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Probing the sterile neutrino dipole portal with SN1987A and low-energy supernovae
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Beyond the Standard Model electromagnetic properties of neutrinos may lead to copious production of
sterile neutrinos in the hot and dense core of a core-collapse supernova. In this work, we focus on the
active-sterile transition magnetic moment portal for heavy sterile neutrinos. Firstly, we revisit the SN1987A
cooling bounds for dipole portal using the integrated luminosity method, which yields more reliable results
(especially in the trapping regime) compared to the previously explored via emissivity loss, also known as
the Raffelt criterion. Secondly, we obtain strong bounds on the dipole coupling strength reaching as low as
107! GeV~! from energy deposition, i.e., constrained from the observation of explosion energies of
underluminous Type IIP supernovae. In addition, we find that sterile neutrino production from Primakoff
upscattering off of a proton dominates over scattering off of an electron for low sterile neutrino masses.
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I. INTRODUCTION

Neutrino flavor oscillations imply that neutrino masses
are nonzero, a fact not accounted for in the Standard Model
(SM). However, the observation of nonzero neutrino
masses can be explained if the SM is augmented with at
least two right-handed sterile neutrinos (for the two mass-
splittings). In the absence of firm experimental guidance,
we do not know how heavy, how many, or how interacting
these sterile neutrinos are. As a result, a broad multiscale
experimental and observational program is underway [1].

The most studied phenomenological setup for sterile
neutrinos is to assume that their mass-mixing parameters
are the keys to their production as well as detection. This is
not however the only possibility. For example, there are
well-motivated scenarios in which a relatively large tran-
sition dipole moment between active and sterile neutrinos
dominates their behavior (e.g., [2-6]). A large phenom-
enological program has ensued to constrain active-sterile
dipole moments by making use of an array of terrestrial,
astrophysical, and cosmological data [3,5,7-30]. Lastly, we
note that the possibility of neutrinos having nonzero
magnetic moments has a long history, going back to
Pauli’s letter in 1930 in which the neutrino was proposed
as a new particle [31].
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To date, some of the most sensitive probes of active-sterile
dipole moments have involved supernovae (SNe) [6,12]. If
their production is too frequent, they can lead to excessive
cooling of SN1987A [12] or produce an overabundance of
detectable neutrinos or photons [6]. However recently, low-
energy supernovae have emerged as powerful probes of new
physics [32,33]. In this paper, we will derive new constraints
on active-sterile dipole moments from deposition of excess
energy in low-energy supernovae, which is constrained from
the observations of SN Type IIP light curves. We also revisit
the SN1987A bounds in light of additional production
modes, finding important differences with existing literature.

This paper is organized as follows. In Sec. II, we describe
the various production modes of sterile neutrinos via the
dipole interaction and compute their luminosity as a
function of their mass and dipole coupling. In Sect. III,
we discuss the observational constraints from SNe that
allow us to impose constraints on active-sterile dipole
moments. Finally in Sec. IV, we display our main results
and discuss them in the context of the existing constraints
on the dipole portal.

II. DIPOLE PORTAL AT SUPERNOVAE

After electroweak symmetry breaking, the effective
Lagrangian for the dipole portal involving active-sterile
transition magnetic moment can be written as

_ _ My _
L2 iNgN +> d,No, v F* — TNNCN +he. (1)

where N is a sterile neutrino, v; is a SM left-handed
neutrino field, F* is the electromagnetic field strength
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Sterile neutrino production modes in SN through dipole portal via (a) Primakoff upscattering off a charged fermion via photon

exchange, (b) charged fermion annihilation to a sterile and active neutrino, (c) photon + neutrino inverse decay, and (d) plasmon decay.

tensor, and d, is the active-sterile transition magnetic
moment. We assume the coupling strength to be flavor
universal, i.e., d, = d. Note that we assume active and
sterile neutrinos to be Majorana fermions. For specific UV
scenarios explaining the origin of this coupling, see, e.g.,
Refs. [3,5,26,34,35].

A. Production

For a given active-sterile neutrino transition magnetic
moment, heavy sterile neutrinos can be produced in a SN
core through neutrino scattering off of electrons e*, muons
u*, and protons p, through pair annihilation of e* or u*,
inverse decay, and through plasmon decay (see Fig. 1).
Despite the high number density, neutrons do not play any
role in sterile neutrino production at the tree level. The
relevant production modes are listed below [12]:

v+p—>N+p, (upscattering) (2)
v+et - N +et, (upscattering) (3)
U4 put - N+ ut, (upscattering) (4)

et +e > U+N, (annihilation) (5)
Ut +pum > U+N, (annihilation) (6)
v+y—N, (inverse decay) (7)

y* > N+o. (plasmon decay) (8)

The matrix elements for these processes have been calcu-
lated and provided in the appendix. In this work, we
significantly improve on the production rate calculation in
the literature by including the effect of muon population,
plasmon decay channel, and the gravitational effects of the
high-density proto-neutron star core. We also discuss and
highlight a major result of our work: the dominance of

neutrino upscattering off of proton over upscattering
through electron for low M.

Primakoff upscattering occurs through a ¢-channel
exchange of a photon with the SN medium composed of
protons, electrons, and muons. It can be seen in the matrix
element for this process in Eq. (F1) prefers strong forward
scattering. In vacuum, this diagram is regulated by restrict-
ing the angular range to forward scattering angles deter-
mined by the minimum momentum transfer required for
sterile neutrino production in the final state [4,5,36].
However, in presence of a medium, the photon develops
a nontrivial dispersion relation acquiring an effective
plasmon mass, which can help regulate the total cross
section. The effective mass of the transverse photon modes
generally is of O(wp), i.e., the plasma frequency. Including
the contributions from electrons and protons in the SN
medium, respectively, wp is given by

4a 7272 4ran
2 _ 2 P , 9
Wp 3ﬂ<ue+—3 >+ m 9)

where «a is the fine-structure constant, u, is the electron
chemical potential, T is the temperature of the SN core,
and n, and m, are the number density and mass of the
proton, respectively. Due to the high x, and high m, > T),
wp is usually dominated by the relativistic electron plasma
frequency (i.e., the first term). For typical p, ~ 250 MeV,
wp usually is of O(10 MeV).

In addition, there is another screening length kg deter-
mined by the Debye-Hiickel scale kp for nondegenerate
nonrelativistic medium and by the Thomas-Fermi scale
krr for degenerate medium. It arises from the movement
of charged species in the medium, leading to charge
screening of the target. The net screening scale including
contributions from the proton and electrons, respectively, is
given by
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dra 4a 7 T?
kéZTnp‘i—;(ﬂ%‘F?), (10)
where n denotes the number density of protons. Note that
ks doesn’t suffer any suppression from the proton mass as
compared to wp. Since highly degenerate and relativistic
electrons in the SN core forms a stiff background, the
dominant contribution to kg comes from protons and other
heavy ions. This can also be seen from Eq. (10); since
n,~n, (charge neutrality) and n, = u}/37* (degenerate
fermi gas), the electron contribution in the second term is
suppressed by a factor of T/pu,.

From Egs. (9) and (10), we can clearly see that wp < kg;
i.e., charge screening tends to be the dominant scale.
Hence, ignoring wp and considering photons to be massless
is a good approximation for processes involving scattering
off of charged targets, and kg can help regulate the
t-channel singularity. To include this screening effect for
the Primakoff upscattering process, we make the following
change to the matrix element:

4
MP - MPpP—TL 11
| | ’ | (qz_k§)2 ( )

where ¢° is the four-momentum carried by the photon
propagator. Previously in the literature [12], a lower cutoff
on g* was used, which is essentially equivalent to including
a Debye screening effect in the matrix element, as shown
in Eq. (11).

For any scattering involving the proton, the Dirac form
factor F; (¢*) needs to be taken into account. We provide the
relevant nuclear charge form factor in Appendix F, although
for most ¢ of interest in our case, F(g?) ~ 1. Note that in
this work, we neglect the effect of nucleon magnetic
moments, and that will be included in a future study
including the thermal effects for Primakoff upscattering.

The production through annihilation ff — N, where
f =e, u, is shown in Fig. 1(b). Due to the s-channel
exchange of a photon, this process does not suffer from the
“forward” scattering issue encountered for Primakoff
upscattering. Since there is also no scattering off charged
species involved, the effect of the screening scale kg is
absent. The |M|? for this process can be obtained by
applying crossing symmetry rules to the (vacuum) matrix
element for the Primakoff upscattering given in Eq. (F1).

Since the photons and neutrinos are thermalized in the
SN core, the N production can also proceed through inverse
decays yv — N [see Fig. 1(c)]. The matrix element for this
process is given in Eq. (D1). Usually, My up to ~67 is
accessible, but for v, with high chemical potential u > 3T,
heavier Ns can also be produced without significant
Boltzmann suppression.

As discussed earlier, due to interactions with a high
temperature and density medium, photons develop a
thermal mass. Thus, the decays of photons also become

kinematically allowed in a SN core, as shown in Fig. 1(d).
In our case, this mode is important only for sterile masses
My < wp. The decay rate is given in Eq. (E1) and detailed
production rates are discussed later.

B. Boltzmann equations

The simplified kinetic equation for sterile neutrino
production is

0
%:Ccoll(fN)’ (12)
where fy is the sterile neutrino phase-space density
distribution and C. is the sum of all possible collisional
interactions. In our case, C.y includes 2 - 2, 2 — 1 and
1 — 2 processes. The collisional term for 2 — 2 particle
interactions can be written [37-41]

1 B~ B~
Ccoll(fN):E d3pzd3p3d3p4/\(f1v,f2,f3,f4)

X M3, 348" (pn + P2 — P3— pa) (27)*, (13)

where & p; = dp;/((27°)2E;), A(fn.fa f3.f4) = (1=
IN)A = f2)fsfa—fnfa(1=f3)(1 = f4) is the phase-
space factor including the Pauli blocking of final states,
|M|? is the interaction matrix element element squared
including the symmetry factor, and E; and p; are energy
and momentum of the ith particle. The collisional integrals
for 2—>1 and 1 -2 can be obtained similarly (see
Appendices D and E).

For the N production rate, we assume the dipole
strengths are weak enough to not affect the standard SN
processes. We also set the initial distribution f, = 0 since,
for such range of |d|, the sterile neutrino produced will not
be trapped and thermalized in the SN. After solving for fy,
we can calculate the differential luminosity as [37,41],

dL 2E d
dE::”N/d’”VZZ,tNENPN- (14)
While the distribution functions for the leptons (/) have
the usual Fermi-Dirac form determined by p;, m;, y;, and T,
the case for nucleons is quite different due to strong
interactions under high densities leading to the breakdown
of noninteracting picture. The mean-field potentials arising
from nucleon self-energies play an important role. In our
case, they modify the dispersion relation for nucleons and
significantly affect their Pauli-blocking factors. The
dispersion relation for nucleons, considering them as a
nonrelativistic quasiparticle gases moving under a mean-
field potential U, is given [42,43]
p>

HMan

+m+U, (15)

*
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where m and m* are the rest mass and Landau effective
masses of the nucleon, respectively. m* and U are both
functions of temperature, density, and the neutron-to-
proton ratio. Given the nucleon chemical potential (with
rest mass included), we can now define the nucleon
distribution function as

1
fnucleon(p) = ,
exp [*V p2+;" 2_”} +1

(16)

where we define the effective nucleon chemical poten-
tial Ww* =pu—U.

We can now define a useful concept for later discussions
to quantify the degeneracy of Fermi gases. A Fermi gas is
strongly degenerate when the chemical potential is greater
than the average thermal energy. Therefore, the degeneracy
parameter 74, is defined as

u—m
Mdeg = T (17)

Note for nucleons, we replace y — p* and m — m*. Thus,
Naeg > 1 is strongly degenerate, while 74, <0 is non-
degenerate. For example, 14, for the SN profile used in this
work at postbounce time #,, = 1 sec is shown in Fig. 2
(lower panel). While the electrons are strongly degenerate
at all radii inside the SN core, the protons are only slightly
degenerate in the center and turn nondegenerate at
r > 6 km. The upper panel in Fig. 2 shows the filling
factor for the momentum states for electrons and protons
at r =2 km (7, = 1 sec). We also include the case of
strongly degenerate gas for comparison, assuming g = y,
and T ~ 0. Degeneracy has strong effects on the production
rate. For example, the presence of highly degenerate
species like electrons in the final state can suppress the
production rate compared to the nondegenerate protons.
For the SN profile used in this work (details in the
next section), Fig. 3 shows the different contributions to
sterile neutrino luminosity L, as functions of time. In
Fig. 3(a), Ly is shown for all production modes listed in
Egs. (2)=(8) for |d| = 107 GeV~! at My = 10 MeV. The
proton Primakoff vp — Np is the dominant process for
My =10 MeV, with the rate of electron Primakoff
ve — Ne following closely. The bump around 7,, =9 sec
for electron Primakoff occurs due to numerical issues in
discretizing the SN profile since the chemical potential for
v, and v, exhibit very sharp peaks for 7, > 9 sec. Despite
the same number densities as required by charge neutrality,
the difference between the rates can arise from the high
degeneracy of electrons, which lead to suppression of the
production rate as compared to the proton case. The muon
Primakoff is further suppressed due to the lower number
density of muons, i.e., n, < n,,n,. The rate from plasmon
and inverse decay processes, although subdominant to
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FIG. 2. (Upper panel) Fermi-Dirac distribution for three cases:

proton, electron, and strongly degenerate gas at r =2 km
(tp, = 1 sec). (Lower panel) Degeneracy parameter 74, for e
and p for our SN profile at 7,, = 1 sec.

Primakoft scattering, does not fall off as strongly as the
kinematic limit is enhanced from the high-chemical poten-
tial of ’s and due to the absence of Pauli blocking. In fact,
even after chemical potentials drop between 8—10 sec, the
average thermal energy of v in vy — N is sufficient for N
production for low M. The production rate from annihi-
lation channels ff — Nv are mainly determined by the
chemical potentials y, and y,,. It can be seen from the SN
profile that y, ~ u, for most 7, thereby leading to the same
production rate at most times. The overall magnitude
of the annihilation rate is suppressed compared to the
Primakoft process due to the suppressed number density of
antifermions.

Similarly, in Fig. 3(b), Ly is shown for all relevant
production modes for My =200 MeV for |d|=
10~ GeV~!. For heavier steriles, essentially all production
modes will suffer severe Boltzmann suppression, especially
at later times since temperatures and chemical potentials
have dropped significantly by then. The rate for proton
and electron Primakoff upscattering are quite similar
(notice the log-scale for Ly) since the heavy sterile
production cannot just proceed through scattering off the
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FIG. 3. Sterile neutrino luminosity as a function of time for

|d| = 10=° GeV~! for (a) all production modes at My = 10 MeV,
(b) all production modes at My = 200 MeV, and (c) proton
Primakoff upscattering mode for different M.

Fermi surfaces only' and suppression from high degen-
eracy leads to exponential suppression. This also explains
why the inverse decay dominates in this case. Since typical
wp < 200 MeV, the plasmon mode is absent in this case.
Similar to the low M, case, annihilation channels have

'For light N, the initial f state has E + ~ M, and can be placed
back on the Fermi surface in the final state — f,uceon = 1/2,
leading to no exponential suppression from degeneracy.

nearly the same rates due to similar chemical potentials yu,
and p,,.

In Fig. 3(c), Ly is shown for only the proton Primakoff
upscattering process for different values of My at fixed
|d| = 107 GeV~'. It can be seen that the production rates
for low M) are nearly equal. A dip around £, occurs for
My = 10 MeV since that is the first instant when SN core
temperatures dip below 10 MeV.

III. SUPERNOVAE BOUNDS

We discuss two different methods to obtain bounds on
the dipole portal physics using SNe: (i) Raffelt criterion,
and (ii) integrated luminosity (IL) criterion. While the
former is a locally derived constraint on the energy lost by
production of new particles, the latter is a global one.

The Raffelt criterion is applied at a characteristic radius
and requires the local emissivity of the sterile neutrinos at
ro to not exceed more than 10% of the total neutrino
emissivity [12,36,44,45]; i.e.,

dey 1de, _ p(ry) .

() < 35 gt 2% :

dex ~ -1 (18
dr =107 T g/em’ s (1)

x 10" erg cm

For the integrated luminosity criterion, the energy-loss rate
per unit mass can be converted to a total luminosity loss by
taking the mass of the SN core and the duration of the SN
event into account. Observations of energy-loss rate from
SN1987A, assuming M. ~ 1M, leads to the following
upper bound:

Eycool < 102 erg. (19)

Another class of constraint from SNe stems from the
identification of a subclass of SNe with low explosion
energies, termed underluminous Type IIP SNe. These have
been recently used to constrain the parameter space of
axions [46] and sterile neutrinos [33,47]. The explosion
energy released in SNIIP explosions can be inferred from
the spectrum and light curves. Using fitting formulas,
simulations, and statistical inference, the lowest SNIIP
explosion energies inferred is some 7.4 x 10* [48-51].
Therefore, for our purposes, we assume the energy dep-
osition from the decays of sterile neutrinos inside the SN
envelope to be less than Ey, < 10° erg. Note that this
energy deposition should occur beyond the radius of the SN
core (R.,.) but inside the envelope of the exploding
star (Renv)'

Previous works in the literature often employ the Raffelt
criterion to set a cooling bound. Our results are in agree-
ment with these when matching their assumptions, i.e.,
proton Primakoff scattering being subleading. We focus
instead more on the IL bound. There are several advantages
to the IL criterion. Firstly, it is more consistent with the
physical picture of the process; i.e., sterile neutrino
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production occurs at different times and at different radii
throughout the proto-neutron star core. Secondly, as we will
show later, the Raffelt criterion is not reliable to obtain
bounds in the trapping regime. Since it assumes the sterile
neutrino production at a specified radius, the absorption
rate might be dominated by other modes apart from decays.
It will be demonstrated later using IL criterion that the
bounds in the trapping regime are set by the sterile neutrino
decay rather than scatterings. Hence, for heavy sterile
neutrinos that can decay, the IL criterion is more apt.

For our purposes, we assume N production through very
small transition magnetic moments do not appreciably
affect the standard SN processes. In this work, we apply
our reasoning to obtain bounds in the dipole coupling—
mass plane with the SFHo-18.8 model simulated by the
Garching group, which adopts a 18.8 M, progenitor and
includes six-species neutrino transport [43,52,53]. We use
the simulated SN evolution assuming R, ~ 20 km for all
postbounce time sequences up to ~10 s and assume an
envelope extending up to ~5 x 108 km.

A. Absorption modes
The decay and scatterings of N can lead to novel energy
deposition in the SN envelope, which can contribute to the
SN explosion. The relevant processes that determine the
mean free path are

N+ et > v+ et (downscattering)  (20)

N +u* = v+ put, (downscattering)  (21)

N+p-v+p, (downscattering) (22)
N+v—y, (annihilation) (23)
N-—>v+y. (decay) (24)

In the absence of scatterings, the decay rate I" is dominated
by the N — v + y process, for which the vacuum decay rate
is given by

d*M3
FN—’D+7 = ?N . (25)

The decay length A4,y can be calculated by taking the

Lorentz factor y =1/4y/1—f%> into account; i.e.,
Adecay = YB/TNoy+y» Where p= py/Ey. Due to the sig-
nificant population of photons and neutrinos inside the SN
core, the decay rate for radiative decay will be modified.
This difference occurs because of Pauli blocking of
neutrinos and stimulated emission of the photon (bose
enhancement) in the final state. The mean free path
calculation including these effects will be described in
detail later.

Note that similar to our work in [33], we assume that a
major portion of the outgoing energy in scattering and
decay processes is carried by non-neutrino species, which
are readily absorbed by the SN medium. We also point out
that high-energy neutrinos are most likely to be deposited.
Hence, it is a good assumption that entire energy of the
downscattered or decayed N is deposited inside the SN.

B. Energy cooling/deposition

Our constraints arise from the sterile neutrino production
in the SN core through the magnetic moment portal, with
the bounds on the energy loss or deposition arising from
observations of SN1987A and low-energy SNIIP, respec-
tively. The salient details of the production processes have
been discussed in previous sections. The total energy
deposited or taken away (Egep/coo1) from the SN core can
be calculated by time integrating the differential sterile
neutrino luminosity Ly over the core volume, weighted by
the escape probability Pcog/deps

core dLN r, EN’ )
Egep/cool = ”lapse / dt / dr A,IN EN =By drdEy

X0 (EN il > X Peool/dep(T), (26)

nlapsc

where 7 18 the gravitational redshift factor, Ey is
dLy(r.Ey.t)
drdEy

the differential sterile neutrino luminosity, ®(x) is the
Heaviside theta function, and P, /dep(r) is the probability
for N produced at r to escape. P yo1/qcp 1 determined by the
mean free path of the sterile neutrino in the hot dense
environment of the SN. Py,/4cp incorporates the effect of
the decays and scattering of the sterile neutrino with the
medium, which might prohibit the efficient transport of
the energy from the core to mantle and/or beyond. Using
the absorptive width of the sterile neutrino I'y,,, we can
define P, in terms of the optical depth 7 [54],

the sterile neutrino energy, is the gradient of

Palr)=explc(r.R] =exp |- [T (ar|. 22

r

The absorption rate for 2 — 2 scatterings is given by an
expression similar to the collisional term [54-56],

1
LCaps = d3P2d3P3d3P4 (f27f3af4)

2py
X M348 (P + P2 = p3 — pa)27)%,  (28)
where A(fs. f3.f3) = f2(1 = £3)(1 = fa).
The cooling bound is applicable only if the energy from
the core can be transferred efficiently beyond the shock,

where this energy cannot be reprocessed for neutrino
production/streaming. For example, N might decay before
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the shock radius, which will not lead to an energy loss,
and the cooling bound will not apply. The average
probability for the energy transport beyond the neutrino-
sphere is given by

Rfar
Poor VA (r) = exp [— / Fabs(r’>dr’} (29)

Note that we assume radial outward propagation for the
calculation of the absorptive width. Ry, can be defined in
two different ways with the only strict requirement
being Ry, > R,. Usually Rp, is not set very close to
R, since the production rate from the outermost thin
shell centred at R, might be overestimated. Note that
the actual position of Ry, is inconsequential for the
bounds derived in our work as long as it is beyond the
neutrinosphere since the optical depth is dominated by
the absorptive width of the high temperature region
surrounding the radius of the production especially the
regions just beyond R, if the final state in the decays
or scatterings is Pauli blocked inside the core. In the
literature, either radius R ~ O(100) km or ~O(1000) km
(the latter being the shock radius) is usually chosen as
representative values for Rg,, [54]. In this work, we set Ry,
to ~O(100) km.

For the case of low-energy SN, the bounds apply only if
energy deposition takes place between R.,. and the
outermost envelope radius, R.,,. Therefore, the escape
probability in this case can be written

RCOre
ngpnp(r) = exXp |:_/ Iﬁabs(’”/)d’”/:|

x (1 —exp {— A R Fabs(r’)dr’]) (30)

For our purposes, R, can be defined as the radius of the
neutrinosphere beyond which neutrinos free stream,
broadly defined as the radius at which T'gy falls down to
3 MeV. The actual neutrinosphere radius depends on the
neutrino flavor, but assuming the same R, for all species
will not affect the bound appreciably. In this work,
R.ore = 20 km, and R.,, is chosen to be the progenitor
radius equal to 5 x 10'3 cm.

We also include the effect of gravitational trapping. In
the absence of sufficient kinetic energy, the presence of
high matter densities can lead to sterile neutrino getting
trapped. Therefore, it is required that Ey > m/fiapses
where 77;,ps. relates the energy measured in the SN frame
to the energy measured by an observer at infinity. We also
need to account for gravitational time dilation, which
corrects for the time interval measured locally compared
to an observer at infinity. Therefore, a factor of 7,5, for Ly
and another factor for the time interval dr leads to the
prefactor 75, . in Eq. (26).

IV. RESULTS AND DISCUSSION

We display our main results in Fig. 4 for flavor universal
active-sterile magnetic moment as a function of sterile
neutrino mass M. The curves shown in blue are obtained
through the SN1987A cooling bound Ey ..o < 10°% erg.

SN1987A Cooling
(this work)

d| (GeV™)
=

107'0F

NHP Explosion
t = o . (this work)
-

107"3¢

107" SN1987A0)

5 10

50 100 500

My (MeV)

FIG. 4. Bounds on flavor universal dipole strength |d| from SN1987A cooling (blue) and SNIIP explosion energies (red) as functions
of sterile neutrino mass. Other displayed constraints include SN1987A(y) [6], SN1987A(v) [6] and the experimental sensitivity of
DUNE and Hyper-K for a future Galactic SN at a distance of 10 kpc [6].
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The curves shown in red are obtained through the bound on
explosion energies using SNIIP, Ey 4, < 10° erg. The
bound from SNIIPs is almost an order of magnitude
stronger than the cooling bound. It can reach |d| as low
as 107! GeV~! and provides one of the leading constraint
for 30 MeV < My <600 MeV. We also include other
constraints on |d| from the radiative decay of N from
SN1987A [6] (labeled SN1987A(y)) and from the bound
on the neutrino flux arising from radiative decay [6]
(labeled SN1987A(v)). The dotted yellow curve shows
the experimental sensitivity of upcoming neutrino experi-
ments DUNE and Hyper-Kamiokande for a future galactic
SN, assuming a hypothetical distance of Dgy = 10 kpc [6].

In the bottom region of the blue and red curves, the
production rate for low My is dominated by proton
Primakoff upscattering, followed by the electron upscatter-
ing [also see Fig. 3(a)]. The production rate for Primakoff
upscattering for low My is largely independent of My as
also indicated by the flat region in the cooling bound curve.
Upon increasing My, the inverse decay starts to dominate
the production rate, especially above 50 MeV. The inverse
decay production rate depends on M7 and remains dom-
inant up to the kinematic threshold of ~u, + T but suffers
Boltzmann suppression above these masses. Since the
couplings are extremely low in this regime, the exponential
factor P ~ 1 in this region.

For the trapping regime, the coupling is set by the
requirement that the mean free path length is less than
O(Rcore)- In this region, the couplings are really high, and
therefore, production regions with higher absorption rates
get suppressed in the energy integral [Eq. (26)]. Therefore,
the dominant contribution arises from regions with the least
absorption rates, i.e., regions near R.,.. In these outer
regions near the core, the proton and electron number
density are comparatively lower; therefore, the absorption
rate is dominated by the decays of N, which sets the
maximum allowed coupling strength in the trapping
regime. This is in direct contrast to the Raffelt criterion
where the opacity is calculated at a given radius only, and if
chosen inside the core, the absorption rate might be
dominated by other modes as also implemented by
Ref. [12]. They find the Primakoff upscattering contribu-
tion to the absorption rate to be dominant, which leads to
the flattening of the trapping bound at low M, which,
however, is not the correct physical picture as pointed
above. A brief discussion and comparison of their results
with ours is presented in Appendix A. Another important
observation is the impact of the broadness of the sterile
neutrino energy spectrum. For a broader energy spectrum
(e.g., in Fig. 5), higher energy N’s can be produced at a
similar rate as compared to the assumed mean sterile
neutrino energy (see Ref. [12]). To trap these energetic
N’s, the couplings need to be comparatively higher, which
results in the trapping regime shifting to higher values. This
is the primary reason why our trapping bound for higher

1054+ Energy (sipectrum for 1
Inverse decay, v+y—->N
- for My= 300 MeV, |d|=10"° GeV"'
1
>
[} 52 | 4
< 10
joTo]
g
=4
5 10%r
Ez
—
o
10%+ .
300 400 500 600 700
En (MeV)
FIG. 5. Differential time-integrated luminosity as a function

of sterile neutrino energy for My =300 MeV and |d| =
107 GeV~! for inverse decay process.

masses assuming Ry, at r = 100 km matches Ref.’s [12]
bound, which assumes Ry, at r = 25 km.

We also point out that our results are consistent with the
cooling bound constraint in Ref. [6] using 8.8 progen-
itor. However, Ref. [6] did not include the proton upscat-
tering mode. In addition, the progenitor star for SN1987A
is more than likely approximated by a 18.8M progenitor
than a 8.8M, the latter of which tends to have lower
maximum temperatures, which especially affects the ther-
mal production of N at high My through inverse decays.

The magnetic moment portal, although quite similar at
first glance to the axion case [32] (both species with
radiative couplings), differ qualitatively from each other.
In the former case, the production rate is enhanced
especially for lower M from the high chemical potential
of v in the initial state, for both Primakoff upscattering and
inverse decay processes, while no such enhancement is
possible for the axion case, where the v is replaced by the y,
which is thermally produced.

V. CONCLUSIONS

We have revisited the SN1987A cooling bound and
obtained new bounds from SNIIP explosion energies for
the dipole portal. We found that SNe can be efficient sites of
sterile neutrino production via magnetic moments and that
the integrated luminosity criteria can produce stronger
results than the Raffelt criterion, especially in the trapping
regime. Secondly, we have found that low-energy super-
novae can significantly cover previously unconstrained
parameter space.

We have included the effect of nucleon self-energies,
Debye screening, and gravitational trapping, as well as the
effect of degeneracy on the production rates. In addition to
including the plasmon decay channel, our work also
includes the production modes arising from substantial
muon population in the SNe core.
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Future directions for this work motivates the calculation
of exact thermal rates for Primakoff upscattering. In light of
proton Primakoff upscattering rate, the constraints derived
from the neutrino and photon flux arising from the radiative
decay of N from SN1987A might become stronger [6].
Another interesting case might occur: The y from low mass
steriles decaying outside the SN might not be able to escape
and could form a fireball, like in the case of axions [57,58].
In addition, the bounds may be improved by refined
calculation for the thermalization and trapping of N'’s,
accounting for their nonoutward radial propagation [59]
and including thermal masses of photons in N decays.

The SNIIP bound could be improved even further in
future if progenitors with even smaller explosion energies
than 10°° erg are observed. Also, currently, the SNIIP
bound is conservative since we have entirely ignored the
contribution of the standard processes to the explosion
energy. Therefore, these bounds can also be improved if
these contributions are known more precisely, through a
detailed comparison of the simulated vs observed SNIIP
explosions.

ACKNOWLEDGMENTS

We are very grateful to Vedran Brdar, Ryan Plestid,
Yingying Li, Damiano Fiorillo, and Edoardo Vitagliano for
helpful discussions. We thank Hans-Thomas Janka and
Daniel Kresse for providing the SN profiles used in this
work. G. C. would like to also thank Washington University
physics department for the use of HPC Center facilities. The
work of G.C., S. H.,P. H.,, and L. S. is supported by the U.S.
Department of Energy under the Award No. DE-SC0020250
and DE-SC0020262. The work of S. H. is also supported
by NSF Grant No. AST1908960 and No. PHY-2209420,
and JSPS KAKENHI Grant Number JP22K03630 and
JP23H04899. This work was supported by the World
Premier International Research Center Initiative (WPI
Initiative), MEXT, Japan.

APPENDIX A: COMPARISON
WITH RAFFELT CRITERION

We will compare and discuss the results for cooling
bound for the dipole portal obtained in Ref. [12] with our
results using the Raffelt criterion for the same 18.8M
progenitor [60] at r = 14 km, shown in Fig. 6. As detailed
in Ref. [12], their cooling bound (blue curve) is dominated
by the electron Primakoff upscattering for lower M, and by
inverse decays for higher M. For faithful comparison, we
show our results for cooling bound excluding the proton
upscattering mode, shown as a solid red curve. It can be
clearly seen that our results are in complete agreement by
excluding the upscattering off of proton. However, upon
including the proton upscattering process, the cooling
bound becomes stronger as shown in dashed red curve.

107
SN1987A Cooling Bound
-6
10 M Magill et. al.
10~ M Based on this work
~; 107
8 10?0
T 100
107"
10712
Raffelt Criterion
1 0—1 3 (for 8.8M profileat r=14 km)
5 10 50 100 500
My (MeV)

FIG. 6. SN1987A cooling bound obtained using the Raffelt
criterion in Refs. [12] (blue curve) and using the production rate
calculation used in this work (red curve; for details, refer to text).
The dashed red line shows bounds using the Raffelt criterion
including proton Primakoff upscattering.

Therefore, we observe that the proton mode can help
improve the constraint on the dipole portal.

As for the cooling bound in the trapping regime (as
discussed earlier in Sec. IV), since the Raffelt criterion is
done at a specified radius, usually at r < R, the opacity
calculation to obtain bounds does not capture the real
picture. Assuming a monoenergetic sterile neutrino for
trapping also affects the analysis. It only becomes clear in
the implementation of integrated luminosity criterion that
production rate at very high couplings in spite of the high
absorption rate can still proceed from the edges of the core;
therefore, cooling/trapping bound is still applicable since at
r ~ R o, the dominant channel for energy loss/deposition
is the sterile neutrino decay. Therefore, N decays set the
trapping regime for all My irrespective of the other
scattering modes.

APPENDIX B: EFFECT OF
GRAVITATIONAL TRAPPING

In our work, we also include the effect of gravitational
trapping. In Fig. 7, the dashed blue and red curves are
bounds from cooling and explosion energies, respectively,
but without taking the effect of gravitational trapping into
account. We observe that for the SN1987A cooling bound,
gravitational effects lead to trapping of My = 300 MeV,
while for the SNIIP explosion bound, although the My
range is not affected appreciably, the bounds for higher M y
become weaker. This occurs due to gravitational trapping
leading to a suppression of production rates, which can
only be countered through increased coupling strength for
the cooling or explosion energy bound to apply. However,
increased |d| required for the cooling case is beyond the
trapping regime; therefore, gravitational effects shrink the
mass reach of the cooling bound.
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T 107 SN1987A Cooli

= ooling

& 100
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10712
10°13 Effect of Gravitational Trapping
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My (MeV)
FIG. 7. Comparison of the effect of gravitational trapping on

the bounds obtained from SN1987A cooling (blue) and SNIIP
explosion energies (red). Dashed curved correspond to the case of
no gravitational trapping.

APPENDIX C: COLLISIONAL INTEGRAL
FOR S-CHANNEL PROCESS

For s-channel processes, the standard reduction of nine-
dimensional collisional term to a three-dimensional integral
as detailed in Ref. [38] fails. This happens due to the
momentum transfer ¢> in the denominator for the matrix
element of the s-channel process being a function of cos a.
Due to which the usual step involving analytical integration
of cos a does not work. In this Appendix, we show how the
integrals in Eq. (13) can be reduced from nine to three
dimensions for a s-channel process. Our procedure closely
follows the techniques used in Ref. [38]. Our procedure
primarily relies on swapping out the angular coordinates for
p, and p; compared to the standard way. Note that this
simple change leads to nontrivial sign and variable changes
throughout the standard calculation; therefore, we repro-
duce our entire calculation here. We begin by using the
following property:

m3)0(pg). (C1)

The integral over p, is done using the four-dimensional
delta function arising from momentum conservation in the
scattering process, enforcing py, = p; + p, — p3 through-
out rest of the calculation. We now introduce the following
spherical coordinates for the three-momenta,

p1 = p1(0,0,1), (C2)
p2 = p>(0,sin @, cosb), (C3)
p3 = p3(sinasin g, sinacos ff, cos a). (C4)

The volume element for p, and p; can be written as

(C5)

d*p, = pzdpzdcos odu,

d3p; = p3dpsdcos adp, (C6)
with ¢ and f being the azimuthal angles for p, and p3. The
integration over df is carried out using &(p —m3) =
5(f(p)), by using the relation

cosfi; =

and Q =m? + mj + m}—m3. To account for the two
different solutions for cos ff, we can restrict the integration
interval to [0, z] and multiply with a factor of 2. Note that
since the integrand is independent of y, the integration over
du is trivial and equals 27.

The limits of integration in d cos @ come from demand-

ape(f [ o= (€D
/ Z \f'(B |/3 .
where the f; are the roots of f(f) = 0 and
(B = %‘(ém = —2p,pysinasin@sinp, (C8)
with sin8; = £(1 — cos? ;)'/?, where
|
2E,E; —2popscosacost — Q —2E\Ey +2p p,cosO + 2EE5 —2pyp3cosa (C9)
2p,p3sinasin @
I
(f(B))* = 2pap; sinasinOsin f)* > 0 (C10)
Therefore, we can write
[ astrp) =2 W, (€
0 |f/(ﬂ)|ﬁ r=h

ing that cos? # < 1. This requirement can also be stated as
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To simplify the expressions, we introduce the following
definitions:

y=EE, —E\Es— EyE3;

€= —pipycos0;

k= pi+p3

a = p3(—4k + 8e);

b= —p3(p1 —€/p1)(8y +4Q + 8¢);

¢ =4y —4yQ - Q% — 8ye — 4Q¢ — 4¢’
+4p3p3(1 — cos?0).

With the above notation, f'(f) can be written as

I (B)lp=p, = Vacos?a+bcosa+ c. (C12)
All possible matrix elements only include products of the
four-momenta, which are calculated below:

Pi1-p2=E\Ey—pipycoso,
p1-p3=EE3—pp3cosa,
p1-pa=mi+ (E\Ey— pypycosO) — (E|E3 — py p3cosa),

0

Pz‘P3=(ElEz—Plpzcosa)—(E1E3—P1P3005a)+57
_ , QO

Pz‘l?4—(E1E3—P1P3C050‘)+m2—5

o
P3-Pa=(E{E;— pyp;cost) _m§ +§-

Now it can be checked that all s-channel processes are
analytically integrable over d cos @ and can be carried out
by using these relations [39]:

1
/@(ax2 + bx + ¢)dx
Vax® +bx +c
- \/Ji_a@(b2 —4dac);

/—x ®
Vax* +bx +c
b =«
=—— O(b? - 4ac);

20 g O~ dac);

(ax® 4 bx + c)dx

2
/x—@(ax2 + bx + ¢)dx
Vvax® +bx + ¢

3 ¢\ =
_ (2L O(b? - 4ac).
(Sa2 2a> V—a ( ac)

The step function arises from demanding a real
integration interval. This also ensures that the roots of
ax? + bx + c are not outside the fundamental integration
interval of [—1, 1]. Similarly, the integration interval for

integration over dcos@ is given by the solutions of
b* —4ac = 0:

_ 2 +2p3+042p3\/ 2+ pi+p3+p3+0

cos®
2pi1p>

(C13)

For the integration interval to be real, both of these
solutions are required to be real. We refer to these two
solutions as cos #_ and cos @, . The real integration limits
are a = sup[—1,cos@_] and p = inf[+1,cosf,] with
a < f. Finally, by combining all the analytical simplifi-
cations described above, Eq. (13) is reduced to the
following three-dimensional integral, which is evaluated
numerically:

2 1 [ [pitr [P p3dp, p3dps

s dcosd :
Ccoll(fl) (27T)42E1[) /; ‘é COsS 2E2 2E3

XA(f1,f2:f3:.f4)F(p1:p2,P3)O(A), (C14)

where A is the parameter space allowed; i.e., a,f€R,
a < p, and F is derived from the following analytical
integral:

M
Vacos’a+bcosa+c
x @(acos’>a+bcosa+c)dcosa.

F(p1.p2.p3) =

(C15)

APPENDIX D: COLLISIONAL
INTEGRAL FOR N & v+y

The matrix element for the decay process N — v+ y is
M = 2d*(M7, — m})*. (D1)

The collision term for 2 — 1 inverse decay in this case
is [54,56]

c 1 / &p,  &p,
vV T 2Ey | (27°)2E, (27°)2E,

X |M|12V—>b+y54(pN - py - py)(2ﬂ>4,

F(E)fU(E,)
(D2)

where f;(E) is the respective quantum-statistics factor, i.e.,
Bose-Einstein or Fermi-Dirac, for the initial states. The
above six-dimensional integral can be reduced to the
following one-dimensional integral:

my [P
N d
T62pnEn / p.fy(py)

Xfu(\/ p12v+M12v_py),

where P = (Ey % py)/2.

Cery—»N =

(D3)
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Similarly, the absorption rate I' in a medium composed
of photons and neutrinos can be written as

My e
FN—>D+}/ = mé dpy(l +fy(py))

i (A oB-n)]. o9

In absence of a medium, the thermal distributions vanish
and yield the vacuum decay rate. This difference occurs
because of Pauli blocking of neutrinos, i.e., (1 — f,(E)),
and stimulated emission of the photon (bose enhancement),
ie., (1+ f,(E)) in the final state.

APPENDIX E: PLASMON DECAY

The decay rate for y* — N 47, applicable to both
transverse and longitudinal excitations, is given by [5,61]

d2 2 _k2 2 M2 2
r, :_Zu __12\’
247 0] K

x <1+2M2>®(K—MN), (E1)

My

K2

where Z is the renormalization constant, K2 = @? — k? is

the effective plasmon mass, @ and k are plasmon energy
and momentum.

The total energy loss rate including contributions from

both transverse and longitudinal plasmons can be written
as [36,62]

Q},* :2

o k2dk oI'L ki k2dk oIk
A 4 A C T ()

272 /T — 1 272 /T — ]

where the factor of 2 stands for two polarization states of
the transverse plasmon, and FyT;L is given by Eq. (El)
with appropriate renormalization factors and dispersion
relations. For longitudinal modes, the momentum inte-
gration is only allowed upto k < k;. It is defined as the
wave number where w(k) crosses the light cone, i.e.,

w/k=1,
303 [ 1 14+
P2 {21)* 0g<1—v*> }’

where wp is the plasma frequency, and v* is a “typical”
electron velocity. For modes above ky, the four-momentum
of a longitudinal excitation becomes spacelike and are
kinematically forbidden to decay.

(E3)

The photon dispersion relations for a general medium are
given by the following transcendental equations [63]:

1
0* —k* = w? [1 +§G(v§k2/w2)} ,  Transverse

0? —v2k* = wi[1 - G(v2k*/®?)], Longitudinal ~ (E4)

where wp is the plasma frequency, v* is a “typical” electron
velocity, and G(x) is a function defined by

G(x) :% {1 —%— 12\_/;10g<11—£>] (ES)

For highly-degenerate relativistic plasmas, as in our case,

v~ 1, k| ~

4o 72 T2
2 2,77
a)p—3ﬂ<e+ 3 )

Let us look at some interesting limits for the dispersion
relations in a SN core. At low momentum, G(x)=~0
implying w? — k* = w3 for both transverse and longi-
tudinal modes, while for high momentum modes implying
G(x) ~ 1, the dispersion relations have the following
form:

(E6)

2 2 _ 2
w- —k —Ea)P,

0* =k =0.

Transverse

Longitudinal (E7)
Using Egs. (E7) and (E1), we conclude that for high
momentum modes, the decays of longitudinal photon into
massive sterile neutrinos become kinematically forbidden
for relativistic plasmas. Therefore, the main contribution
from longitudinal modes arises from low-momentum
modes, but since the production rate depends on k2, we
expect this contribution to be subdominant to the pro-
duction through the transverse modes.

The renormalization constants for both transverse and
longitudinal modes in highly-degenerate relativistic plas-
mas are [63]

20* (0* — k?)
Zr = , (ES8
"7 3020? + (0 — k) — 207 (0? — K2) (E8)
2 2 _ k2
2, =22 =5 (E9)

3wp — (w* — k%)’
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APPENDIX F: PRIMAKOFF SCATTERING

The matrix element for the Primakoff upscattering

process (p3) + f(ps) = N(p1) + f(p2), where f =
et ut, pis

4d2e?
|M|2 = q4

[8(p1-P2)(P2-P3)(P1-P2 = P2-P3)

= 2M3(p1-P2 = P2-P3)(P1-P2 + Pa-p3 + m3)
+ My (p1-p2 = pa-p3 — m7)), (F1)

where g*> = (py.p, — p».p3). Note that for the case of
proton, nucleon charge form factor needs to be taken into

account. The form factor F(g?) can be obtained by solving
the following pair of equations [12,64]:

Fl_%FZ:GD’ (FZ)
4ms,
Fy+Fy =u,,Gp, (F3)

where y,, =2.793 and Gp = 1/(1 + |q|>/0.71 GeV?)2.

For f + f — N + i, the matrix element can be obtained
using crossing symmetry rules applied to the | M|? for v +
f — N + f given above. Since, it is a s-channel process, it
does not suffer from singularities unlike #-channel
processes.
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