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Quasithermal GeV neutrinos from neutron-loaded magnetized outflows
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Rapidly rotating and strongly magnetized protoneutron stars (PNSs) created in core-collapse supernovae
can drive relativistic magnetized winds. lons and neutrons can be coaccelerated while they remain coupled
through elastic collisions. We investigate the nucleosynthesis and subsequent nuclear disintegration, and
find that relativistic neutrons can be generated in such magnetized winds. Upon eventual decoupling,
resulting inelastic collisions with ejecta lead to pion production, resulting in 0.1-10 GeV neutrinos.
Following this scenario presented in Murase et al. [Quasithermal neutrinos from rotating protoneutron stars
born during core collapse of massive stars, Phys. Rev. D, 89, 043012 (2014)], we numerically calculate the
spectra and light curves of quasithermal neutrino emission. In the event of a Galactic supernova, ~10-1000
neutrino events could be detected with Hyper-Kamiokande, KM3Net-ORCA, and IceCube-Upgrade for
PNSs with surface magnetic field By, ~10'*"'> G and initial spin period P; ~1-30 ms. Successful
detection will enable us to study supernovae as multienergy neutrino sources and may provide clues to the

roles of PNSs in diverse classes of transients.

DOI: 10.1103/PhysRevD.110.083012

I. INTRODUCTION

Dying stars with masses Z8M, generally result in core
collapse, whereby the star releases almost all its gravita-
tional binding energy in the form of ~10 MeV neutrinos
over a few tens of seconds. After the core collapse, if a
supernova (SN) explosion occurs and a protoneutron star
(PNS) is left as a remnant, neutrinos heat the surrounding
material and drive a wind. As the PNS spins down, its
rotation and magnetic energy would be transported outward
as Poynting flux which is further converted to kinetic
energy of the outflow, such that the pulsar wind can be
accelerated to relativistic speeds [1-3]. The PNS wind
would be embedded deep inside ejecta, but if the spin-down
power is large enough it may affect SN dynamics. The PNS
may be strongly magnetized and/or rapidly rotating, which
may account for a variety of transients related to core-
collapse SNe (CCSNe), including (SLSNe), hypernovae,
and even gamma ray bursts (GRBs) [4—11].

The nuclear composition of the SN outflow largely
consists of free protons and neutrons in the neutrino-heating
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phase following the core collapse. In the early stages of
magnetized outflows, the majority of these free nucleons
may readily form seeds for nucleosynthesis or capture
onto nuclei [12-16]. However, any nuclei that interact
with ambient photons or matter can undergo photodisin-
tegration or spallation, and release free neutrons (see, e.g.,
Ref. [17]). Free neutrons remain coupled to protons via
elastic collisions during the early evolution phase when
the density is high enough. However, as the density
becomes sufficiently low due to the expansion, neutrons
will decouple and be left behind by accelerating ion
outflows.

Murase, Dasgupta, and Thompson (hereafter
MDT14 [18]) suggested that these neutrons eventually
hit shocked nebulae and/or dense ejecta, and the relativ-
istic neutrons exceeding the pion production threshold
should initiate np inelastic collisions and subsequently
lead to quasithermal neutrinos with energies of
~0.1-10 GeV. The schematic picture of this scenario is
explained in Fig. 1. This mechanism does not require

© 2024 American Physical Society
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Schematic diagram of the neutron-loaded PNS wind, with radius R,,. The SN ejecta is ahead of the wind (R; > R,,) and

contains nonrelativistic protons. Initially, before the neutron decoupling time, #,4.., the neutrons accelerate with the protons via elastic np
coupling (left panel). After the decoupling, neutrons will move with a constant bulk velocity. The protons are promptly decelerated at the
shock, while neutrons can be decelerated only via np inelastic collisions in the shocked wind (middle panel). At sufficiently late times,
the neutrons can further enter the nonrelativistic SN ejecta, and np interactions with protons in the ejecta occur (right panel).

particle acceleration via shocks or magnetic turbulence,
which is unlikely to be efficient in radiation-dominated
environments [19].

Detection of these neutrinos with upcoming detectors
such as KM3NeT, Hyper-Kamiokande (HK), and IceCube-
Upgrade would better inform the physics of magnetic
outflows, nuclei synthesis, and disintegration, in addition
to the GRB-SN connection. The next Galactic CCSN will
provide high-statistic observations of not only the thermal
~10 MeV neutrino burst [20,21], but also the nonthermal
TeV-PeV neutrino flare [22]. Detecting neutrinos at
GeV-TeV energies will fill the bridge and provide clues
to physics of the outflows.

In this work, we consider the ~0.1-1 GeV neutrinos
produced from neutron-proton interactions in magnetized
outflows originating from rapidly rotating PNSs. In Sec. II,
we discuss stripped-envelope SNe (SESNe) and the param-
eters that characterize the associated PNSs. In Sec. III, we
discuss the properties of neutrino-driven winds from PNSs.
In Sec. IV, we evaluate the criteria for synthesized nuclei to
disintegrate within the magnetized outflow and estimate the
fraction of free neutrons. In Sec. V, we look at neutrino
emission from choked outflows and their detection pros-
pects for KM3Net-ORCA, IceCube-Upgrade, and HK.
Finally, we discuss our results in Sec. VI and conclude
in Sec. VIL

I1. PULSAR-AIDED SUPERNOVAE

We explore a wide parameter range: initial spin
period P; ~ 1-30 ms, surface dipolar magnetic field
Bgi, ~ 10'3-10" G, corresponding to SN ejecta mass

Mg ~1-10M¢ and explosion energy &~ 10°'-10*erg.
Pulsars can be harbored in Type II SNe, as seen in Galactic
pulsars such as the Crab pulsar [23]. The Crab pulsar has a
present spin period of 33 ms and an estimated initial spin
period of ~16-19 ms [24].

Strongly magnetized and rapidly spinning PNSs are
contenders for the central engines of both long-duration
GRBs and SLSNe. They can be left as remnants of SESNe,
including Type Ibc SNe (SNe Ibc) and broad-line Type Ibc
SNe (SNe Ibc-BL). A long-lived central engine explains a
hydrogen-poor class of SLSNe, which are stellar explo-
sions with peak luminosities ~10-100 times higher than
normal CCSNe [25,26]. In engine-powered SLSN-I, the
central compact object is believed to be either a millisecond
PNS [27,28] or a black hole with an accretion disk [29].

The formation rate of these PNSs would be lower than
the CCSN rate R¢csn, Which we assume is equal to the
Galactic CCSN rate of 3.277¢ per century per galaxy
(see, e.g., Ref. [30]). The observed event rate of high-
energy transients associated with SESNe is relatively small
(see, e.g., Ref. [8]): the low-luminosity GRB rate is
~0.01 X R¢esn, and for long GRBs, assuming a beaming
factor of ~100, the rate is ~107* x Recsy [8]-

III. NEUTRINO-DRIVEN WINDS
AND NEUTRON DECOUPLING

Neutrinos heat the PNS surface to generate a baryonic
wind with a mass-loss rate of [31,32]

- _ _ 5/375/3 10/31,5/3 5 g—
My~5x107Mgs lfmagc'/ Ly,/szgy.1/oR1(/) MG 4 (1)
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FIG.2. Mass-loss rate scaled by ¢, M, c?, as a function of time,
at By, = 10" G and different spin periods P;. The gray line
corresponds to t = fy,;, = 70 s.

where F 0 = fopfcen- Here fo, denotes the fraction of the
PNS surface threaded by open magnetic field lines, f.., is
the magnetocentrifugal enhancement factor, Cj,y is a
correction factor for inelastic neutrino-electron scatterings,
L,=L,s, x 10° ergs~! is the v, + 7, neutrino luminos-
ity, €, =¢€,10 x 10 MeV is the mean neutrino energy,
Rns = Rns.10 X 10 km is the PNS radius, and Myg =
Mns.14 X 1.4M g is the PNS mass. For our analysis, we
adopt the neutrino quantities for a NS with mass Myg =
1.4M 5 and radius Rys = 10 km from Ref. [33]. We also
incorporate a stretch factor 7, = 3 to account for a longer
PNS cooling timescale due to its rapid rotation [32].

The neutrino-thin time, #,;,, is the time when the PNS
becomes transparent to SN neutrinos in the MeV range.
Consequently, once ¢ = fyin, L,, €, and M, all decline
more rapidly than the initial power-law decrease.
The precise value of ty;, ~ 30 s—100 s is sensitive to the
properties of neutrino opacities, which depends on the
unknown NS equation of state as well as the NS rotation
rate [32]. This timescale gives a reasonable proxy for
the time window AT in the signal search with neutrino
detectors. In this work, we assume AT = t;, = 70 s. Note
that we calculate neutrinos after 7, even if we do
not expect significant contributions to the neutrino signal
after ty;,- The impacts of different choices of AT are
discussed in Sec. VL.

We show in Fig. 2 the time dependence of M, for
different configurations. The shaded region corresponds
to times ¢ > fy;,, where M, drops by several orders of
magnitude. In our calculations, contributions to the neutrino
flux are essentially negligible beyond #4;, (see Sec. V).
Throughout the first ~6 s, the PNS is still contracting, which
in turn increases the PNS angular velocity and M. The
differences in M, for different PNS parameter sets are set by
the By, and P; dependence in JF .

As the wind expands radially outward, the Lorentz factor
I" evolves as [3]

(2)

ﬂF o GO(r/Rmag)]/3’ r< Rmag
0y, r> Rmag '
where r is the distance of the outflow from the PNS and
Ry 18 the magnetic dissipation radius, given by

oy \2/ P e \!
Ripge ~ (5.0 x 102 cm)<1—(;)2> <E> <W> .3

Here € ~0.01 is a parameter that is used to describe the
reconnection velocity.

The magnetization is o, = ¢$3Q*/ Mc3, where ¢z =
(fop/47)BaipRis is the magnetic flux due to a rotating
dipole field with magnitude Bg, and Q is the PNS angular
velocity.

Above Ry, the Poynting flux has dissipated and been
converted to kinetic energy, saturating the outflow Lorentz
factor to oy. The outflow velocity quickly becomes rela-
tivistic, with a weak dependence on the initial outflow
conditions 6y and R ,e. We will consider 10"* G < By, <

10'6 Gand 1 ms < P; < 30 ms. When ¢, = 1, the outflow
becomes relativistic.

The wind, which pushes the ejecta including the cocoon
material, is significantly decelerated after the wind termi-
nation shock, forming a hot magnetized bubble. The
evolution of the cavity and nebula depends on the
PNS spin-down power and the ejecta [e.g., [34-36]].
Magnetic dissipation inside the tenuous wind bubble with
radius R, has been considered in the context of magnetar
models for SNe Ibc-BL, SLSNe, and rapidly rising optical
transients [8,9,37,38].

To compute the wind radius R,, and ejecta radius Ry, we
numerically solve the differential equations [8,39]

dR,, 7 Et (RV\3? R,
_ Ky Bw 4
dt \/6(3 - (S) Mej Rej + t ( )

6 — Vej = , (5)

where 6 =1 is used for the ejecta density profile. We
assume the ejecta mass M. = 3M; and ejecta energy
Eo = 107! erg. The first term in the right-hand side of
Eq. (5) is the expansion velocity. The initial condition for
the ejecta and wind radii is R, (t =0) = R;(t=0) = R c =
cP;/2r, where R; ¢ is the light cylinder radius. Note that
the evolution close to the light cylinder radius is different
(see, e.g., Ref. [1]), but our results are insensitive to the
choice of the initial radii.
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Neutrons and ions have the same outflow velocity as
long as they are coupled together with (6v) % 6,,c. Here
o is the elastic cross section and 6, &3 x 1072° cm? is
the inelastic cross section. The nucleon number density in
the wind is n,, = M, /4zxR%cm,I',, and the optical depth
for np collisions is z,, = n,6,,(R,,/T,,). The decoupling
radius Ry, where 7,, =1 is given by [18]

_1p6/5 p=4/5.6/5 _-2/5
Rgee (2.5 x 10° Cm)00,13Bdi/p,15Pi,—é 01/3,715—2/ . (6)
and beyond this radius the neutrons are decoupled
and no longer experience bulk acceleration. Typically, R ..
exceeds both R, and R, at early times. It gradually
decreases over time while Ry,,, and R,, both increase.

IV. NUCLEAR DISINTEGRATION

The fraction of free neutrons in the outflow, Y, depends
on both the ability to synthesize nuclei and the photodis-
integration efficiency. At early times postbounce, the
density and temperature in the outflow are favorable for
nuclei to be synthesized, but the outflow will not synthesize
nuclei all the way until #4,;,. Even at early times when most
neutrons are used for nucleosynthesis, if the nuclei are
disintegrated by, e.g., ambient photons, the amount of free
neutrons can be restored.

The photons can arise from both thermal and nonthermal
processes, the relative importance of which is determined
by the interaction optical depth at the radius of the
termination shock. While thermal photons have typical
energies of ~10 keV and may not be energetic enough to
efficiently initiate photodisintegration, nonthermal photons
can reach energies of ~1 MeV through synchrotron
cascades which allows for photodisintegration [18]. In this
section, we discuss the ways in which the outflow may
achieve high free neutron fractions, covering the surviv-
ability of nuclei against the photon fields at the termination
shock that leak into the unshocked wind. In later sections,
we assume that any nuclei synthesized are disintegrated
into free neutrons and protons.

A. Photodisintegration

Nuclei in the unshocked wind interact with pho-
tons that are produced in the wind via dissipation and
photons that have leaked in from the nebula or shocked
wind. In this work, we consider the former, where the
dissipation can occur in the current sheet [40-42]. The
Thomson optical depth in the wind, 77, is written as
oy & yin,orR, /T, where o; is the Thomson cross
section and y, is an enhancement factor that accounts
for pair production in the wind [18]. The enhance-
ment factor is defined as y. = (n,, + ny)/n,, where
ny, =M, /(4xR%cm,I',,) is the pair number den-
sity, My~ (2.5 x 107"Mq/s)pus ¢Baip15P7 %R0 ¢ is the

Goldreich-Julian density [43], and u, ~ 10°—107 is the pair
multiplicity, the number of pairs produced by each primary
accelerated particle. The pair multiplicity value can vary
within 10°-107, and we take p.. = 10° as the fiducial value
[44,45]. At early times y. ~ 1, but it grows when M,
becomes comparable to M.

If 77 > 1, the photons get largely thermalized to a
temperature 7', in the comoving frame of the nebula, which
satisfies  aTy = €,I',,(M), + M.)c*/(4xT'2R%c), where
€, = 0.3 is the fraction of the total energy as radiation
energy. At early times, we find that 77 2 1 for all By, and
P; configurations considered here, but 77 reduces to close
to unity at t;, for longer spin periods, e.g., P; = 30 ms.

To estimate the effect of photodisintegration on nuclei,
we calculate the efficiency as (see also Ref. [18])

fA}/ ~ KAGAyny(Rw/FW)’ (7)

where k4 is the nuclei inelasticity, 6,, is the photodisin-
tegration cross section, and n, is the photon number
density. For nuclei in our magnetized winds, the dominant
photodisintegration contribution comes from the giant
dipole resonance (GDR), which occurs predominantly
at energies comparable to the nuclear binding energy
~10 MeV in the nuclei rest frame. We estimate k04, ~
1.4 x 10727 cm? (A/56)"/¢ [46], where we take A = 56 as
a representative value for nuclei that could be synthesized
in these winds.

Since we find 77 2 1 for all configurations at early times
(t < tpin)» We expect that the ambient photons follow a
thermal distribution with n, = 19.23(kzT,/hc)® [13].
The thermal photon temperature is greatest at early times
postbounce and is around 2 x 10° K~ 200 keV for
P;=1ms and 4 x 108 K ~ 40 keV for P, = 30 ms (the
temperature depends mostly on the spin period and is
roughly independent of Bg,). The temperature then
decreases monotonically with time and distance from
the light cylinder. Since the photon temperatures are
~10-100 keV, the threshold GDR temperature (kBTy <
&n ~ 10 MeV) is not reached, and we find that the nuclei
can survive. However, when these temperatures are close
to the threshold, a more careful numerical integration of
the efficiency is warranted which we will consider in a
future work [47].

Because 77 is of order unity for some configurations
(especially those with higher P; values and at later times
near fy;,), and our calculation of 7 is model dependent,
there could still be leakage of nonthermal photons in the
outflow. For nonthermal photons the number density of
photons above energy &y is n, ~ (eI, (M, + M.)c*/
[4nT 3 RY cegyn]) (em/ Esyn) ™", where €, ~ 0.1 is the fraction
of energy in electrons, and &y, is the characteristic
synchrotron energy. This approximation is valid for
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photons in the synchrotron fast cooling regime. Nonthermal
photons may lead to f4, > 1 at early times for R,, ~ Ry ¢
[18], suggesting that, if there is a significant component
of nonthermal photons, the nuclei could be easily
disintegrated.

B. Other disintegration processes

As discussed in MDT14, neutrons can be produced
through nuclear disintegration by photons generated in the
nebula. Leaked photons from the shocked wind are boosted
in the unshocked wind. When 77 > 1, only a fraction
Sfese ~ 1/77 of thermal photons will ultimately leak into the
unshocked wind. In the case where 7; < 1, photons are not
thermalized, and owing to low optical depth, the non-
thermal photons leak into the outflow with a leakage
fraction f., ~ 1. Nonthermal photons from the magnetized
wind nebula [39,48] may have broadband spectra, and they
can be energetic enough to lead to photodisintegration of
the heavy nuclei. Even if nuclei mostly survive, neutrons
could still be produced through photodisintegration in this
nebula. As heavier elements are charged, their Lorentz
factors would be equal to I',, as they accelerate together
with protons. The decoupling radius is expected to
increase, as n,, would decrease by a factor of A while
o4, scales as A%/3. In the shocked wind, the nuclei have an
average Lorentz factor of ~(I',, — 1). Depending on nebular
photon spectra, f4, 2 1 is possible close to the termination
shock region, leading to neutron production.

Further, in addition to GDR, other photonuclear reac-
tions can also photodisintegrate heavy nuclei. For higher
photon energies in the nuclei rest frame, quasideuteron,
pion production, and fragmentation processes become
relevant. However, the thermal photons in our system do
not typically reach such high energies. Finally, GDR
successfully photodisintegrates nuclei that are synthesized
until the point in time when the particle density is too low
such that additional nucleosynthesis cannot occur.

Synthesized nuclei may also undergo spallation. To
avoid spallation due to nucleon-nucleon collisions, the
relative velocity between the outflow and the surrounding
material should not exceed a critical value f;, ~0.14, at
which the relative kinetic energy equals the nuclear
binding energy ~10 MeV. The spallation rate due to
collision with other nucleons in the wind can be estimated
as, 1y = ogpnypfc (see, e.g., Ref. [49]). Here, oy, =
5x 1072°A%/3 ¢cm? is the cross section for spallation of
anucleus with atomic number A, ny is the number density
of nuclei in the sources, and S is the velocity of the
nucleons. However, spallation is not important for
nuclei in our system as they are never energetic enough
for their relative kinetic energy to exceed the nuclear
binding energy.

In this work, we calculate the photodisintegration
efficiency with the analytical estimate given by Eq. (7).

However, a more extensive analysis in the context of nuclei
survival in different outflow environments and taking into
account higher photon energy reactions, will be presented
in a future work [47]. This analysis will also be used to infer
the parameter space for the NS magnetic field and spin
period where the nuclei can be synthesized and sub-
sequently survive disintegration.

V. NEUTRINO PRODUCTION
AND DETECTION PROSPECTS

For the production of quasithermal neutrinos, we adopt
the setup outlined in MDT14. Free neutrons in the outflow
will couple to ions via elastic neutron-proton scatterings.
Protons and neutrons will gain energy through bulk
acceleration. Pion decay then leads to the production of
0.1-10 GeV neutrinos. In our study, the free neutrons are
assumed to come from the photodisintegration of heavy
nuclei synthesized. Throughout this section, we will adopt
Y, =0.5 which yields a constant Y, = 0.5, since we
assume nuclei are fully photodisintegrated.

Neutrons generated due to photodisintegration of heavy
nuclei couple with ions via elastic neutron-proton scatter-
ings. Through this coupling, the neutron Lorentz factor
matches that of the outflow, I', =T,,. Neutrons remain
coupled to the outflow provided 7,, = nwanpR/Fw > 1,
with n,, = M, /(4zR%m ,cT,). The neutrons eventually
decouple at the decoupling radius Ry, defined by
Typ(Raec) = 1. We find that Ry o o !, so it will decrease
with time. On the other hand, R,,,, « 63 and R,, 1, where
t is the time post core collapse. Hence, both R,, and Ry,
will eventually exceed Rge.

The time dependence of the relevant radii and Lorentz
factors is shown in Fig. 3 (cf. Fig. 1 of MDT14). The
left panel depicts the case By, = 10" G and P; =5 ms
which results in R, > Ry achieved before R,, > Re..
Neutrons have the Lorentz factor I'), until the decoupling
time when R, > Ry is reached. After this decoupling
time, the neutrons achieve their maximum Lorentz factor
['(Rg4ec)- The right panel shows the evolution of radii for
Bgip = 10" G and P; = 5 ms, where the radii intersect at
roughly the same time. Note that both panels show cases
where neutrons decouple before #;, and the neutrons
achieve I',, > 1.37, allowing for pion production.

A. Quasithermal neutrino emission

If we consider the configuration with Bg;, < 10 G and
P; > 5 ms, we may encounter cases where R, > Rj..
occurs first. In those situations, we define the time when
R, = Ry, as the neutron decoupling time. Before this
decoupling time, we have I', = I'(R,,,), instead of I'(R,, ).
The maximum Lorentz factor remains as I', = I'(Rye.)
after decoupling time. One common feature of this scenario
is that ;) takes time to build up, which is also why R,
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dashed black lines, respectively. The neutron Lorentz factor saturates to its terminal value after R,, = Ry, and neutrons subsequently
decouple from the outflow. The gray vertical line marks 7 = f,;;, = 70 s. Left (right) panel corresponds to the PNS parameters B, =

10" G (10" G) and P; = 5 ms.

takes longer to exceed Ry... As a result, it takes =10 s
for the outflow to become relativistic and reach the pion
production threshold.

At a given time ¢, the accelerated neutrons have energy
e, = I, (t)m,c* and luminosity L, =Y,[,M,c’. The
neutron luminosity L,, (dot-dashed lines) and quasithermal
neutrino luminosity L,?T (solid lines) is shown as a function
of time in Fig. 4. We see that L, peaks at ~6 s for several
B, and P; configurations. Note that By, = 10'> G and
P;=1ms has a neutron luminosity that peaks at
~10°% ergs~!, which is extremely large. This is in part
driven by f.., = 10> for rapidly rotating PNSs with P; <
1.5 ms [32]. As PNSs with such rapid spin periods are

Time post core collapse [s]

very rare [50], we choose our representative case to be
P; =5 ms. For P, = 5 ms and By, = 10" G, LY" essen-
tially drops to zero at 7 ~ 200 s, because I', = I'(Rye) =
1.45 at the time of decoupling is just above the pion
production threshold. Over time, the neutron Lorentz factor
decreases slightly and, in this case, drops below the
threshold.

After t ~6 s, M, drops as an approximate power law.
Once the neutrons become relativistic, the Lorentz factor
also exhibits an approximate power-law scaling, until it
achieves the maximum value at decoupling. These two
scalings lead to the neutron luminosity dropping as a power
law between 6 seconds until approximately 40 s, when M

102 P,=5ms

1051 4 | Bdip=1015 G —_= L,
105 4 B B;,=10"G — L
Lo% BN B,-10"G

Time post core collapse [s]

FIG. 4. Luminosity L as a function of time post core collapse, for Y, = 0.5. Left (right) panel assumes fixed B, = 105 G
(P; = 5 ms). Solid (dot-dashed) lines correspond to quasithermal neutrino (neutron) luminosities. Neutrino emission is not expected
until the neutrons are decoupled and have reached the pion production threshold. Note that in the right panel, the neutrino luminosity for
Bgi, = 10" G and By;, = 10" G overlap with each other, the latter achieving the neutron decoupling at 7 % 40 s.
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FIG. 5. Time-integrated all-flavor neutrino spectrum e2dN, /de,, for Y, = 0.5. Left (right) panel corresponds to fixed By, = 10 G

(P; =5 ms).

loses its power law behavior. For example By, = 10" G

and P; = 1 ms has L, o t~>3, but the index depends on the
PNS parameters. As we decrease By, and the wind takes
longer to become relativistic, the neutron’s kinetic lumi-
nosity becomes suppressed by the factor ~(T", — 1). While
the wind is nonrelativistic, the factor (I, — 1) and neutron
luminosity L, do not behave as power laws, as seen in
Fig. 4 for By, = 10" G.

For np inelastic collisions and neutrino production to
begin, neutron decoupling needs to occur first. As the wind
propagates through the SN ejecta, ions in the winds are
decelerated at the shock. Then the decoupled neutrons
propagate through the wind and interact in the shocked
wind. Alternatively, neutrons eventually cross the shock
and will collide with the ejecta material, creating pions.
Roughly half of the neutron energy is carried by the leading
nucleon. Approximately ~1/20 of the neutron Kkinetic
energy is carried by each neutrino produced after a single
np inelastic scattering and subsequent pion decay.

To obtain the spectrum of neutrinos that escape the
source, we solve the transport equation for both neutrons
and neutrinos. Denoting by dN(e,t)/de the number of
particles with energies between ¢ and € + de in the PNS
rest frame at time 7, we solve the transport equations for
dN,/de, and dN,/de,,

0 dN, dN
E de = TNej0,C de + Qn(gnvt)
dN,
+/de’,,5(e§1 - en)ne]o",,pcd—eél (8)
le,a dN, do,,

The neutron source term is given by Q,(e,,t) =
(Y, Mp,/m,)H(t — t4.)0(e, — T, (t)m,c?), where H is the

step function. This source term corresponds to a mono-
energetic spectrum injection rate normalized to L,,, and we
only consider neutrons injected after 74.., when they are
able to cross into the SN ejecta. When neutrons at energy ¢,
interact, they are reinjected with half their kinetic energy,
that is, &, = m,c* + K,,(e, — m,c*), where we take
k,p = 0.5. The target proton density n; is the stellar ejecta
density, which is much larger than n,, enabling neutron
depletion. Pions are produced via np collisions, so we only
consider @ = e, pu. In these equations N, corresponds to
the sum of neutrinos and antineutrinos of flavor a.

The cross section 6, and the differential cross sections
do,,/de, for np collisions are obtained numerically with
Geant4 by Refs. [51,52]. The differential cross sections for
neutrino production assume that pions decay quickly,
which is a good approximation as the decay rate for
~1-10 GeV pions is significantly larger than the relevant
cooling rates at these energies. Likewise, the neutrino
absorption term at these energies is negligible for the
target densities in this environment. We propagate until
t = tyin, When neutron injection stops and all neutrinos
produced during 74 <t < tyi, propagate freely and
escape the source. Contributions from later times are
negligible because the neutron luminosity L, has signifi-
cantly decreased. The spectrum at ¢ = t;, is also equal to
the spectrum at escape, as we can neglect neutrino
attenuation at these low neutrino energies.

In Fig. 5 we show the time-integrated all-flavor neutrino
spectra (fluence) for By, = 10'> G and various P; on the
left panel, and with P; = 5 ms and various B, in the right
panel. From the neutrino spectra, we see that most of the
neutron energy is deposited into ~0.1-5 GeV neutrinos.
We note that the choice of the time window, AT = t;,,
may affect the spectra based on the value of 74 for different
PNS parameters. If 4., > f4;,, the fluence is small regard-
less of AT. If t4.. < tiin, then the fluence has contributions
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from t4,.< t < AT, and will saturate for AT 2 t4;,. Finally,
if f4ee ~ tmin, We need #,;, < AT to obtain a nonnegligible
fluence. The spectra shown in Fig. 5 do not have significant
contributions from ¢ > AT = fy,,, except for By, =
1083 G and P; =5 ms. In this exceptional case, the
spectrum drops to zero if the time integral is done only
up to AT = ty;,, because of 14, > AT (see Fig. 4 right
panel). We discuss different choices of AT in Sec. VL.

Each neutrino spectrum has an energy cutoff that reflects
the maximum neutrino energy limited by the parent
neutron’s Lorentz factor at decoupling. It takes longer to
begin neutrino production for weaker By, and longer P;,
because these parameters slow down the growth of I',,, as
shown in Fig. 3.

B. Quasithermal neutrino detection

Neutrinos in the 0.1-10 GeV energy range can be
observed in detectors such as HK, KM3NeT-ORCA, and
IceCube-Upgrade. We consider a Galactic SN located at a
distance d = 10 kpc. We convert the spectra dN,_/de,
into an observed flux ¢, at the observed neutrino energy
E, using

. (10)

I:'b[j :E»a

E 1 2 U..2lU ZdN”ﬂ
bu,( ”“>_WZ Z Uil *|Upil e

i=1 f=epur vp

where the assumption &, =E, holds for sources at

negligible redshift, as is the case for a Galactic SNe. We
calculate the event rates using

N:/dEuAeff<Ev)¢u(Eu)’ (11)

where A is the neutrino effective area depending on the
neutrino flavor and ¢, is the neutrino flux.

To calculate the number of neutrino events in HK, we use
the effective areas reported in Ref. [53] for Super-
Kamiokande (SK). The events in SK are divided into three
classes: fully contained (FC), partially contained (PC), and
upward-going muons (UPMU). In the case of FC events,
we scale the effective area by the fiducial mass ratios
between HK and SK, which is roughly 8.3 (187 kton for
HK and 22.5 kton for SK). The scaling for PC events is
not straightforward because the events initiate outside the
detector volume, so we do not consider them in this work.
For UPMU events, we use half the effective area reported
in Ref. [54], to account for our use of one tank.

In the case of IceCube-Upgrade, the effective areas for
all neutrino flavors are taken from Ref. [55]. It should be
noted that the v, effective area is lower than v, and v, areas
at all energies. For KM3Net-ORCA, the effective volumes
Ve for v, and v, charged current (CC) interactions are
available, which can be converted to A.y; using

Acr = 6“CpN 4V egr, (12)
where ¢C is the CC interaction cross section, N, is
Avogadro’s constant, and p is the water density.

The neutrino energy threshold in HK is 100 MeV for
FC events. IceCube-Upgrade and KM3Net-ORCA have
energy thresholds of ~3 GeV. Within the 0.1-10 GeV
neutrino energy range, the main background is due to
atmospheric neutrinos. We adopt the atmospheric neutrino
flux model by Honda et al. (2011) [56] (henceforth, the
HKKM flux) to calculate the atmospheric background rates
in all three detectors (see Ref. [57] for the comparison with
SK atmospheric neutrino flux measurements). We use the
angle-averaged HKKM flux in Fig. 7 of [57]. We address
the impacts of solar modulation in Sec. VL.

Based on our choice AT = ty;,, we multiply the HKKM
flux by #g,;, = 70 s to obtain a time-integrated background
flux which can be integrated over solid angle and be
inserted in Eq. (11) to estimate the number of background
events. We find 0.27, 0.43, and 0.77 events per 70 seconds
in HK, KM3Net-ORCA, and IceCube-Upgrade, respec-
tively. The total number of neutrino events with energies
E, > 100 MeV for each of the three detectors is summa-
rized in Table I. The biggest difference between different
PNS parameters is the neutron luminosity, which is also
reflected in the number of events.

In Fig. 6 we show the number of events in HK. The
corresponding number of background events is 0.27. From
this background we can derive the sensitivity, defined as the
average 90% CL Feldman-Cousins upper limit [58]. For
HK, this limit is N < 2.51, represented by the dashed blue
curve. The empty white region in Fig. 6 corresponds to

TABLE I. Expected number of E, > 100 MeV events for a
source located at d = 10 kpc, evaluated for various PNS con-
figurations within the chosen time window (¢ < AT). We show
the event numbers for KM3Net-ORCA and IceCube-Upgrade for
CC interactions and the sum of FC and UPMU events in HK.

IceCube-
(Bgip/G, P;/ms) HK KM3Net-ORCA  Upgrade
(10", 1) 2.1 x 10* 1.4 x 10* 4.6 x 10*
(10'3, 3) 1.2 x 10? 13 89
(10", 10) 1.8 1.2 x 1072 5.1x 1072
(103, 30) 2.1x 1072 ~0 ~0
(10", 1) 9.8 x 10> 2.0 x 102 1.1x 103
(10", 3) 8.0 1.1 x 107! 7.7 % 107!
(104, 10) 2.7 x 1072 ~0 ~0
(1014, 30) ~0 ~0 ~0
(10", 1) 4.5 % 107! ~0 ~0
(103, 3) 22 %1072 ~0 ~0
(10'3, 10) ~0 ~0 ~0
(103, 30) ~0 ~0 ~0
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FIG. 6. Number of events with E, > 100 MeV over the
By, —P; parameter space in HK, for a search window
AT =ty;,- The source distance is d = 10 kpc. The sensitivity
of N'=2.51, calculated via the Feldman-Cousins approach, is
shown as a dashed blue curve.

N < 0.1. Here, the pion production threshold is reached
close to ty,, or later, when L, is already low. There are also
cases for which the threshold is not reached before neutron
decoupling takes place, resulting in no quasithermal neu-
trinos (see Table I).

Finally, we note that our numerical calculations confirm
the analytical estimates presented in MDT14. The differ-
ence in the neutrino fluence is mostly due to f, and fep.
For example, we have fq., ~ 1.6 and f,, ~ 6.9 x 107 for
Pi=5ms, and fe,~12 and f,,~4.1x107% for
P; =10 ms. The coasting neutron Lorentz factor is also
affected by f,,. Also, for HK, MDT14 assumes 0.56 Mt
while we use 0.187 Mt.

VI. DISCUSSION

In Sec. IV, we have shown that nuclei can be photo-
disintegrated by nonthermal photons for our chosen PNS
parameter space. In this case the role of Y, is to act as a
normalization factor for ¥, = 1 — Y, as it becomes a time-
independent quantity during the neutrino emission.

The neutrino fluxes in Fig. 5 were obtained for
ttin = 70 s and a stretch factor 5, = 3. The stretch factors
relate the neutrino cooling curve parameters of rapidly
rotating and nonrotating PNS using [32]

~1. . —1/4

Lu - Lu.QzOrls s I lgolss & €u.Q=0Ms . (13)
The stretch factor 7, is expected to be an increasing
function of the PNS angular velocity €. As a result, we
should have #y;, x 7, «x Q, although we assume a fixed
value for 7, in our analysis. Therefore, it is possible that 7y,
is somewhat underestimated (overestimated) for short
(long) P;. The modifications to L, will also affect the
neutron luminosity L,,.

The production of GeV neutrinos has been extensively
discussed in the context of GRBs (e.g., Refs. [51,59-62]).
We stress that the main neutrino production mechanism of
our scenario is different from that in GRBs. In GRBs, there
are three possibilities. First, while neutrons decouple,
protons can continue to accelerate, and their relative motion
may be sufficient to enable high-energy np collisions
within the outflow (e.g., [52,60,61]). Second, after the
decoupling, faster proton outflows may catch up with
slower neutron outflows, inducing internal pn collisions
[51,62]. Alternatively, pn and pp collisions can happen
between compound flows after the decoupling [51,63].
In such a collision model, all neutrons do not have to be
dissipated, and the situation depends on the pn optical
depth [52]. On the other hand, in our scenario [39], all
decoupled neutrons with Lorentz factors of I',, = 1.37 must
dissipate via inelastic collisions with nonrelativistic pro-
tons, and the system is always regarded as an ideal beam
dump. Note that neutrinos produced during the np decou-
pling are typically subdominant. The typical optical depth
for np collisions during the decoupling is O(1072) for Y, ~
1 and scales with Y}/ [61]. The np optical depth in our
scenario is proportional to Y,, so neutrino contributions
from the decoupling can be comparable only when Y, <« 1.

Regardless of the situation leading to inelastic np
collisions, neutral pions are inevitably produced as a result
of these interactions, with GeV gamma-ray emission.
However, in our scenario, this signal must be attenuated
as they propagate through the SN ejecta. The Bethe-Heitler
optical depth is very large at times ¢ < 10° s and GeV-TeV
gamma rays cannot leave the ejecta until 7 2 50 days post
core collapse, due to two-photon annihilation [39].

Note that, by using the angle-averaged HKKM flux in
Ref. [57], our calculation of the number of UPMU events
does not account for the difference between upgoing and
downgoing atmospheric neutrino fluxes. For SK in par-
ticular (and HK by extension), which has a low energy
threshold, solar modulation can affect the atmospheric flux
normalization by ~20% for downgoing neutrinos below
1 GeV [57]. For the other two detectors, solar modulation
does not affect neutrinos at GeV energies. We point out that
a ~20% difference in the atmospheric neutrino flux for HK
would still lead to less than 1 fully contained event within
our chosen time window. Applying these corrections to the
atmospheric flux is not expected to result in a significant
difference in the background rates, so our statements
regarding detectability remain unchanged.

We find that HK is sensitive to neutrino emission from
hidden winds in PNSs. When Bg, = 10" G, HK is
sensitive to neutrino emission from P; <7 ms. As the
PNS magnetic field gets weaker, the sensitivity to P;
weakens, dropping to P; <3.2ms for By, =10" G.
For weak fields By, ~ 10'* G, neutrino events are signifi-
cantly reduced as it takes very long for the outflow to
decouple, and the Lorentz factors are not significantly
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above the threshold value of 1.37. In Fig. 5 we see that there
is a flux of 1-10 GeV neutrinos, which can potentially be
detected by IceCube-Upgrade and KM3Net-ORCA.
However, once we estimate the number of events from
these detectors, the sensitivity only improves marginally.
This is due to the fact that an increase in the number of
signal events is offset by the increased background rate
from the detectors. Consequently, the combined sensitivity
curve corresponding to N < 3.85 almost overlaps com-
pletely with the blue curve depicted in Fig. 6, meaning that
the parameter space sensitivity remains essentially the
same. The calculation of A also implicitly assumes that
the explosion timing is known. Estimates of the explosion
time can be made via neutrino-gravitational wave [64] or
neutrino-optical [65] coincident detections. If the uncer-
tainty on the time window estimate is 210 s, then the
atmospheric background can be larger, which in turn would
weaken our sensitivity.

The choice of AT = t,;, is motivated by the behavior of
M, as a function of time, such that the neutron luminosity
would significantly decrease after z,;, when compared to
earlier times. Extending the signal search time window to
AT =100 s only leads to <1% differences in the time-
integrated spectra for our most energetic configurations. In
this case, our overall sensitivity also decreases as we
accumulate more background events and the signal-to-
noise ratio decreases. The effect of shortening AT depends
on the PNS parameters, specifically their impact on 4.
Decoupling can take up to 80 s, with longer P; and weaker
Bgip typically leading to longer fgecIf 74ec ~ fpin, then
reducing AT has a major impact on the neutrino signal.
The accompanying MeV neutrino signal from the SN
would be detected in HK, and help us estimate #;,,, which
can then be used as the time window AT for the GeV
neutrino signal search. Otherwise, AT = 70-100 s would
be a reasonable choice for observational search.

It should be noted that the inclusion of more neutrino
detectors does not significantly improve our access to the
white region in Fig. 6, where neutrino emission from the
source itself is significantly suppressed. While detection
prospects are not improved by using additional detectors,
the increased statistics in the parameter space that we are
sensitive to can be used to narrow down the (Bgip, P;)
parameter space for PNS progenitors, once these high-
energy neutrinos are detected.

VII. SUMMARY

The majority of core-collapse SNe are believed to leave
PNSs as compact remnants, and some of them may turn out
to be rapidly rotating and/or strongly magnetized. The PNS
wind eventually becomes Poynting dominated, and their

magnetic energy will be converted into the bulk kinetic
energy. Given that free neutrons are entrained in the wind,
inelastic np collisions lead to pions that decay into
neutrinos in the 0.1-10 GeV range. The neutrino energy
at which e2dN,/de, peaks is insensitive to the PNS
parameters, and most of the neutrinos are emitted within
the first ~70 s postcollapse. While we confirmed the
scenario by MDT14, our results are more quantitative.
The mechanism considered in this work relies on bulk
acceleration of the outflow but not on cosmic-ray
acceleration.

Our results pave the way to study the next Galactic SN as
a multienergy neutrino source from MeV to PeV energies.
Using the MeV thermal neutrino component from the
CCSN would also be useful in removing parameter
degeneracies. The MeV neutrinos contain information on
L, from the neutrino cooling phase. This would allow us to
separate L, from fp, fcen, and I, which are related to the
magnetization. Detection of quasithermal GeV neutrinos is
a strong indicator of relativistic neutron outflows. The next
Galactic SN may give us an opportunity to study PNS
parameters through quasithermal neutrinos. Rapidly rotat-
ing magnetars are particularly motivated by observations
of SNe Ibc, including SNe Ibc-BL and SLSNe-I, in
which nonthermal neutrinos with £, 2> 1 TeV and accom-
panying electromagnetic emissions may also be expected
[22,66,67]. Multienergy neutrino emission can help us
understand the connection between SNe and GRBs.

ACKNOWLEDGMENTS

J. C. was supported by the NSF Grants No. AST-1908689
and No. AST-2108466. J.C. also acknowledges the
Nevada Center for Astrophysics and NASA Award
No. 80ONSSC23M0104 for support. N. E. is supported by
NSF Grant No. AST-1908960. M. B. acknowledges support
from the Eberly Research Fellowship at the Pennsylvania
State University and the Simons Collaboration on Extreme
Electrodynamics of Compact Sources (SCEECS)
Postdoctoral Fellowship at Wisconsin IceCube Particle
Astrophysics Center (WIPAC), University of Wisconsin-
Madison. The work of K. M. is supported by the NSF Grant
No. AST-1908689, No. AST- 2108466, No. AST-2108467,
and No. AST-2308021. The work of S. H. is supported by
the U.S. Department of Energy Office of Science under
Award No. DE-SC0020262, NSF Grants No. AST1908960
and No. PHY-2209420, JSPS KAKENHI Grants
Number JP22K03630 and JP23H04899, and the Julian
Schwinger Foundation. This work was supported by
World Premier International Research Center Initiative
(WPI Initiative), MEXT, Japan.

083012-10



QUASITHERMAL GEV NEUTRINOS FROM NEUTRON-LOADED ...

PHYS. REV. D 110, 083012 (2024)

[1] F. C. Michel, Relativistic stellar-wind torques, Astrophys. J.
158, 727 (1969).

[2] Y. Lyubarsky and J. G. Kirk, Reconnection in a striped
pulsar wind, Astrophys. J. 547, 437 (2001).

[3] G. Drenkhahn and H. C. Spruit, Efficient acceleration and
radiation in Poynting flux powered GRB outflows, Astron.
Astrophys. 391, 1141 (2002).

[4] T. A. Thompson, P. Chang, and E. Quataert, Magnetar spin-
down, hyperenergetic supernovae, and gamma-ray bursts,
Astrophys. J. 611, 380 (2004).

[5] S.E. Woosley and J. S. Bloom, The supernova gamma-ray
burst connection, Annu. Rev. Astron. Astrophys. 44, 507
(2006).

[6] O. Bromberg, E. Nakar, T. Piran, and R. Sari, Short vs long
and collapsars vs non-collapsar: A quantitative classification
of GRBs, Astrophys. J. 764, 179 (2013).

[7] B. D. Metzger, B. Margalit, D. Kasen, and E. Quataert, The
diversity of transients from magnetar birth in core collapse
supernovae, Mon. Not. R. Astron. Soc. 454, 3311 (2015).

[8] K. Kashiyama, K. Murase, 1. Bartos, K. Kiuchi, and R.
Margutti, Multi-messenger tests for fast-spinning newborn
pulsars embedded in stripped-envelope supernovae,
Astrophys. J. 818, 94 (2016).

[9] B. Margalit, B. D. Metzger, T. A. Thompson, M. Nicholl,
and T. Sukhbold, The GRB-SLSN connection: Misaligned
magnetars, weak jet emergence, and observational signa-
tures, Mon. Not. R. Astron. Soc. 475, 2659 (2018).

[10] Y.-W. Yu, J.-P. Zhu, S.-Z. Li, H.-J. Li, and Y.-C. Zou,
A statistical study of superluminous supernovae using the
magnetar engine model and implications for their connec-
tion with gamma-ray bursts and hypernovae, Astrophys. J.
840, 12 (2017).

[11] M. Bhattacharya, J. A. Carpio, K. Murase, and S. Horiuchi,
High-energy neutrino emission from magnetised jets of
rapidly rotating protomagnetars, Mon. Not. R. Astron. Soc.
521, 2391 (2023).

[12] A.D. Vlasov, B. D. Metzger, J. Lippuner, L. F. Roberts, and
T. A. Thompson, Neutrino-heated winds from millisecond
protomagnetars as sources of the weak r-process, Mon. Not.
R. Astron. Soc. 468, 1522 (2017).

[13] M. Bhattacharya, S. Horiuchi, and K. Murase, On the
synthesis of heavy nuclei in protomagnetar outflows and
implications for ultra-high energy cosmic rays, Mon. Not.
R. Astron. Soc. 514, 6011 (2022).

[14] N. Ekanger, M. Bhattacharya, and S. Horiuchi, Systematic
exploration of heavy element nucleosynthesis in protomag-
netar outflows, Mon. Not. R. Astron. Soc. 513, 405
(2022).

[15] M. Reichert, M. Obergaulinger, M. A. Aloy, M. Gabler,
A. Arcones, and F.K. Thielemann, Magnetorotational
supernovae: A nucleosynthetic analysis of sophisticated
3D models, Mon. Not. R. Astron. Soc. 518, 1557 (2023).

[16] N. Ekanger, M. Bhattacharya, and S. Horiuchi, Nucleosyn-
thesis in outflows of compact objects and detection pros-
pects of associated kilonovae, Mon. Not. R. Astron. Soc.
525, 2040 (2023).

[17] S. Horiuchi, K. Murase, K. Ioka, and P. Mészaros, The
survival of nuclei in jets associated with core-collapse
supernovae and gamma-ray bursts, Astrophys. J. 753, 69
(2012).

[18] K. Murase, B. Dasgupta, and T. A. Thompson, Quasither-
mal neutrinos from rotating protoneutron stars born during
core collapse of massive stars, Phys. Rev. D 89, 043012
(2014).

[19] K. Murase and K. Ioka, TeV-PeV neutrinos from low-power
gamma-ray burst jets inside stars, Phys. Rev. Lett. 111,
121102 (2013).

[20] E. O’Connor et al., Global comparison of core-collapse
supernova simulations in spherical symmetry, J. Phys. G 45,
104001 (2018).

[21] K. Abe et al. (Hyper-Kamiokande Collaboration), Super-
nova model discrimination with Hyper-Kamiokande,
Astrophys. J. 916, 15 (2021).

[22] K. Murase, New prospects for detecting high-energy neu-
trinos from nearby supernovae, Phys. Rev. D 97, 081301
(2018).

[23] N. Smith, The Crab nebula and the class of type IIn-P
supernovae caused by sub-energetic electron capture ex-
plosions, Mon. Not. R. Astron. Soc. 434, 102 (2013).

[24] F.F. Kou and H. Tong, Rotational evolution of the Crab
pulsar in the wind braking model, Mon. Not. R. Astron. Soc.
450, 1990 (2015).

[25] R. M. Quimby et al., Hydrogen-poor superluminous stellar
explosions, Nature (London) 474, 487 (2011).

[26] A. Gal-Yam, Luminous supernovae, Science 337, 927
(2012).

[27] K. Maeda, M. Tanaka, K. Nomoto, N. Tominaga, K.
Kawabata, P. A. Mazzali, H. Umeda, T. Suzuki, and T.
Hattori, The unique type Ib supernova 2005bf at Nebular
phases: A possible birth event of a strongly magnetized
neutron star, Astrophys. J. 666, 1069 (2007).

[28] S.E. Woosley, Bright supernovae from magnetar birth,
Astrophys. J. Lett. 719, L204 (2010).

[29] J. Dexter and D. Kasen, Supernova light curves powered by
fallback accretion, Astrophys. J. 772, 30 (2013).

[30] S.M. Adams, C.S. Kochanek, J. F. Beacom, M. R. Vagins,
and K.Z. Stanek, Observing the next galactic supernova,
Astrophys. J. 778, 164 (2013).

[31] Y. Qian and S.E. Woosley, Nucleosynthesis in neutrino-
driven winds. I. The physical conditions, Astrophys. J. 471,
331 (1996).

[32] B. D. Metzger, D. neutron, T. A. Thompson, N. Bucciantini,
and E. Quataert, The protomagnetar model for gamma-ray
bursts, Mon. Not. R. Astron. Soc. 413, 2031 (2011).

[33] J. A. Pons, S. Reddy, M. Prakash, J. M. Lattimer, and J. A.
Miralles, Evolution of proto—neutron stars, Astrophys. J.
513, 780 (1999).

[34] R. A. Chevalier and C. Fransson, Pulsar nebulae in super-
novae, Astrophys. J. 395, 540 (1992).

[35] N. Bucciantini, E. Quataert, B.D. Metzger, T.A.
Thompson, J. Arons, and L. Del Zanna, Magnetized
relativistic jets and long-duration GRBs from magnetar
spin-down during core-collapse supernovae, Mon. Not. R.
Astron. Soc. 396, 2038 (2009).

[36] K. Kotera, E. S. Phinney, and A. V. Olinto, Signatures of
pulsars in the light curves of newly formed supernova
remnants, Mon. Not. R. Astron. Soc. 432, 3228 (2013).

[37] K. Hotokezaka, K. Kashiyama, and K. Murase, Rapidly
rising optical transients from the birth of binary neutron
stars, Astrophys. J. 850, 18 (2017).

083012-11


https://doi.org/10.1086/150233
https://doi.org/10.1086/150233
https://doi.org/10.1086/318354
https://doi.org/10.1051/0004-6361:20020839
https://doi.org/10.1051/0004-6361:20020839
https://doi.org/10.1086/421969
https://doi.org/10.1146/annurev.astro.43.072103.150558
https://doi.org/10.1146/annurev.astro.43.072103.150558
https://doi.org/10.1088/0004-637X/764/2/179
https://doi.org/10.1093/mnras/stv2224
https://doi.org/10.3847/0004-637X/818/1/94
https://doi.org/10.1093/mnras/sty013
https://doi.org/10.3847/1538-4357/aa6c27
https://doi.org/10.3847/1538-4357/aa6c27
https://doi.org/10.1093/mnras/stad494
https://doi.org/10.1093/mnras/stad494
https://doi.org/10.1093/mnras/stx478
https://doi.org/10.1093/mnras/stx478
https://doi.org/10.1093/mnras/stac1721
https://doi.org/10.1093/mnras/stac1721
https://doi.org/10.1093/mnras/stac896
https://doi.org/10.1093/mnras/stac896
https://doi.org/10.1093/mnras/stac3185
https://doi.org/10.1093/mnras/stad2348
https://doi.org/10.1093/mnras/stad2348
https://doi.org/10.1088/0004-637X/753/1/69
https://doi.org/10.1088/0004-637X/753/1/69
https://doi.org/10.1103/PhysRevD.89.043012
https://doi.org/10.1103/PhysRevD.89.043012
https://doi.org/10.1103/PhysRevLett.111.121102
https://doi.org/10.1103/PhysRevLett.111.121102
https://doi.org/10.1088/1361-6471/aadeae
https://doi.org/10.1088/1361-6471/aadeae
https://doi.org/10.3847/1538-4357/abf7c4
https://doi.org/10.1103/PhysRevD.97.081301
https://doi.org/10.1103/PhysRevD.97.081301
https://doi.org/10.1093/mnras/stt1004
https://doi.org/10.1093/mnras/stv734
https://doi.org/10.1093/mnras/stv734
https://doi.org/10.1038/nature10095
https://doi.org/10.1126/science.1203601
https://doi.org/10.1126/science.1203601
https://doi.org/10.1086/520054
https://doi.org/10.1088/2041-8205/719/2/L204
https://doi.org/10.1088/0004-637X/772/1/30
https://doi.org/10.1088/0004-637X/778/2/164
https://doi.org/10.1086/177973
https://doi.org/10.1086/177973
https://doi.org/10.1111/j.1365-2966.2011.18280.x
https://doi.org/10.1086/306889
https://doi.org/10.1086/306889
https://doi.org/10.1086/171674
https://doi.org/10.1111/j.1365-2966.2009.14940.x
https://doi.org/10.1111/j.1365-2966.2009.14940.x
https://doi.org/10.1093/mnras/stt680
https://doi.org/10.3847/1538-4357/aa8c7d

JOSE A. CARPIO et al.

PHYS. REV. D 110, 083012 (2024)

[38] B. Margalit, B.D. Metzger, E. Berger, M. Nicholl, T.
Eftekhari, and R. Margutti, Unveiling the engines of fast
radio bursts, superluminous supernovae, and gamma-ray
bursts, Mon. Not. R. Astron. Soc. 481, 2407 (2018).

[39] K. Murase, K. Kashiyama, K. Kiuchi, and I. Bartos,
Gamma-ray and hard X-ray emission from pulsar-
aided supernovae as a probe of particle acceleration in
embryonic pulsar wind nebulae, Astrophys. J. 805, 82
(2015).

[40] D. A. Uzdensky and A. Spitkovsky, Physical conditions in
the reconnection layer in pulsar magnetospheres, Astrophys.
J. 780, 3 (2014).

[41] B. Cerutti, A. Philippov, K. Parfrey, and A. Spitkovsky,
Particle acceleration in axisymmetric pulsar current sheets,
Mon. Not. R. Astron. Soc. 448, 606 (2015).

[42] A.A. Philippov and A. Spitkovsky, Ab-initio pulsar mag-
netosphere: Particle acceleration in oblique rotators and
high-energy emission modeling, Astrophys. J. 855, 94
(2018).

[43] P. Goldreich and W.H. Julian, Pulsar electrodynamics,
Astrophys. J. 157, 869 (1969).

[44] N. Bucciantini, J. Arons, and E. Amato, Modelling spectral
evolution of pulsar wind nebulae inside supernova rem-
nants, Mon. Not. R. Astron. Soc. 410, 381 (2011).

[45] A.N. Timokhin and A.K. Harding, On the polar cap
cascade pair multiplicity of young pulsars, Astrophys. J.
810, 144 (2015).

[46] J. P. Rachen, Interaction processes and statistical properties
of the propagation of cosmic rays in photon backgrounds,
Ph.D. thesis, Max-Planck-Institute for Radioastronomy,
Bonn, 1996.

[47] N. Ekanger et al. (to be published).

[48] K. Murase, K. Kashiyama, and P. Mészaros, A burst in a
wind bubble and the impact on baryonic ejecta: High-energy
gamma-ray flashes and afterglows from fast radio bursts and
pulsar-driven supernova remnants, Mon. Not. R. Astron.
Soc. 461, 1498 (2016); 467, 3542(E) (2017).

[49] X.-Y. Wang, S. Razzaque, and P. Meszaros, On the origin
and survival of UHE cosmic-ray nuclei in GRBs and
hypernovae, Astrophys. J. 677, 432 (2008).

[50] ATNF pulsar catalogue v1.70, https://www.atnf.csiro.au/
research/pulsar/psrcat/.

[51] K. Murase, K. Kashiyama, and P. Mészdros, Subphoto-
spheric neutrinos from gamma-ray bursts: The role of
neutrons, Phys. Rev. Lett. 111, 131102 (2013).

[52] K. Murase, M. Mukhopadhyay, A. Kheirandish, S.S.
Kimura, and K. Fang, Neutrinos from the brightest
gamma-ray burst?, Astrophys. J. Lett. 941, L10 (2022).

[53] K. Abe et al. (Super-Kamiokande Collaboration), Search for
neutrinos in coincidence with gravitational wave events
from the LIGO-Virgo O3a observing run with the Super-
Kamiokande detector, Astrophys. J. 918, 78 (2021).

[54] K.e.a. Abe, Letter of intent: The Hyper-Kamiokande
experiment—detector design and physics potential—,
arXiv:1109.3262.

[55] K. Clark (IceCube-Gen2 Collaboration), Status of the
PINGU detector, Proc. Sci. ICRC2015 (2016) 1174.

[56] M. Honda, T. Kajita, K. Kasahara, and S. Midorikawa,
Improvement of low energy atmospheric neutrino flux
calculation using the JAM nuclear interaction model, Phys.
Rev. D 83, 123001 (2011).

[57] E. Richard et al. (Super-Kamiokande Collaboration),
Measurements of the atmospheric neutrino flux by Super-
Kamiokande: Energy spectra, geomagnetic effects, and
solar modulation, Phys. Rev. D 94, 052001 (2016).

[58] G.J. Feldman and R. D. Cousins, A unified approach to the
classical statistical analysis of small signals, Phys. Rev. D
57, 3873 (1998).

[59] E. V. Derishev, V. V. Kocharovsky, and V. V. Kocharovsky,
The neutron component in fireballs of gamma-ray bursts:
Dynamics and observable imprints, Astrophys. J. 521, 640
(1999).

[60] J. N. Bahcall and P. Meszaros, 5-GeV to 10-GeV neutrinos
from gamma-ray burst fireballs, Phys. Rev. Lett. 85, 1362
(2000).

[61] H.B.J. Koers and D. Giannios, Neutron-rich gamma-ray
burst flows: Dynamics and particle creation in neutron-
proton collisions, Astron. Astrophys. 471, 395 (2007).

[62] A. M. Beloborodov, Collisional mechanism for GRB emis-
sion, Mon. Not. R. Astron. Soc. 407, 1033 (2010).

[63] P. Meszaros and M. J. Rees, Multi GeV neutrinos from
internal dissipation in GRB fireballs, Astrophys. J. Lett.
541, L5 (2000).

[64] 1. Bartos, P. Brady, and S. Marka, How gravitational-wave
observations can shape the gamma-ray burst paradigm,
Classical Quantum Gravity 30, 123001 (2013).

[65] D.F. Cowen, A. Franckowiak, and M. Kowalski, Estimating
the explosion time of core-collapse supernovae from their
optical light curves, Astropart. Phys. 33, 19 (2010).

[66] K. Murase, P. Meszaros, and B. Zhang, Probing the birth of
fast rotating magnetars through high-energy neutrinos,
Phys. Rev. D 79, 103001 (2009).

[67] K. Kashiyama, K. Murase, and P. Mészdros, Neutron-
proton-converter acceleration mechanism at subphoto-
spheres of relativistic outflows, Phys. Rev. Lett. 111,
131103 (2013).

083012-12


https://doi.org/10.1093/mnras/sty2417
https://doi.org/10.1088/0004-637X/805/1/82
https://doi.org/10.1088/0004-637X/805/1/82
https://doi.org/10.1088/0004-637X/780/1/3
https://doi.org/10.1088/0004-637X/780/1/3
https://doi.org/10.1093/mnras/stv042
https://doi.org/10.3847/1538-4357/aaabbc
https://doi.org/10.3847/1538-4357/aaabbc
https://doi.org/10.1086/150119
https://doi.org/10.1111/j.1365-2966.2010.17449.x
https://doi.org/10.1088/0004-637X/810/2/144
https://doi.org/10.1088/0004-637X/810/2/144
https://doi.org/10.1093/mnras/stw1328
https://doi.org/10.1093/mnras/stw1328
https://doi.org/10.1093/mnras/stx310
https://doi.org/10.1086/529018
https://www.atnf.csiro.au/research/pulsar/psrcat/
https://www.atnf.csiro.au/research/pulsar/psrcat/
https://www.atnf.csiro.au/research/pulsar/psrcat/
https://www.atnf.csiro.au/research/pulsar/psrcat/
https://www.atnf.csiro.au/research/pulsar/psrcat/
https://doi.org/10.1103/PhysRevLett.111.131102
https://doi.org/10.3847/2041-8213/aca3ae
https://doi.org/10.3847/1538-4357/ac0d5a
https://arXiv.org/abs/1109.3262
https://doi.org/10.22323/1.236.1174
https://doi.org/10.1103/PhysRevD.83.123001
https://doi.org/10.1103/PhysRevD.83.123001
https://doi.org/10.1103/PhysRevD.94.052001
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1086/307574
https://doi.org/10.1086/307574
https://doi.org/10.1103/PhysRevLett.85.1362
https://doi.org/10.1103/PhysRevLett.85.1362
https://doi.org/10.1051/0004-6361:20077560
https://doi.org/10.1111/j.1365-2966.2010.16770.x
https://doi.org/10.1086/312894
https://doi.org/10.1086/312894
https://doi.org/10.1088/0264-9381/30/12/123001
https://doi.org/10.1016/j.astropartphys.2009.10.007
https://doi.org/10.1103/PhysRevD.79.103001
https://doi.org/10.1103/PhysRevLett.111.131103
https://doi.org/10.1103/PhysRevLett.111.131103

