 ™ (k2 — Rell; 7)* + (ImIT, 1)’

(B1)

where k = (w, /?) is the 4-momentum of the dark photon
with k> = @? — |k|%, and TI, ; is the longitudinal (L) and
transverse (T) polarization functions and is related to the
SM photon polarization tensor [T" = (A, A¥) by

We would like to point out that our definition for I1; aligns
with [80] but differs from [96]. For the on-shell dark
photon, we replace the subscript “k” with “m” for the
effective mixing, i.e., 651| Lr= (ei‘ ol w—p,» and likewise
for the plasma factor. On the other hand, the DS current—
SM photon counterpart of Eq. (B1) is

G (k2)?

=4 ., B4
&2 (kz _ mil)z 4 (CUFL,T)z k|L.T ( )

where T', 7 = (1 — e~/ T)F/ﬁ;ibs is the thermal absorptive
width of the dark photon [95]. Similarly, for the on-shell
transverse photon or plasmon, we replace the subscript k
with m for the effective mixing and the plasma factor. Note
that the dispersion relation of the SM photon k* = Rell; ;
is a transcendental equation that can only be solved
numerically. The derivation of Eqs. (B1) and (B4) in
diagonalized mass basis can be found in Appendix B
of [97].

In the medium consisting of relativistic and degenerate
electron, the real parts of the scalar polarization functions
are [96]

30 (1—-0?) [ 1 1+o
Ret, = 22020 P () <], e

302 1—=v* (14w
Rell, = —Z2 |1 - 1 , B6
o 21}2{ 2v n(l—v)] (B6)

where v = |k|/@ and the plasma frequency in this limit is

4a, 1
w3 = i (ﬂg —|—§71'2T2>.

With detailed balance F}I;r’on = e~ @/TTLT the imaginary

part of the polarization functions is

(B7)

ImIl, ; = —w(T% - TLD) = —@lET(1

— _ ,—0/T
prod abs abs e ) ’

(B8)

L

where I r’OTd (ng’sr) are the production (absorption) rates of

p
the SM photon. When calculating the plasmon decay, we

should include the renormalization factor for the polariza-
tion vectors of the external photons,

é’z,r =V ZL,Te‘i,w (B9)
where the renormalization factor is given by
aReHL T
Z7h =1 (B10)
LT awz pole

which can be calculated from Egs. (B5) and (B6),

103005-14



SUPERNOVA CONSTRAINT ON SELF-INTERACTING DARK ... PHYS. REV. D 103, 103005 (2021)

zZ' =
L 202>

307, 1-02 (14w APPENDIX C: INTERACTION RATES AND
Lol - 1 o (B11)
pole

2v 1—w INVERSE MEAN FREE PATH

5 ) The interaction rate of particle 1 via a process 1 + - - - +
Z;' =1- 3w, [3_3—vln<1+v>] . (B12) n—1+---+mis given by
pole

20202 |2 4p 1—v

2EI/H”Z’)"(”’C’ [ G0 e (-3 ), e

=l

|
where g; is the degrees of freedom of the initial state  In the following, we denote the 4-momentum of A’ by
particles and f; and f; are the distribution functions of the (= (g, ]2)’ that of y by p = (E.p), and that of ¥ by
initial and final state particles. The upper (lower) sign in p' = (E', p'), unless noted otherwise.
front of f; is for bosonic (fermionic) final states, which
takes into account the bosonic enhancement and Pauli- 1. A'np — np
blocking effects. The above expression already assumes
that all the particles are in thermal equilibrium. The IMFP
of the process is related to the interaction rate by

2
~ r E 320€, 1 71 (7T 3/2 2
= —=iT c2) L7 S embTmp @ (C3

v |l R my) (o T (C3)
|

The absorption rate via inverse nucleon bremsstrahlung
A'np — np is given by [33]

where 7, ,, is the number density of neutrons and protons, respectively, my is the nucleon mass, (05,2,,) (T)) is the thermally
averaged n — p cross section defined as [31]

| fe | do,
(o(1) =5 A dx e /_ 60301 = o8 em)ﬁgcm(rm — XT,c0s0,,), (C4)
and hy 7 is defined as
2
ms5,
h; = wg , (C5)

In the derivation of Eq. (C3), the soft radiation approximation is used to connect the bremsstrahlung rate with the
experimental n — p scattering cross section. Additionally, the nucleons are assumed to follow Maxwell-Boltzmann
distribution, and the Pauli-blocking effect is ignored.

2.A¢e ey

The absorption rate via the Compton-like process A’e™ — e~y is approximately [33]

8maze’ . .n
LT _ O e miL e @)
Lo ey = T\/ghms (C7)

where 7, is the electron number density, £y = / (37r2ne)2/ 3 + m? is the electron Fermi energy, and hy 7 is defined in
Egs. (C5) and (C6). The approximated formula is valid for @ <200 MeV and r < R, [33].

3A' s e e?

The decay rates of dark photon via A’ — e~e™, given that m, > 2m,, are given by

ANy, & —60/2 ) -1 602
I, +:M/ d5[1+exp<”€4——§ﬂ <1—T§2>, C8
Al—e e 4|k| & T 2T |k|2 ( )
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€2 Ay, [ -w/2 w L1 2m2 o
7, . _L_‘ZA/ d5[1+eXp<"67——5>} <—+ e+T§2>, (C9)
Al—e et 4|k| & T 2T 2 mi/ 2|k‘2
where the integral limit is
k| 4mg
=—4/1- C10
50 ® mi/ ( )
4. yxnp — np
The pair-annihilation rate via inverse nucleon bremsstrahlung yynp — np is
16€2ana.n.n T\ 3/2 o o [l kP (FL o, T2FL
T ppnponp = ——aa a2 (ZZN 60Ty [ dlk| dcos9| g 2P "”), (C11)
xxnp—np 371'2E my 0 _1 Elw2k2(1 +€E/T)
where the momentum transfer is k = p + p’ and cos = lzﬁ/|l;||ﬁ| Note that E, p (E', p') are for y (¥). Thus E' =
\/E2 + |k|?> = 2|k|| | cos 6 and @ = E + E'. The two terms Frnponps F vgnpnp i the integrand are
— k w—2E\?
_ 2 3
F)Igj?npenp - ﬂk|Lﬂk|L ’ E |:1 - ( |]‘€'| ) :| (C12)
(C13)

— [t 2ml 1 [(w-2E\2
T — 32 32 X
P = Aiir- [+ 3 () |

Similar to the calculation of A'np — np, we use soft radiation approximation for the dark fermion pair absorption and

ignore the Pauli-blocking effect of the nucleons.
When m, > 2m,, we use the narrow width approximation (NWA) detailed in Appendix A to approximate the integral.

The resulting formula is
2 2 L Tx
WA 8e aDaemf’n""P <£) 3/2<6£,2,7)(T)> /w+ d Fgnponp T 2F){)7np—>np’ (C14)
ARPIP 37[E|p| my 1) 0)3[1 + e(w—E)/T}
L T : :
where the two terms F np—np® fﬁnpqnp in the integrand are
B om w—2E\?
L N
P =T 1= i )] (19

(C16)

re _Pur [1 2m 1 (0-2E)
gp=ne T2 mE, 2\ R ’

and we now have |7€| = /®* — m?,. The dark photon widths must include the contribution from the dark photon decay via
A" = y7. Thus, we have T'; 7 = (1 — e~/ T)(Fi}?;bs +I's~,7). Momentum conservation demands that @ is bounded by

m2, 4m?
=—A(E+|p| /1 -—£). Cl17
o= 5k (£ 271 1)
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5.x¢x e e*

The pair-annihilation rate via y(p) + 7(p') = e (p3) + e (p4) is
(C18)

apa, [ - [l E; |k| ,
Do = 1 /0 dlf /_1 dcosé/%_ P =)0 = ) FE L +2FT L)
where we have the same definitions for cos 8, E’, and @ as in Eq. (C11). Moreover, f’, f3, and f, are the distribution

functions of ¥, e~, and e™, respectively. That is,
[ (C19)
BT 410
1
I = (C20)
(C21)

1
fa= Emar

where the positron energy is expressed as E;, = @ — E3 by energy conservation. With the electron and positron distribution
function included, we take the Pauli-blocking effect into account, which is significant near the center of the PNS. The two

terms FL ., FI_ . in the integrand are
e e xi—e e
w—2E\2 w—2E;\?
Foere == () |- () ]
)()( e"e k|LFk|IL |k| |k| ( )
1 2m 1 (w=2E\?2][1 2m2 1 [w—2E;\2
2 2 X e 3
N —+— 4= — = = = . C23
f)()(—»e e ﬂk|Tﬁk\T |:2+ 12 +2< |k| > :| |:2+ K2 +2< |k| > :| ( )
Momentum conservation demands that £ is bounded by
1 - 4m?

we use NWA (see Appendix A) to approximate the annihilation rate. The resulting formula is

When my > 2m,
€ A,ApNt f )( f4)
WA = DA/ d/ dE s Fle  y2FTr C25
e e 8E|p| v Es_ w|k| ( —ee H—ee ); ( )

\Jo? — mf‘,. The energies of 7 and e on which their distribution functions depend are expressed
Flx .. in the integrand now are

where we now have |k|
L*
@ — E5. The two terms .7:”7 et 7

as EE=w—-Eand E, =
P L w—2E\? w—2E;\?2
FLr e = [1 - < . > } {1 - ( S 3) ] (C26)
. 13 |k| |k|
2 2 2 2 2

T m |1 2mx 1 /w—-2E 1 2m; 1 (w—2E;
s = | | —= - - = , C27
e e Iy [2 mi, * 2 < k| 2 + mﬁ, + 2 |k| (€27)

where I'; 7 is the same as in Egs. (C15) and (C16). The limit of E3 now becomes
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1 . 4m?
E3i:—[a)i|k| 1- m} (C28)
2 my

while the limit of w is the same as Eq. (C17).

6.0 =7
Let w; r = o r(|k|) be the energy of the longitudinal and transverse SM photon as

, and m; 7 be the
k|). Then the pair-annihilation rate can be expressed as

effective mass satisfying m? ; = w7 ; — — |k = Rell, 1 (wp 7.

r._ ezaD / |k|d|k| gLrF ., O(1 = cos” 0, 7) (C29)
xx=v 4E|p| LT 1+ e((uL_T—E)/T](l _ e_wL.T/T) ’
where g, =1, gr =2, and F._ ., . are defined as
wy — 2F 2
F gy = PrnZomi {1 - <T> } (€30)
_ 1 2my; 1 [wr—2E\?
T _ T
F gy = BrZrmy LJF—TJFE <|7’;|> } (C31)

where Z; 7 is the renormalization factor for the longitudinal plasmon and transverse photon detailed in Appendix B. The
bosonic enhancement for the plasmon is included in Eq. (C29). The step function in Eq. (C29) is to ensure that the momenta
are kinematically allowed. The definition of cos @ r is

2w; 7E — m?
cos O 7 = —2 LI (C32)
2|kl p|

We use NWA to approximate the annihilation rate when m, > 2m,. The resulting expression is

7T€2(1DmA/ Z 9L T}—fl_,y O(w, —wj 1)0(w] y —o_)

| - , C33
XxX=r 4E|p‘ i [1 + e(mL—E)/T](l _ e—wL/T) ( )
where @] ; is the solution of the equation Rell, 7(w, \/w* — m3,) = m3,. ]—"f;fy is now defined as

e 1 [1 (o 2E)2] dRell; (o, /@* — m?) - c34)

o i
Lz W wzz - m3 dw
]

11 2md 1 (@) —2E)?] |[dRellr(o, /o —m3) 35

Za S W ) m3, 2 i —m3 dw

op
w4 is the same as Eq. (C17) and I'; 7 is the same as in Eqs. (C15) and (C16).
7.xe~ — ye” and yp — yp
The scattering rate of y(p) + e~ (p2) = x(p’) + e (py4) is given by
e2apa, > o H , -
F){e’—ye’ = AnE d|k|dCOS€ . dEZEf2(1 _f)( f4)( ye —ye” +2f)(e —ye” )7 (C36)
2+
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where k = p — p’ is the momentum transfer, cos @ and E’
are the same in Eq. (C11) while w = E — E' instead. f>, f7,
and f, are the distribution functions of the initial state e~,
final state y, and final state e, respectively. The final state
electron energy is expressed as £, = w + E, by energy
conservation. The two terms JFZL e —yes ]:;e e are the
same as Eqgs. (C22) and (C23) except that —FEj is replaced
with +E,, and E, is bounded below by

(C37)

1/ =
B =5 (i

Note that the momentum transfer is spacelike (k* < 0) for
the y — e~ scattering. In this scenario, we take the dark
photon width to be zero, while ImI1; 7 is determined by the
imaginary parts of Egs. (B5) and (B6) with ® — @ + ie for
an infinitesimal & > 0 [98].

The scattering rate via yp — yp is the same as ye~ —
ye~ if the differences in masses and distribution functions
of the proton and the electron are taken into account.
However, we can approximate the y — p scattering as an
elastic scattering due to the fact that m,, is much larger than

64n’a?,

m,,. We also ignore the Pauli-blocking effect of proton.
Thus the scattering rate of y — p scattering can be approxi-
mated by

4re*a,apn,|p|

Uypyp = E(1+€—E/T)
1 2E% — |[5|2(1—cos9)
x [ dcos@p?, - , (C38
where the momentum transfer is k2~ —|l_<'|2 ~—

2|p|*(1 = cos 6). Note that in this static limit (w — 0), the
contribution from the transverse mode, corresponding to the
classical magnetic field, is suppressed. And the plasma factor
ﬂi‘ ;, of the longitudinal mode, corresponding to the static
electric field,
medium [99].

accounts for the screening effect in

8. Ay > yA' and A'A’ & yy
The spin-averaged matrix element squared of A'(p;) +
x(p2) = x(p3) +A'(ps) is

My = 22 oy o+ 22

1 8(my — mj,)
mJ T om(-m)

a4 (-

where s = (p; + p,)? and t = (p,

s—m2  t—m?

X X
2+t— > B <t— 2+s—m2>}’
¥ my ¥
— p3)? are the Mandelstam variables. By crossing symmetry, the matrix element of
A'(p1) +A'(p2) = x(p3) +7(ps) is the same as Eq. (C39) except that s is replaced by u = (p,

(C39)

— p4)? and the matrix

element is multiplied by a factor of —2/3. (The minus sign is due to the crossing of one fermion state.) For
x(p1) +7(p2) = A'(p3) + A'(ps), we can again reuse Eq. (C39), replace s by u, and multiply by a factor of —3/2.

9. xx — xx and xy — xx
The spin-averaged matrix element squared of y(p,) +¥(p2) = x(p3) +7(ps) is

4(m4A/ - mj})

5 1
|./\/l|2 pa 64712(1%,{ (Emi, —4mim3, +4m > [(t— 5

S_mi/

+(3m3, —4m3) [([ A P
A W)

1
- <s—m§/>2] -

1 1 s—m?2, —m?\?2
< —+ 2)+< A+1+ g) } (C40)
t—mA, s—mA, t—mA, s—mA,

(=) (s —m2)

Due to crossing symmetry, we can reuse Eq. (C40) for the scattering process y(p,) + x(p2) = x(p3) + x(ps) with s

replaced by u.

10. A & yx
For the decay process A’ — y¥, we take into account the Pauli-blocking effect of the dark fermions. The decay rate is
given by
ap(my +2m3) 2T cosh [(1 + &y)w/4T]
FA/—’)()? = 7 -w/T ’ (C41)
3w|k| l—e cosh [(1 = &y)w/4T]
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where &, is similar to Eq. (C10),

|]_€| 4‘”)%
=1 -—£ C42
50 ® i/ ( )

Note that in the limit 7 — 0, Eq. (C41) reduces to the decay rate in vacuum given by Eq. (2.6) in [35].
The inverse decay rate of yy — A’, taking into account the bosonic enhancement of the dark photon, is given by

r Cap(mi +2my) T sinh (w, /2T) cosh [(w_ — E)/2T]
N TR Bl Lt e BT {smh (w_/2T) cosh [(w_. E)/zn}’

(C43)

where w_. is the same as Eq. (C17).

APPENDIX D: DETAILED WORK FLOW FOR COMPUTING DS LUMINOSITY

(1) We take the following steps to determine if a DS particle species is in the diffuse regime or not:

(a) Compute 17! (E;, r), the IMFP of each species i assuming all DS particle species are in thermal equilibrium with
the SM medium at temperature 7'(r).

(b) Compute At;, the escape timescale for each particle species i with Egs. (21) and (22).

(c) Compute N;, the estimated abundance of each particle species with Eq. (20), and obtain the relative abundance

= N,;/N;?, where N;* is the abundance of DS particle species i assuming they are in thermal equilibrium with

the SM medlum If n; > 1, we simply set n; = 1.

(d) Compute 4;!, the IMFP of each species rescaled by the relative abundance as

/11-_1 = Z ( i final states T Z’?; i+j—final states> (Dl)

possible final states

where j runs over all possible DS particle species.

(e) Check the diffuse criteria for the dark photons: if 7, =1 and (AA} (R)) — (NA, e +(R,)) >Ry, then A]
is in the diffuse limit. Otherwise, A} ; is treated as ‘nondiffuse patticles.

(f) Check the diffuse criteria for the dark fermion: if 7, = 1 and (4,'(R,)) > R, ', then y is in the diffuse regime.
Otherwise, y is treated as nondiffuse particles.

(2) Depending on whether the DS particles are in the diffuse limit or not, we compute the luminosity of each particle
species as follows:
(a) Regardless of the DS masses, the dark photon luminosity is given by

Ly, . aisr. for diffuse A} [use Eq.(9)],
L. = : ' D2
4 { Ly nondift- for non-diffuse A} [use Eq.(3)]. (D2)
(b) When m, < 2m,,, the dark fermion luminosity is given by
L, g for diffuse y [use Eq.(9)], D3
‘o L, nonaife- for non-diffuse y [use Eq.(6)]. (D3)
(iii)When my > 2m,,, the dark fermion luminosity is given by
L, gitr, if yis in the diffuse limit,
L, nongifr»  if only A}, A7 are in the diffuse limit,
L, =1 3L, onairr. if only A% is in the diffuse limit, (D4)

%Ll‘nondiff, if only A} is in the diffuse limit,

0, if no DS particle species is in the diffuse limit.
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(d) The total DS luminosity is Ly = Ly + Ly +
2L,.
s

APPENDIX E: RADIATIVE TRANSFER

We now derive the energy flux carried by the DS
particles through a surface of radius r near the neutrino-
sphere, assuming they are in the diffuse limit. The deriva-
tion follows from Appendix I of [100]. The equation of
radiative transfer is given by

101
——cosf+«xl—j=0,
por

(E1)
where p is the matter density, / is the intensity of radiation
per unit solid angle per unit frequency, 6 is the angle
between the direction of radiation and the radial direction,
is the opacity, and j is the total radiation power emitted per
unit mass per unit frequency. We distinguish between the
opacity contributions from scattering processes and absorp-
tion processes k = Kk, + k,, and between the radiation by
scattering and radiation emitted by matter j = j; + j,,. In
equilibrium and isotropic environment,

Ezp

s g
[o8=p=_“~_ - E2
(27)3 BT 1 (E2)
Jem™ = k,B, (E3)

where g is the degree of freedom, and the upper (lower) sign
is for fermions (bosons). However, in an anisotropic
environment, the relation between j,,, and I is given by
Jem = Kko(1 £ e ET)B F ke F/T1. (E4)
In the second term, the minus sign for fermion is due to
Pauli blocking, while the plus sign for boson is due to

stimulated emission. Substitute the above equation back
into Eq. (E1),

101

;Ecosﬂ—l—lcsl—js—i-KZ(I—B):O, (ES)
where «; = x,(1 & ¢ F/T). We assume that the radiation
intensity / is very close to /1%, Therefore, we can expand
|

2gr* T3dT

L(r)~

e o B (7) e

[ in terms of Legendre polynomials P,(cosf) and sub-
stitute it back into Eq. (ES). Keeping the terms up ton = 1,
we obtain

1 OB
—cos 6.

J~B——
p(K; + k) Or

(E6)

It follows that the energy flux through the spherical surface
of radius r is
L(r) :4ﬂr2/lcost9dEdQ

16 , ,dT 1 0B
=——nrr— [ —
3 dr ) p(c;+x,)0T

22 T3dT /oo EVE-3)? e

d )
3 dr Jur A E=ET,r)(ef £1)? ¢

(E7)

where m is the mass of the particle carrying the radiation,
and 17! is the effective IMFP defined as
A= P(KZ + Ks)' (ES)
We can identify the absorptive IMFP AL with pk, and the
scattering IMFP 13! with pk,. Thus, we can express the
effective IMFP as
ANWE, r) =270 E, r)(1 £ e7ET) + A0(E, r).  (E9)
We note that since the integral in Eq. (E7) is dominated by
the energies with small A=! (E, r), itis possible that Eq. (E7)
could overestimate the energy flux if A-'(E,r) <R, for
some energies E. We found that it occurs near the switching
of diffuse and nondiffuse regimes, and thus it leads to
orders of magnitude jumps of energy luminosity. To avoid
this caveat, we approximate the IMFP A~!(E,r) by the
thermally averaged IMFP (A7!(r)) defined as

oy L EPFE T ED
) = T R E )

(E10)

Thus, the energy flux is approximately given by

(E11)
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