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ABSTRACT

We present a comprehensive study of neutrino shock acceleration in core-collapse supernova (CCSN). The leading players are
heavy leptonic neutrinos, v,, and v,; the former and latter potentially gain the energy up to ~100 and ~200 MeV, respectively,
through the shock acceleration. Demonstrating the neutrino shock acceleration by Monte Carlo neutrino transport, we make
a statement that it commonly occurs in the early post-bounce phase (<50 ms after bounce) for all massive stellar collapse
experiencing nuclear bounce and would reoccur in the late phase (=100 ms) for failed CCSNe. This opens up a new possibility to
detect high energy neutrinos by terrestrial detectors from Galactic CCSNe; hence, we estimate the event counts for Hyper(Super)-
Kamiokande, DUNE, and JUNO. We find that the event count with the energy of >80 MeV is a few orders of magnitude higher
than that of the thermal neutrinos regardless of the detectors, and muon production may also happen in these detectors by v, with
the energy of 2100 MeV. The neutrino signals provide a precious information on deciphering the inner dynamics of CCSN and
placing a constraint on the physics of neutrino oscillation; indeed, the detection of the high energy neutrinos through charged

current reaction channels will be a smoking gun evidence of neutrino flavour conversion.
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1 INTRODUCTION

Great effort has been dedicated over the past decades to study the
mechanism of core-collapse supernova (CCSN) (see recent reviews
e.g. Foglizzo et al. 2015; Mirizzi et al. 2016; Janka 2017a, b; Burrows
etal. 2018; Horiuchi & Kneller 2018; Miiller 2019; Mezzacappa et al.
2020a). The canonical theory of driving the explosion is the neutrino-
heating mechanism aided by multidimensional fluid instabilities.
The thermal energy of proto-neutron star (PNS) is radiated and
spatially transported by neutrinos, and then a fraction of the energy
is converted into the post-shock matter by neutrino absorptions and
non-isoenergetic scatterings, meanwhile the turbulent pressure is
also increased due to the vigorous development of multidimensional
fluid instabilities behind the shock; the non-linear coupling results
in pushing the shock wave forward (see e.g. Mabanta, Murphy &
Dolence 2019; Nagakura et al. 2019b; Burrows et al. 2020; Couch,
Warren & O’Connor 2020). If they are sufficient to prevail over
accretion ram pressure, the shock wave transits into a runaway
expansion phase, which marks successful explosions. In some
peculiar cases, the PNS is supposed to collapse to a black hole
(BH) if the mass accretion rate continues at a high rate even after
shock revival (fall-back mechanism; see e.g. Brown & Bethe 1994;
Ott et al. 2018; Pan et al. 2018), or if the shock revival is failed
due to extremely high mass accretion rate (failed CCSN; see e.g.
MacFadyen & Woosley 1999; MacFadyen, Woosley & Heger 2001;
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Sumiyoshi et al. 2006; O’Connor & Ott 2011; Sekiguchi & Shibata
2011; Walk et al. 2020). Those scenarios are, however, conceived by
purely theoretical arguments, indicating that they are still provisional.
Comprehensive understanding of the CCSN dynamics requires the
observational evidence that will be brought by neutrinos (Hiidepohl
et al. 2010; Nakazato et al. 2013; Seadrow et al. 2018; Suwa et al.
2019a; Nagakura et al. 2021) and gravitational waves (Kuroda,
Kotake & Takiwaki 2016; Morozova et al. 2018; Andresen et al.
2019; Powell & Miiller 2019; Radice et al. 2019; Sotani & Sumiyoshi
2019; Mezzacappa et al. 2020b; Sotani & Takiwaki 2020), and their
joint analysis (Nakamura et al. 2016; Takiwaki & Kotake 2018;
Vartanyan, Burrows & Radice 2019; Shibagaki et al. 2020; Warren
et al. 2020).

The detection of neutrino signals is promising if CCSNe occur
in our Galaxy. The history assures the feasibility; a breakthrough
in the study of CCSN was made by the detections of neutrinos
from SN 1987A occurred in the Large Magellanic Could (Bionta
et al. 1987; Hirata et al. 1987; Alexeyev et al. 1988), in which
the hypothesis that CCSNe are associated with the formation of
a neutron star was proven. Over the last three decades, the scale
and sensitivity of neutrino detectors have been expanded (see e.g.
Scholberg 2012; Horiuchi & Kneller 2018); for instance, Super-
Kamiokande (SK) is a water-Cherenkov detector in operation,
which has a capability of detecting ten thousands of neutrinos from
Galactic CCSN (Ikeda et al. 2007). In several years, larger scale
detectors will be available; Hyper-Kamiokande (HK) is a scaled-up
detector from SK, which will be available from 2027 and its fiducial
volume will be several times larger than SK (Hyper-Kamiokande
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Proto-Collaboration et al. 2018). There are other future-planed
neutrino detectors with different detection techniques; the Jiangmen
Underground Neutrino Observatory (JUNO) (An et al. 2016), a
20 kton liquid scintillator detector, will be soon in operation from
2021; the Deep Underground Neutrino Experiment, DUNE (Acciarri
et al. 2016; Ankowski et al. 2016; Abi et al. 2020), is another future-
planned one, in which 40 kton liquid-argon time-projection-chamber
will be implemented. The coincidental neutrino detection by multiple
detectors will shed light on the detailed features of CCSN neutrinos
signals (Nagakura 2021). As such, the international network of these
neutrino experiments is crucial for the analysis of CCSN neutrinos
and their theoretical connection will be also tightened accordingly
(see e.g. SNEWS collaboration, Antonioli et al. 2004).

It is interesting to consider how we take advantage of a large
number of neutrino event counts (>1000) to extract the information
on the inner dynamics of CCSN. The time structure in neutrino
signals is one of the targets, which will be resolved with a time-scale
of a few tens of milliseconds (see e.g. Seadrow et al. 2018). Since the
time evolution of the mass accretion rate in CCSN is imprinted in the
neutrino signal, the timing of shock revival, progenitor structure, and
BH formation (if happens, see e.g. Sekiguchi & Shibata 2011; Walk
et al. 2020) would be constrained. Another interesting possibility is
that the detailed feature of the energy spectrum of neutrinos can be
investigated with high statistics data. The spectrum can be extracted
by applying some statistical methods (Barger, Marfatia & Wood
2002; Minakata 2002; Minakata et al. 2008; Laha & Beacom 2014;
Lu, Li & Zhou 2016; Gallo Rosso, Vissani & Volpe 2017; Gallo
Rosso, Vissani & Volpe 2018; Nikrant, Laha & Horiuchi 2018) or
direct spectrum unfolding techniques (Li et al. 2019; Nagakura 2021;
Nagakura et al. 2021) to the observed data. The flavour-dependent
feature in the spectrum will be useful to prove matter state of the
CCSN core and also clue to study neutrino flavour conversion.

Most previous studies have paid attention to the energy region with
a few tens of MeV (but see Murase, Dasgupta & Thompson 2014),
which makes sense, since neutrinos with the energy of < 20 MeV are
supposed to be dominant for CCSN neutrinos. This is also supported
from the aspect of weak interactions; the neutrino sphere of the high
energy neutrinos is located at larger radii due to the large neutrino-
matter cross sections. Since the matter temperature at the large radii
is low (< a few MeV), the neutrino emission above 50 MeV would
be very weak. For these reasons, they have gained less attention from
the community.

In this paper, we study the energy-dependent feature of neutrinos,
focusing on the high energy region (=50 MeV), where high energy
neutrinos can be produced via a non-thermal process, neutrino shock
acceleration. The possibility of the neutrino shock acceleration in
CCSNe was first pointed out by Kazanas & Ellison (1981), in
which it was demonstrated by a Monte Carlo neutrino transport
with an opacity of coherent scattering of °Fe. Giovanoni, Ellison &
Bruenn (1989) demonstrated the neutrino shock acceleration with
more neutrino interactions, although the CCSN simulations and
the input physics were based on old-fashioned models. It should
be also mentioned that the neutrino shock acceleration is naturally
included in CCSN simulations with fluid-velocity dependent spectral
neutrino transport; indeed, we will show an evidence for neutrino
acceleration seen in a CCSN simulation in Section 2. However, there
are practical problems for the accurate computation (see Section 2 for
more details), which have prevented us from making the predictions
for observable signatures of neutrino acceleration. On the other
hand, as we shall show below, this process commonly occurs in
all massive stellar collapse, indicating that this opens us a new
possibility of detecting the high energy neutrinos by current- and
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future terrestrial detectors. In this paper, we reveal the conditions for
which neutrino acceleration occurs, and also discuss the detectability
of ~100 MeV neutrinos created by the shock acceleration, which
have not been considered in previous studies. This paper is, hence,
the first comprehensive study of the acceleration conditions, neutrino
spectra, and observational consequences.

As we shall see in Section 4, the detection of high energy
neutrinos with 2100 MeV will be an evidence that the neutrino shock
acceleration occurs deep inside the CCSN core, and the neutrino
spectrum would reflect the property of the shock wave. It should
be also mentioned that the neutrino acceleration is strongly flavour-
dependent, which is useful to prove the neutrino flavour conversion.
As we shall describe in Section 2, the high energy neutrinos can
be only created for mu- and tau neutrinos (hereafter v, and v,
respectively). Interestingly, the difference emerges even between v,
and v, above the energy of ~100MeV due to the appearance of
charged-current reactions with muons. By virtue of the remarkable
flavour-dependent feature, the detection of high-energy neutrinos
in terrestrial detectors through charged-current reaction channels
(see Section 4 for more details) will be a smoking gun evidence
that the neutrino goes through flavour conversions inside of the
CCSN progenitor. Furthermore, charged-current reaction channels
with v, and b, would yield muons in detectors, which can be used to
constrain neutrino mass hierarchy and the mixing angles, in principle.
We discuss these observational consequence of the neutrino shock
acceleration, although there remains work needed. More quantitative
assessments require improvements in various elements, which will
be also described in this paper.

This paper is organized as follows. In Section 2, we first describe
the mechanism of neutrino shock acceleration. We also present an
evidence of the neutrino shock acceleration witnessed in previous
CCSN simulations, which further strengthens our argument. We
then demonstrate the neutrino shock acceleration by carrying out
a post-processing neutrino transport simulations with a Monte Carlo
transport method. The details of the input physics, setup, and the
results are summarized in Section 3. In Section 4, we assess the
detectability of high energy neutrinos with taking into account
neutrino flavour conversions and detector configurations. Finally,
we summarize our conclusion in Section 5.

2 NEUTRINO SHOCK ACCELERATION

Gravitational collapse of iron core abruptly ends when the inner
core (homologously collapsing core) exceeds the nuclear density.
The inner core rebounds due to the sharp rise of incompressibility,
which forms a bounce shock wave at a mass coordinate of ~0.5M,.
This region is opaque for all energies — and flavours of neutrinos,
implying that neutrinos achieve thermal — and chemical equilibrium
with matter. The shock wave propagates through supersonically
infalling outer core and it transits to the semitransparent region
where neutrinos weakly couple with matter. This is the region where
neutrinos experience the shock acceleration. Note that the shock
acceleration occurs only if the neutrino absorption is negligible, i.e.
heavy leptonic neutrinos are the leading players. To facilitate readers’
understanding, we provide a schematic picture of the system in Fig. 1.

The acceleration mechanism is essentially the same as the first-
order Fermi-acceleration (diffusive shock acceleration), but neutri-
nos are scattered by nucleons, electrons, and nuclei. Let us consider
that a shock wave propagates in the scattering atmosphere at a radius
of rg, and the matter in the upstream (downstream) has a velocity of
v, (vg). The fractional change of the neutrino’s energy, E, at each
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Figure 1. Schematic picture of the neutrino shock acceleration in CCSN.
Note that the shock acceleration occurs only for v, vz, and their antipartners
(see the text for more details). Those neutrinos are emitted at the energy sphere
(which is almost identical to the neutrino sphere and located at ~30 km) with a
thermal spectrum. During the flight in the post-shock flows, they go through
multiple-scatterings, which influences on the thermal spectrum, although
the spectrum sustains the quasi-thermal feature (see e.g. Suwa 2013; Suwa,
Tahara & Komatsu 2019b; Kato et al. 2020; Wang & Burrows 2020). In
the pre-shock region, the dominant opacity is coherent scatterings with heavy
nuclei, on the other hand. Some neutrinos are back scattered by them and then
cross the shock wave. In the post-shock flows, neutrinos have scatterings with
nucleons again. Some fractions of neutrinos escape from the post-shock flows
after repeating the same process (see equation 5 for the condition) during
which neutrinos gain the energy from the shock wave and create the non-
thermal spectrum. The reachable maximum energy is ~100 and ~200 MeV
for v, v, respectively. See the text for more details.

shock crossing is roughly

AE v, — vyl
- Ve 7 1
< 5 > P (1)

where ¢ is the speed of light and the symbol of () denotes the
average. The acceleration stops when the energy loss on each
scattering becomes comparable to the gained energy (equation 1)
or the accelerated particle is absorbed by matter. For electron-type
neutrinos (v,) and their antipartners (9,), no shock accelerations
occur in practice, since their shock acceleration is hampered by the
reactions of v, + n — ¢~ + p and ¥, + p — ¢* + n. The cross-
section for these reactions increases with energy, implying that the
accelerated neutrinos for v, and v, would be immediately absorbed.

For v, and v., on the other hand, the situation is very different
from that of the electron-type (see also Fig. 1), since their charged
current reactions are absent at least up to ~100 MeV neutrinos.' Let
us first estimate the upper limit of neutrino energy (E.x) without
absorption processes. This is mainly determined by the balance
between the energy loss of scatterings and the energy gain by the
shock acceleration (equation 1) , i.e.

|Uu - vdl ~ Emax

c M’
where M is the mass of the scattering particle, i.e. nucleons and
nucleus in the downstream and upstream, respectively. Since nucle-

2

IStrictly speaking, weak processes such as neutrino pair annihilations and
the inverse process of nucleon—nucleon bremsstrahlung work similar as
neutrino absorptions by matter. However, those reactions are negligible for
the considered situation.

Neutrino shock acceleration in CCSN 91
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Figure 2. Schematic picture of expected spectra for all flavours of neutrinos
(at a CCSN source) when the neutrino shock acceleration occurs.

ons have the lighter mass, 1 GeV, the shock acceleration is limited
by the nucleon recoil effect in the downstream.? Since the fluid-
velocity difference between up- and downstream at the shock wave
is ~0.2¢, we obtain Ep,y ~ 200 MeV.? This is smaller than the mass
of tau (~1GeV), indicating that v, can be in principle accelerated
up to ~200 MeV. On the other hand, the v, acceleration stops before
reaching ~200MeV, since the v, absorption via charged-current
reactions, e.g. v, +n —p+p~and v, +p — n+ ut, emerge
above ~100 MeV. v,, are mainly absorbed by nucleons and nuclei in
the down- and upstream, respectively, meanwhile muons produced in
these processes decay immediately and emit v, at the lower energy
(<100 MeV). Consequently, the spectrum of v, is expected to have
a sharp cut off around 100 MeV. This fact suggests that the energy
spectrum is remarkably different between v, and v, in the energy
range of 100MeV < E < 200MeV, which provides a precious
environment to study the neutrino oscillation in CCSN (see Section 4
for more details). Note that the numbers of shock crossings for which
a seed neutrino with an energy of 50 MeV is accelerated to 100 and
200 MeV are roughly 5 and 10, respectively. As a summary, we
draw a schematic picture of the expected feature of neutrino number
spectrum around the shock wave in Fig. 2.

To assess the detectability of the high energy neutrinos created
by the neutrino shock acceleration, it is necessary to consider the
acceleration time-scale and the escape probability of the neutrinos
from the system. To estimate the time-scale, we first take a look at
the optical depth (7y),

o(t, E) = /oo dro(E)n(t,r), 3)

sh(f)

~1( "sh )_3'4 E Y @)
~ " \100km 50MeV )

where o is the cross-section of neutrino-nucleus scattering and
we assume that neutrinos are scattered by iron via neutral-current
reactions. Here we use the number density of nucleons in post-shock
region, r < ry,, and nuclei in pre-shock region, r > rg,, described by
equation (56) in Appendix. The time evolution of the shock radius is

2But see Appendix for a discussion regarding the effect of light nuclei.

3We note that the nucleus—neutrino inelastic scattering in the upstream and
the electron scattering in the downstream should be taken into account
for more quantitative arguments; indeed they reduce the efficiency of the
shock acceleration. However, this effect does not change significantly our
discussion. We will discuss these effect in Section 3 for more details.
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Figure 3. Neutrino optical depth to coherent scatterings with heavy nuclei
at the shock.

setasry, = 100 km(r /20 ms)®#, which is a reasonable approximation
to reproduce that demonstrated in our CCSN simulations (Nagakura
etal. 2019a). Equation (4) suggests that neutrinos with 2> 50 MeV are
the injected neutrinos around 20 ms and the acceleration time-scale
can be roughly estimated as < Nyrg/c ~ 3(N,/10) ms, where N, is the
number of shock crossings.* It is an order of magnitude shorter than
the post-bounce time, indicating that the system has long enough
time to generate non-thermal neutrinos.

On the other hand, the accelerated neutrinos tend to be trapped
by fluid and be advected to the downstream region, since the
cross-section of neutrino—matter interaction increases with neutrino
energy. Therefore, the observable neutrinos need to satisfy the
following conditions: (i) the accelerated neutrinos can escape within
a dynamical time-scale and (ii) the scattering probability in the
upstream is larger than unity. These conditions correspond to

10 B) S . 5)
ULI

Fig. 3 shows the time evolution of 7 with respect to neutrino energy.
Note that the cross-section of scatterings with nuclei increases with
energy® and the power-law index, o, is 0.5 < o < 2 in the relevant
energy range. Roughly speaking, high energy neutrinos (>50 MeV)
are expected to emerge when the shock radius is located at ~100 km.
However, the evaluation of the emergent spectrum is not trivial since
(1) both the efficiency of neutrino shock acceleration and the escape
probability strongly depend on the neutrino energy; (2) the two effects
are competing each other; (3) the system is not steady, implying that
the time-dependent matter background should be taken into account.
We hence address the issue by carrying out post-processing neutrino
transport simulations by employing a Monte Carlo transport method.
See the next section for more details.

We make a few remarks here. Regarding neutrino transport
simulations, it is, in principle, possible to demonstrate the neutrino
shock acceleration by neutrino-radiation hydrodynamics simulations

“It should be noted that this is a conservative estimate. It is attributed to the
fact that the scattering cross-section monotonically increases with neutrino
energy, indicating that the neutrino flight distance between scatterings would
be smaller with increasing energy in reality. In the above estimation, however,
the flight distance is set as a constant (rg,), which provides the upper limit of
acceleration time-scale.

SThe rate of increase becomes mild in the energy of > 50MeV, which
is attributed to the fact that the neutrino scattering with nuclei looses the
coherency with increasing neutrino energy.
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Figure 4. Radial profiles of neutrino distribution function for out-going
heavy leptonic neutrinos obtained in a CCSN simulation with full Boltzmann
neutrino transport (Nagakura et al. 2019a). The colour represents the neutrino
energy (measured in the fluid rest frame), and the thin-vertical line at ~113 km
denotes the shock radius. The non-monotonic radial profile is observed in
the post-shock region for high energy neutrinos, which corresponds to an
evidence of the occurrence of neutrino shock acceleration. See the text for
more details.

of CCSN. As a matter of fact, we have witnessed the neutrino shock
acceleration in our CCSN simulations with full Boltzmann neutrino
transport (Nagakura et al. 2018, 2019a; Nagakura, Sumiyoshi &
Yamada 2019c). In these simulations, the special relativistic effects
(fluid-velocity dependence) in neutrino transport are incorporated
consistently (see also Nagakura, Sumiyoshi & Yamada 2014),
indicating that the neutrino shock acceleration naturally occurs. In
Fig. 4, we display an example: radial profiles of out-going neutrino
distribution function (f,,) for some selected energies (measured on
the fluid-rest frame) of heavy leptonic neutrinos. The corresponding
model is a 15Mg progenitor in Nagakura et al. (2019a) and we
select a time snapshot of 25 ms after bounce. As shown in the figure,
fou for low energy neutrinos monotonically decreases with radius,
which is mainly attributed to the fact that some fractions of neutrinos
go through out-scatterings by matter. On the other hand, f, with
E > 91 MeV has a non-monotonic radial profile; it decreases with
radius up to r ~ 70 km but the opposite trend emerges in between r ~
70 km and the shock radius (it increases with radius). The emergence
of the positive radial gradient of f, corresponds to the sign of
the neutrino shock acceleration. Once the shock wave enters the
scattering atmosphere, the neutrino shock acceleration kicks in. The
number density of high energy neutrinos increases with time as long
as the condition of 1 < 7,(, E) is satisfied (see also equation 5),
implying that the resultant radial gradient of f,,, becomes positive®
(in other words, the time evolution of fo, is imprinted in the radial
profile).

Aside from ours, the non-thermal neutrinos have been also
observed in other CCSN simulations (see e.g. Janka et al. 2007;
Nakazato et al. 2015). It should be noted, however, that the obtained
neutrino spectrum in these CCSN simulations is not accurate for
several reasons. The most serious problem is the neutrino matter
interactions incorporated in these simulations. First, we did not

6Strictly speaking, electron scatterings and other weak processes such as pair
and brems also account for the positive gradient of f,y. Indeed, heavy leptonic
neutrinos are eventually thermalized deep inside the post-shock region by
these processes.
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include charged-current reactions with v,,, implying that its spectrum
is no longer accurate in the energy of >100MeV.” It should be
also mentioned that nucleon recoils are not incorporated in these
simulations. As described in Kato et al. (2020), there is a practical
problem of handling the recoils by finite volume methods of neutrino
transport (like our Boltzmann code), since unfeasibly high energy-
resolutions in neutrino transport are required to handle the small
energy exchange between neutrinos and matter accurately. Note
that, although some approximate treatments for the non-isoenergetic
scatterings have been adopted (see e.g. Horowitz 2002) in some
CCSN simulations, the assumptions are no longer valid for neutrinos
250MeV, which is a crucial problem for quantitative arguments of
neutrino shock acceleration. For these reasons, we take a particle-
based approach (Monte Carlo transport) that is more appropriate than
any finite-volume methods to handle the neutrino matter interactions
in the considered situation.

One may wonder that stable muon creations, which have been
recently discussed in the literature (see e.g. Bollig et al. 2017;
Fischer et al. 2020a; Guo et al. 2020), suppress the neutrino
shock acceleration. We note, however, that it does not directly
affect the neutrino shock acceleration, since the region where the
shock acceleration occurs is much low density and low temperature
environment compared to those with the stable muon creations. This
assures that the neglecting these weak processes is reasonable. On the
other hand, muon creations may affect indirectly through the change
of the thermal component of the spectrum; indeed, the chemical
potential of v, (and ¥,) is not zero in the case. This also potentially
distinguish the spectrum of v, v;, and their antipartners. It would
be interesting to incorporate those effects in our study, although it is
beyond the scope of this paper.

As a final but important remark, we speculate that the neutrino
shock acceleration potentially occurs in failed CCSN. In this case,
the shock wave is confined to the region of (~100 km) due to high ram
pressure of mass accretion rate; consequently the PNS will eventually
collapse on to a BH. There may be a certain time window that the
condition of equation (5) is satisfied for 250 MeV neutrinos. It should
be mentioned, however, that there are three major differences from
the early phase. The first is that the system is quasi-steady, i.e. we can
neglect the time evolution of fluid background. Secondly, the thermal
neutrinos have higher temperature and may be more abundant than
those in the early phase, since the PNS is more compact and larger
accretion energy would be released in the case. They increase the
number of injected (seed) neutrinos at ~50 MeV. Thirdly, the shock
wave may be highly deformed by multidimensional fluid instabilities
such as standing accretion shock instability (SASI). This indicates
that the accretion flow passes through the shock front obliquely,
which reduces the conversion efficiency from kinetic energy to
thermal one. In another word, the fluid-velocity difference between
up- and downstream becomes smaller, which results in reducing the
efficiency of neutrino shock acceleration. In this case, the reachable
maximum energy of v, would be smaller than ~200MeV (see
equation 2). It should be noted, however, that the morphology of
shock wave is stochastically changed with time, and the amplitude
of fluctuations depends on the vigour of fluid instabilities, which
also depends on the time and place. To address these issues, we
need sophisticated multi-D models of CCSN and then carry out the
systematic study of the impact on the shock acceleration. The detailed

"Note that the heavy leptonic neutrinos are treated collectively in most
CCSN simulations, which is also another deficit to discuss the neutrino shock
acceleration.
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study is much beyond the scope of this paper, hence, postponed to
future work. With keeping in mind the uncertainty, we discuss the
neutrino shock acceleration and the observational consequence under
spherically symmetric and steady-state approximation in Section 4.3.

3 MONTE CARLO SIMULATION

To calculate the spectra of the emergent mu and tau neutrinos, we
run Monte Carlo simulations for the neutrino transport in CCSN. The
simulation takes into account for the energy loss due to the recoil
effect and inelastic scattering as well as thermalization. We include
the following processes:

(i) nucleon scattering (Beacom, Farr & Vogel 2002)

n+vy - n+ vy, (6)
(ii) coherent scattering (Papoulias & Kosmas 2018)

A+vy > A+ vy, @)
(iii) nucleus inelastic scattering (Dapo & Paar 2012)

A+vy > A" + vy, ®)

(iv) electron scattering (Tubbs & Schramm 1975; Bowers &
Wilson 1982)

e +vy > e +vy, )
(v) quasi-nucleon scattering (Formaggio & Zeller 2012a)

n+v,—>p+u, (10)
(vi) quasi-nucleus scattering

A, Z2)+v, - (A, Z+ 1)+ pu". (11)

We use the total cross-section of nucleus inelastic scattering given
by Dapo & Paar (2012) up to 100 MeV and extrapolate it as oc E2.
We assume that neutrinos lose 10MeV in each nucleus-inelastic
scattering and are emitted isotropically in the nucleus restframe.
Quasi-nucleon and quasi-nucleus scatterings are effective only at
high energies, E, > m,,. The neutrino energy after a quasi-scattering
is assumed to be one third of the incident neutrino energy. The cross-
section of quasi-nuclear scattering is simply assumed to be Ap,.04/2,
where o, is the cross-section of quasi-nucleon scattering and A, is
the mass number of the nucleus. Note that we neglect other processes
such pair annihilation and bremsstrahlung that are much weaker than
the above processes in the region considered here.

In the early post-bounce phase, ¢ ~ 10ms, the fluid background
evolves with a comparable or short time-scale to that of the neutrino
shock acceleration, implying that the matter evolution should be
also taken into account appropriately. Our Monte Carlo neutrino
transport is solved with dynamical fluid background; the evolution
of the matter quantities such as density, velocity, and temperature
are described analytic functions that approximate the results of a
spherically symmetric simulation with Boltzmann neutrino transport
(Nagakura et al. 2019a). The details of these functions are shown
in Appendix. For the late post-bounce phase in failed CCSN, on
the other hand, we impose a steady state approximation in fluid
background, which can be characterized by the mass accretion
rate (see below). For simplicity, the downstream and upstream are
assumed to be composed of nucleons and *°Fe, respectively. Note
that we neglect the blocking effect because we focus on the high
energy tail of the neutrino spectra, where f < 1.

We inject in total 4 x 10° neutrino particles at 50km with a
thermal spectral of zero chemical potential with 7 = 6 MeV. The
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Figure 5. Emergent spectra of v, and v, at 10-30ms after the bounce,
obtained by our Monte Carlo simulations. For comparison, we display a v,
spectrum at 40—-70 ms after the bounce, a thermal spectrum of zero chemical
potential with 7 = 5.2MeV, and a function given by equation (14). with
Q = 10MeV.

injection time of each particle is chosen from a certain time window
after the bounce with a uniform distribution, corresponding to a
constant neutrino luminosity. We stop following each Monte Carlo
particle when it reaches either the inner boundary » = 30 km or the
outer boundary r = 700 km. The particles reach the outer radius are
considered to freely escape afterward.

Fig. 5 shows the v,, and v spectra 10-30 ms after the bounce. For
comparison, we also show a thermal spectrum of zero chemical
potential with 5.2MeV, which describes the numerical spectra
around the peak. Both the v, and v, spectra significantly exceed
the thermal spectral above ~ 50 MeV. The v,, spectrum has a sharp
cut off at ~ 100 MeV because the cross-section of muon creation
sharply rises.® The magnitudes of the non-thermal tail relative to
the flux expected from the thermal distribution around 80 MeV
are approximately (8,8,13,5,3) at r = (15, 20, 25, 30, 35) ms post-
bounce. As we discussed in the previous section, the effect of the
neutrino acceleration to the observed spectra is the most significant
around 25 ms post-bounce corresponding to T ~ ¢/v, at ~ 100 MeV.
Fig. 6 shows the emergent v, spectra at different escape times, fec,
at 150km, where we inject all neutrinos at = 10ms. The low-
energy neutrinos escape quickly, implying that these neutrinos do
not experience any scatterings. On the contrary, the neutrinos in
the high-energy tail escapes at = 2.5ms, which agrees with our
estimation discussed in the previous section.

We also study the case of failed CCSN, in which we assume that
a shock wave stays at 80 km. The velocity of the upstream at 80 km
is set to be 0.2¢ and the density at the shock front is characterized
by the mass accretion rate, M. The radial profile of the former is
assumed to be proportional to 7% and the latter is determined from
M = constant. Unlike the CCSN model, the density and velocity
profiles of the failed CCSN model are assumed to be stationary.
Fig. 7 shows the v, spectra in the case of failed CCSN. The emerging
spectrum depends on the mass accretion rate. Roughly speaking, the
neutrino shock acceleration occurs when (M /1M /s)(80 km/rg) >
1 is satisfied.

We note that neutrinos gain the energy due to the converging flow
in the upstream, which potentially contribute to the non-thermal

8We observe the cut off in the v, spectrumin Fig. 5 slightly less than the muon
restmass because v, in the lab frame is blue shifted in the fluid rest-frame in
the upstream.
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Figure 6. Emergent spectra of v, at different arrival times for the early post-
bounce phase of a CCSN. Here we inject neutrinos at t = 10 ms after the
bounce and observe the emergent neutrino spectra at a radius of 150 km.
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Figure 7. Same as Fig. 5 but for the late post-bounce phase in failed CCSN
with different mass accretion rates M.

spectra (Blandford & Payne 1981; Suwa 2013). This mechanism
works, however, only in the case that the shock is located deep
inside the scattering atmosphere, < 100 km. On the other hand, most
of accelerated neutrinos advect inwards in such a case, indicating
that they give less impact on observable neutrinos. To assess this
argument, we analyse the relation between number of returns to the
downstream and neutrino energies in the case of the failed CCSN
with 2M, s™!; the result is shown in Fig. 8. The positive correlation
between these two quantities can be clearly seen in the figure. We,
thus, conclude that the (observable) non-thermal neutrinos which we
found in our Monte Carlo simulations are primary created by shock
acceleration, which is consistent with our analytic discussion made
in Section 2.

4 DETECTABILITY

We assess the detectability of the high energy neutrinos in some
representative terrestrial neutrino detectors. We first describe basic
assumptions for computing the event counts on each detector in
Section 4.1. We then present the results for the early post-bounce
phase in Section 4.2. The similar estimation but for the later phase
in the case with failed CCSN is presented in Section 4.3. Finally,
we discuss a possibility of muon productions in these detectors in
Section 4.4.
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Figure8. Energy of emergent neutrinos as a function of the number of returns
to the downstream in the case of failed CCSN with M = 2Mg s~ !. The mean
neutrino energies and mean absolute deviations are shown as squares and bars.

4.1 Basic assumptions

4.1.1 Analytic expression of neutrino spectrum

As described in Section 2, the neutrino shock acceleration does
not occur for v, and ¥,, indicating that their spectrum remains
quasi-thermal feature (see also Fig. 2). We also note that their
average energy tends to be smaller than that of the heavy leptonic
neutrinos, which indicates that the exponential decline of the thermal
spectrum in the high energy region is steeper than that of heavy
leptonic neutrinos. For these reasons, v, and ¥, in the high energy
region (>50MeV) would be subdominant; hence we ignore their
contributions in this estimation.

In this study, we do not directly use the raw data of the emergent
neutrino spectrum computed by Monte Carlo simulations but rather
fit them by an analytic formula to facilitate intuitive understanding of
the event count. In the expression, the number spectrum of neutrinos
at the CCSN source (AN/AE [MeV~!]) is assumed to be the sum of
thermal- and non-thermal component,

dN dN dN
—=—] +(—= , (12)
dE dE ) dE /)
where
dN E?
— ] =A —— (13)
dE / 1 +exp(E/T)

B E’exp(—E/Q). (14)

dN
dE /

In these expressions, £ and 7 denote the neutrino energy and
temperature, respectively. Q represents the exponent of the high
energy tail of the non-thermal component. The coefficients of A and
B determine the scale of neutrino luminosity on each component.
In this study, we assume that the number spectrum of v, and v,
(and their antipartners) is identical each other up to the energy of
muon mass (106 MeV). In the above energy, the spectrum of v,
extends up to 200 MeV, meanwhile it is constantly set to be zero
for v,,. Antineutrinos to each species are assumed to have the same
spectrum as that of neutrinos, although there are some quantitative
difference between them in reality.’

9This is due to the fact that the neutrino—matter reaction rates are, in general,
different between neutrinos and the antipartners: for instance, the effect of
weak magnetism (Horowitz 2002). For more quantitative arguments, the
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In our analytic formula, we have four independent free parameters:
A, B, T, and Q. We first determine the parameters associated with
the thermal component, i.e. A and T by referring some CCSN
simulations (Nagakura et al. 2019a, b). For early post-bounce phase
(<50 ms after bounce), the energy-luminosity and the average energy
for heavy leptonic neutrinos are ~2 x 10°2ergs™' and ~16 MeV,
respectively. We note that the non-thermal component is subdominant
contribution to these energy-integrated quantities. From the average
energy, we obtain 7 ~ 5 MeV. We note that our Monte Carlo
simulations presented in the previous section injected neutrinos
as a thermal spectrum with 7 = 6 MeV, although the emergent
spectrum can be well fit by 7 ~ 5MeV. The energy loss of the
thermal component is attributed to the fact that neutrinos with the
energy of ~30MeV experience non-isoenergetic scatterings with
matter (e.g. nucleon recoils and electron-scatterings) during the
propagation in post-shock region (see also Fig. 5). This indicates
that our Monte Carlo simulations reproduce the results of CCSN
simulations qualitatively; hence we set 7= 5 MeV as a representative
value for the early post-bounce phase. On the other hand, the
typical dynamical time-scale at this phase is AT ~ 10ms, which
determines the coefficient A so as to reproduce the total energy of
L x AT =2 x 10°erg.

We then determine the other two parameters: B and Q. In our
Monte Carlo simulations, the exponential decline of non-thermal
component can be fit by Q ~ 10MeV. On the other hand, B is
determined through the neutrino energy of ¢ at which the non-thermal
component becomes the same contribution with the thermal one in
the spectrum, i.e.

E2
A —_—
1+ exp(e/T)

We find that ¢ = 50 MeV can reproduce the result of our Monte Carlo
simulations. The resultant number spectra of v,, and v, are displayed
in Fig. 9.

For the late post-bounce phase in failed CCSN, the average energy
of heavy leptonic neutrinos tends to be higher than that of the early
post-bounce phase (see e.g. Walk et al. 2020); we set T = 6 MeV
as a reference. Note that our Monte Carlo simulations also show
that the injected thermal spectrum experiences less non-isoenergetic
scatterings in the post-shock regions than early post-bounce phase.
As aresult, the thermal component of the emergent spectrum sustains
T ~ 6 MeV. We also find that the exponential decline of non-thermal
tail depends on the mass accretion rate (M) but we find Q > 10 MeV
for M > 1Mg/s; we hence set Q = 10 MeV as a conservative choice.
Different from the early post-bounce phase, on the other hand, the
neutrino luminosity varies among models and also depends on time,
but the expected value is order of 1032 ergs™! (see e.g. Sumiyoshi
et al. 2006; Fischer et al. 2009; Nakazato et al. 2012; Kuroda
et al. 2018; Walk et al. 2020). Just for simplicity, we adopt L =
2 x 10%2 ergs~! as a reference value, which is the same as that of the
early post-bounce phase. We note that our choice of the parameters
seems to be a conservative, since most of the simulations show that
the luminosity is > 2 x 10°%ergs~! and the average energy is also
higher than that obtained from 7' = 6 MeV. The dynamical time-
scale of the system is ~100 ms; hence we adopt AT = 100 ms in
this study. Consequently, the total emitted neutrino energy becomes
2 x 10°! erg, which determines A in equation (13). We also find that
the equation (15) with ¢ = 50 MeV well reproduces our Monte Carlo
simulations, which determines B as the same process in the early

B E’exp(—¢/ Q). (15)

difference should be taken into account, which is beyond the scope of this
paper, though.
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Figure 9. Neutrino spectra at the CCSN source modelled by our analytic formula (equation 12). The left-hand and right-hand panel correspond to v, and v,
respectively. The parameters are chosen so as to reproduce our Monte Carlo simulations for the early post-bounce phase (see the text for more details). The
solid lines represent the sum of thermal- and non-thermal component of neutrino spectrum. The dashed lines denote those of the thermal component. For v,
the spectrum is cut at the energy of muon rest mass (106 MeV) where we draw a thin vertical line in the left-hand panel.

post-bounce phase. Fig. 10 portrays the resultant spectrum of heavy
leptonic neutrinos for the late post-bounce phase in failed CCSN.

We must mention several caveats regarding our choice of the
parameters. Although the choice was made based on the emergent
spectra obtained by our Monte Carlo simulations, there remain sev-
eral uncertainties, indicating that the sensitivity of the detectability
to the parameters needs to be investigated. As we shall show below,
however, that there also remain large uncertainties in neutrino cross-
sections with detector materials, which prevents the quantitative
arguments; hence, our discussions are restricted to a qualitative level.
We postpone the detailed study of parameter dependence in future
until we remove or at least reduce the major uncertainties for the
estimation.

4.1.2 Neutrino oscillation

As we have described in Section 2, the neutrino shock acceleration
breaks the degeneracy of v,, and v, in the energy of E > M,,, implying
that the treatment of three flavour of neutrinos is indispensable.
Three different flavours of neutrinos change into each other during
flight due to neutrino oscillation, which should be taken into account
to consider the event count in terrestrial detectors. In this paper,
we adopt a simple oscillation model but frequently used in the
literature: adiabatic Mikheyev—Smirnov—Wolfenstein (MSW) model
for normal and inverted mass hierarchies. Below, we describe the
essence of the model.

The CCSN core is the place where the matter potential of the
neutrino oscillation Hamiltonian dominates the vacuum one. The
matter potential is not identical among different flavours; for instance,
charged-current interactions in v, make the matter potential higher
than that for other heavy leptonic neutrinos. We also note that the
radiative corrections in matter reactions depend on the mass of
leptons (Botella, Lim & Marciano 1987), indicating that v, and
v, also feel the different matter potential. Although the radiative
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correction is much smaller than the charged-current interactions,
the difference plays an important role to distinguish v, and v,
and in particular, the effect overwhelms the vacuum potential if the
matter density (o) becomes higher than ~107-10% gcm~ (Botella
et al. 1987; Dighe & Smirnov 2000). We find that the neutrino
shock acceleration occurs at the place where the matter density is
comparable or higher than the threshold; hence, we assume that the
three flavours of neutrinos are pinned at each three different mass
eigenstate in this study.

To see the relation between the flavour- and effective mass
eigenstate of neutrinos in matter, we need to compute the eigenvalues
of the oscillation Hamiltonian. For neutrinos, the Hamiltonian in the
flavour basis can be written as,

H=H, +H,, 16)
where
1 my; 0 0
H = 77Ul 0 m? 0 |UT, 17)
0 0 m}
and
Ve 00
H,=| 0 00 (18)
0 0V

In the expressions, m; (i = 1, 2, 3) denotes the three independent mass
of neutrinos. U represents the Pontecorvo-Maki—Nakagawa—Sakata
(PMNS) matrix,'”

U = UxU;3Up, 19

19We ignore the two Majorana phases in the PMNS matrix, since they do not
affect neutrino oscillations (Bilenky, HoSek & Petcov 1980; Langacker et al.
1987).
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Figure 10. Same as Fig. 9 but for the late post-bounce phase in failed CCSN.
where where
1 0 O m?
*2 TN
Uz = [0 c3 823 |, M =5p (25)
0 —s23 ¢23 ‘ and
ci3 Ospze o b2
U]3 = 0 ] 1 0 N p = —— + c,
—si3€% 0 cp3 5 3 {
cr2 s12 0 q = ﬁbS - gbc—i—d, (26)
Up=|—s2c20]. (20)
0 01 where
¢;j and s;; are cos 0;; and sin 6, respectively (6;; denotes the neutrino c= mTZmEZ + m’fsz{z + mzsz
mixing angles), and 8., denotes the CP violation phase. V., and V;, + ((HV)M +(H,) W) Viu
. . . i
denote the matter potential with respect to v, and v, respectively, 4 ( (Hy)yup + (Hv)rt) Vi, 7

which can be written as

Veu ~ V2Gpn,., Q1)
where n, denotes the number density of electron, and

Ve ~ 1074V, (22)

for the case with n, ~ n, ~ n,,'2 where n, and n, denotes the
number density of free proton and neutron, respectively (see also
Botella et al. 1987; Dighe & Smirnov 2000, for more complete
descriptions of V;,,).

There are three independent eigenvalues of H, which can be written
as

b 2 1 3v3¢ 27
Mo=—=—+—=+/—pcos | = | =———— | + =k |, (23
k 3 -l-\5 P cos <3arccos (217\/?1)) + 3 > (23)
where k runs from 1 to 3. In the expression,

b=—(mP?4+ms+my + Ve + Vo) (24)

' the expression, we subtracted the contribution of matter potential with
respect to v,.

121t is a reasonable condition, since the electron fraction around the shock
radius is ~0.5.

d = —{{m?Pm?m3? + (H)ee(Hy)0 Ve
+ [(H)uu(H e+ (H)u Ve — (H)cu(Hy) e ] Ve
—(H)eu(Ho)pe Ve } - (28)
For the case with normal mass hierarchy (m3; > my > m,), the

three eigenvalues in equation (23) correspond to the effective mass
eigenstates as,

)\.0 L Vs,
)\.] SV,
)\.2 LV, (29)

respectively. By taking the high density limit, we obtain

)‘0 ~ Veua

Ay~ Ve, (30)
and then we obtain

Ve ™~ V3,

UV- ~ Vi,

Ve ~ Vg, (31)
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For the case with inverted mass hierarchy, each A corresponds to the
effective mass eigenstate as

)\.0 LV,
)\.1 L Vs,
}\.2 LV, (32)

respectively. The two of them coincide with the matter potentials in
high density limit as

)‘-2 ~ Ve;/,s
Ay~ Vo, (33)

hence we obtain

Ve ™~ V2,
Yy ™~ V3,
Vr ™~ Vg (34)

For antineutrinos, we replace the Hamiltonian as
H, — H;,
H, - —H,, (35)

in equation (16). By taking the same process as neutrinos, we obtain

Ve ~ 1y,
]_)M ~ l_)3,
Ur ~ Dy, (36)

for normal mass hierarchy, and

Ve ~ Dy, (37

for inverted mass hierarchy. Following the adiabatic MSW model,
we assume that neutrinos and antineutrinos arrive at terrestrial
detectors with the same mass eigenstate when they were in CCSN.
Consequently, we obtain the neutrino number flux of each flavour
state at detectors as,

3
Fy = |Uul’F;,

3
Fy= UL, (38)

where F,, and F; denote neutrino spectrum in flavour- and mass-
eigenstate, respectively. Regarding neutrino mixing parameters em-
bedded in PMNS matrix, we adopt the current best-fitting values of
0 and &, provided by NuFIT 5.0 with SK atmospheric data (Esteban
et al. 2020).

It should be mentioned that the neutrino oscillation model adopted
in this study is the simplest one and need to be improved for more
detailed estimation. For instances, the Earth matter effect should
be taken into account for some detectors in reality (Lunardini &
Smirnov 2001). Neutrino—neutrino self-interaction in the oscillation
Hamiltonian also needs to be incorporated; indeed, Morinaga et al.
(2020) recently revealed that the fast pair-wise conversion commonly
occurs in the pre-shock region at 2 100 ms after bounce, implying that
it affects the event rate in the late post-bounce phase for failed CCSN.
The recent CCSN studies also suggest that the multidimensional fluid
instabilities in post-shock flows assist the occurrence of fast pairwise
conversions (Abbar et al. 2019; Nagakura et al. 2019d; Delfan Azari
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et al. 2020). Unfortunately, however, the final outcome of the flavour
conversion due to neutrino self-interactions is still elusive, although
the community has recently made extensive efforts to address the
issue (see e.g. Richers et al. 2019; Shalgar & Tamborra 2019; Abbar
2020; Bhattacharyya & Dasgupta 2020a,b; Glas et al. 2020; Johns
et al. 2020a,b; Sasaki et al. 2020). From a different point of view,
on the other hand, the detection of high energy neutrinos in real
observations will be a valuable data to place a constraint on such a
complex neutrino oscillation model, which will be also discussed in
Section 4.4.

4.1.3 Detector configurations

We employ four representative terrestrial neutrino detectors: SK, HK,
DUNE, and JUNO, to estimate the event count. Just for simplicity, we
do not take into account any smearing effects by detector responses
and noises in this study, although they should be taken into account
in real observations. Below, we provide some essential information
on each detector configuration.

We assume that SK and HK have the identical detector configura-
tion except for the fiducial volume. The detector scale of the former
and latter is assumed to be 32.5 ktons (Abe et al. 2016) and 220 ktons
(Hyper—Kamiokande Proto—Collaboration et al. 2018), respectively.
It should be noted that we only focus on charged-current reaction
channels in this study, although those of neutral current would also
provide useful information to study the neutrino oscillation model
(see below for more details). One of the primary charged current
reactions in SK and HK is the inverse beta decay on proton for v,
(IBD-p-nueb)

b+ p—et+n. (39)

For the energy of 2 106 MeV, the same reaction but for v, (IBD-p-
numub) also appears,

B+ p— ut (40)

which is also taken into account in this study. For high energy
neutrinos (= 50 MeV), the charged current reactions with Oxygen:

Ve + %0 — e + 'F, (41)

7, 4+ %0 — T + N, (42)
become important, and their muon-channels:

v, + %0 - pu= +'°F, (43)

by +'°0 > ut + N, (44)

also appear in 2 106 MeV. In total, six independent channels are
adopted for SK and HK.

We employ a publicly available cross-section data in
SNOWGLOBES.!? However, the data are insufficient; for instances,
most of them are available up to 100 MeV and those of muon channels
are not provided.'* We, hence, complement the cross-section data by
collecting other references with some extensions.

For the IBD-p-nueb cross-section implemented in SNOWGLOBES,
it is available up to 200 MeV, which is computed by Strumia &

13The software is available from https://webhome.phy.duke.edu/~schol/sno
wglobes/. Note that we do not use the analysis pipeline, since it is only
available to estimate the event count up to 100 MeV.

14We note that the extended data for the cross-sections will be available in
SNOWGLOBES (Kate Scholberg and Joel Dai, private communications).
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Vissani (2003). For the IBD-p-numub cross-section, we employ a
fitting formula in Fanourakis et al. (1980) with a modification, which
is
0=032x10"% (ﬂ> [cm?], (45)
1GeV

where Eye =M, — M, + M, (M,,, M,,, M,, denote the rest mass
energy of neutron, proton, and muon, respectively), and we assume
o = 0 in the energy of E < Ey. For reactions with v, — 0
and D, — '°0, the cross-sections are available up to 100 MeV in
SNOWGLOBE; hence we fit them quadratically in the energy range
between 50 and 100 MeV, and then extrapolates the cross-section up
to 200 MeV. The cross-section data for v, — '°0 and v, — '°O are
taken from Formaggio & Zeller (2012b).

For DUNE, we assume that the detector scale is 40 ktons and the
four charged current reactions are taken into account in this study,

Ve +PAr - = + K", (46)
e +OAr — et + 401", 47)
vy + OAr — = 4+ 2K*, (48)
b, + PYAr - pt 401, (49)

The cross-section data of v, — “°Ar and 7, — *°Ar are available up
to 200 MeV in SNOWGLOBES, which are computed in Gil-Botella &
Rubbia (2004), Kolbe et al. (2003). For those of the v, and v,
reactions, we use the result in Akbar et al. (2015), which provides
the ratio of the cross-sections between v, (V.) and v, (). We employ
the result of the Local Fermi Gas Model with taking into account
the effect of nuclear excitation under a random phase approximation,
which can be approximately given as

(ﬁ) _
Oc Ar

up to 200 MeV and it is assumed to be zero for E < M,,. The ratio
is nearly the same in antineutrinos; hence equation (50) is adopted
for them. Based on these assumptions, we can evaluate the cross-
sections of the reactions with equations (48) and (49) from those of
v, and ¥, (equations 46 and (47), respectively).

For JUNO, we assume that the fiducial volume is 20 ktons. The
detector employs Linear Alkyl Benzene for the liquid scintillation
system (Yang et al. 2017); hence the mass fraction of Carbon and
Hydrogen is 88 per cent and 12 per cent, respectively (see also An
et al. 2016). We employ IBD-p-nueb and IBD-p-numub channels
(similar as SK and HK). Other four charged current reaction channels
with Carbon are also taken into account in this study,

(E - M/L)

A, (50)
(200MeV — M,,)

Ve +12C > ™ + 2N, (51)
e + 2C — ¢t + 2B, (52)
v+ 2C & 4~ + 2N, (53)
b, +'2C > ut 4+ 7B, (54)

For the cross-section of v, — '?C and v, — '>C, we adopt the data
computed by Kolbe, Langanke & Vogel (1999). For those of v,,, we
take the same prescription as Argon (see equations 50), although the
low energy threshold is slightly higher for Carbon than that of Argon
(see e.g. Akbar, Athar & Singh 2017), which is ~120 MeV. For this
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reason, we employ the following formula,

(:;i) _(E —120MeV)
C

, 55
80MeV (55)

gﬂ
to compute the cross-section of charged current reactions of v, with
Carbon.

As described above, some of the neutrino cross-sections with
detector materials are estimated with artificial prescriptions, im-
plying that they are inaccurate. As is well known, however, the
cross-sections are less constrained by both experiments and theories,
indicating that no definitive data are available at the moment. The
uncertainties may be the largest obstacles to develop more quanti-
tative arguments for the detectability of the high energy neutrinos.
Although addressing the issue is much beyond the scope of this
paper, we need to keep in mind the uncertainty to interpret our results
presented in the following sections.

4.2 Detectability of high energy neutrinos in early post-bounce
phase

We present the result of our estimation with focusing on the early
post-bounce phase. Unless otherwise states, the distance to the
CCSN source is assumed to be 10 kpc. We first show the neutrino
spectra measured at the Earth in Figs 11 and 12 for normal mass
hierarchy and inverted mass hierarchy, respectively. It should be
emphasized that the appearance of v, and ¥, is a consequence of
neutrino flavour conversion (since they are assumed to be zero at
the CCSN source). The discrete change in the spectra at ~100 MeV
reflects the disappearance of v, and v, in the energy of E > M, at
the source (see Section 2). This also implies that the appearance
of v, and 9, in the energy of £ > M, at the Earth is another
consequence of neutrino flavour conversion; they are originated from
v, and D, accelerated at the shock wave. It opens a new possibility
of muon production at detectors; the detail will be discussed in
Section 4.4.

The energy spectra of event counts on each detector are displayed
in Fig. 13. In the spectrum, we sum up the event count for all reaction
channels (charged current reactions described in Section 4.1.3). We
confirm that the event counts at £ 2> 80 MeV are orders of magnitude
higher than those for thermal neutrinos regardless of detectors, and
HK provides the largest event counts regardless of neutrino mass
hierarchy. We also find that the event count up to £ = M,, is higher for
DUNE than SK in normal mass hierarchy, meanwhile the difference
is less remarkable in inverted one. It is attributed to the fact that
DUNE is the most sensitive to v, which is abundant at the Earth
in normal mass hierarchy (see the left-hand panel in Fig. 11). It
also reflects the fact that the survival probability of v, is nearly
zero and substantial heavy leptonic neutrinos at the CCSN source
are converted to v,, instead. On the other hand, the opposite trend
emerges in E > M, for normal mass hierarchy; the event count
becomes higher in SK than that of DUNE (see the left-hand panel of
Fig. 13). This is mainly due to the disappearance of v, at the CCSN
source, which reduces the v, flux by a factor of ~3 at the Earth (see
the red line in the left-hand panel of Fig. 11). Although the event
count in v, reaction with Oxygen (equation 41) at SK also has an
impact of the reduction of v, flux at the Earth, the ¥, at the Earth is
less sensitive to the reduction of ¥, at the CCSN source in normal
mass hierarchy (see the red line in the right-hand panel of Fig. 11); as
a consequence the reduction in the total event count becomes weaker
in SK than that in DUNE.

We display the energy spectrum of cumulative event counts in
Fig. 14. In the plot, the event count is integrated from 200 MeV
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Figure 11. Neutrino spectra measured at the Earth in early post-bounce phase. The CCSN source distance is assumed to be 10 kpc. The left-hand and right-hand
panels show the spectra for neutrinos and antipartners, respectively. The colour represents the flavour of neutrinos. The flavour conversion is assumed as an
adiabatic MSW model with normal mass hierarchy (see Section 4.1.2). For the detail of our analytic formula, see the text and equations in Section 4.1.1.
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Figure 12. Same as Fig. 11 but for the case with inverted mass hierarchy.

towards the low energy; hence, the spectrum results in monotoni-
cally decreasing with neutrino energy. The cumulative event counts
defined above are useful to assess the detectability of high energy
neutrinos; for instance, it enable us to determine the expected max-
imum energy of detected neutrinos on each detector. It corresponds
to the energy where the cumulative event counts reaches unity, i.e.
it is ~110, ~76, ~84, and ~65 MeV for HK, SK, DUNE, and
JUNO, respectively, in normal mass hierarchy; in inverted mass
hierarchy, it is ~115, ~83, ~84, and ~74 MeV in the same order of
detectors. It should be stressed that the expected maximum energies
are remarkably higher than those of thermal components (see dashed
lines in the same figure). We also note that the threshold energy for
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thermal component is less sensitive to the source distance than that
for non-thermal one, which can be seen in Fig. 15. Regardless of the
neutrino mass hierarchy and detectors, >100 MeV thermal neutrinos
are not detectable (see dashed lines in the figure) unless the distance
to the CCSN source is very nearby <1 kpc. The insensitiveness to the
source distance reflects an important fact that the exponential decline
of the thermal spectrum of neutrinos is very steep. On the other hand,
the maximum energy depends more sensitive to the distance for the
non-thermal neutrinos; indeed, we find that all detectors are capable
of capturing neutrinos with >100MeV if the source is located at <
4 kpe. It should be stressed that HK will detect >100 MeV neutrinos
for CCSNe with < 10kpc.
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Figure 13. Energy spectra of event counts for neutrinos in the early post-bounce phase. The colour denotes the detector: SK (red), HK (blue), DUNE (brown),
and JUNO (light green). The event counts are integrated charged current reaction channels of each detector as described in Section 4.1.3. Left-hand and
right-hand panels show the results for the normal mass hierarchy and inverted one, respectively. For comparison, we also display the energy spectra of events

counts for thermal neutrinos as dashed lines.
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Figure 14. Same as Fig. 13 but for cumulative event counts. The integration starts from 200 MeV and then proceeds toward the negative energy. The neutrino
energy where each line crosses with a thin black line corresponds to the expected maximum energy of neutrinos by each detector. For instance, HK is capable

of detecting neutrinos up to ~110 MeV.

Towards real observations, we here suggest an appropriate strategy
for the analysis of high energy neutrinos in the early post-bounce
phase. For a Galactic CCSN, we will catch a signal of neutronization
burst, which will enable us to make a rough estimation of a time of
core bounce. We then count up the neutrino detection and analyse
them with the duration of AT < 50 ms. It should be noted that the
duration of the time window seems to be important to determine the
physical parameters of non-thermal neutrinos, since the information
on the non-thermal component may be smeared out by the thermal
one if the duration is too long. This is due to the fact that the shock ac-

celeration only occurs in the limited phase (see Section 2 for more de-
tails), meanwhile the thermal emission of neutrinos is persistent until
the PNS completely cools off by neutrinos or it is engulfed by a BH.

4.3 Detectability of high energy neutrinos from failed CCSN

We now turn our attention to the late post-bounce phase in the case
with failed CCSN. The energy spectra of event counts and those of
the cumulative counts on each detector are shown in Figs 16 and 17,
respectively. In general, the event counts are expected to be higher

MNRAS 502, 89-107 (2021)

20z Iudy 0} uo 1senb Aq G90.09/68/1/20G/8l01HE/SEIU/WO0"dNO"dILUBPEOE/:SA]lY WOI) POPEO|UMOQ



102 H. Nagakura and K. Hotokezaka
200 L L T T T T T T
L52=2 AT=10ms
10}  NORMAL  Fivev a-tomev InV :
Early phase
160 (Early p ) sK |
> 140 (Thermal) = — |
=
> 120
o
[}]
& 100
80 T~ o
~ -~ — -~
60 | TS =S ZIz---_-"1711 T === -
40 1 | | = = =_ | | | |
2 4 6 8 10 2 4 6 8 10

Distance [kpc]

Distance [kpc]

Figure 15. The expected maximum energy of detected neutrinos (emitted in the early post-bounce phase) via charged current reaction channels as a function
of the distance to CCSN. The colour and line type denote the same as those used in Fig. 13.
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Figure 16. Same as Fig. 13 but for the late post-bounce phase in failed CCSN.

than that in the early post-bounce phase, which are mainly due to two
reasons. One is that the temperature of thermal neutrino in the late
post-bounce phase is higher than that in the early one. We note that
the thermal neutrinos play an important role to determine the overall
scale of the non-thermal neutrinos. As described in Section 2, the
origin of the non-thermal neutrinos is the thermal component at £ ~
50 MeV where the spectrum is quasi-thermal (see also equation (15)
in the relation between thermal and non-thermal neutrinos in our
model). The spectrum shape is an exponential decline around the
energy, implying that the number of injected neutrinos is sensitive
to the temperature. The other reason is that the duration time of
neutrino shock acceleration is 10 times longer than that in the early
post-bounce phase.

MNRAS 502, 89-107 (2021)

As shown in Fig. 17, all the detectors which we employ in this
study will detect high energy neutrinos with £ > 100 MeV if the
source is located at 10kpc. It should be stressed that the event
counts by thermal neutrinos are orders of magnitude smaller than
the total for neutrinos, indicating that the detection of neutrinos with
E > 100 MeV remains a smoking gun evidence that the neutrino
shock acceleration occurs in CCSNe. Our results also suggest that
the detection of high energy neutrinos from Galactic failed CCSN is
feasible, and it would distinguish a BH formation by a failed CCSN
from that by fall-back accretions in successful CCSN, since no high
energy neutrinos in the late phase can be expected in the latter case.
The parameters to characterize the non-thermal neutrinos will be
constrained accurately in this case due to higher statistics than that
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Figure 17. Same as Fig. 14 but for the late post-bounce phase in failed CCSN.

in the early phase. It should be also mentioned that the expected
maximum energy of detected neutrinos is above 150 MeV for HK,
indicating that there is a possibility to identify v, and ¥, events in
detectors by Cherenkov lights emitted by muons. Let us move on to
the discussion regarding muon productions.

4.4 Muon production in detectors

The v,, and v, with E > M, in detectors potentially create muons
through charged current reactions with detector materials. If it
happens by CCSN neutrinos in reality, this will be a precious
information to study the neutrino oscillation. In this section, we
estimate the event count on each detector based on our models
of the neutrino shock acceleration, and then discuss the necessary
conditions to observe them.

Fig. 18 shows the cumulative number of events relevant to charged-
current reactions with v, and v, in the early post-bounce phase.
Unfortunately, the expected event counts are less than 1 for all
detectors, indicating that the muon production may not happen in
this case. It should be noted, however, there remains a possibility to
detect them, in particular for HK, by taking into account uncertainties
of the parameters and the neutrino cross-sections. The distance to
the CCSN source is also another important factor to discuss the
detectability, which will be discussed below in more details. On the
other hand, there are higher possibilities to produce muons in the late
post-bounce phase for failed CCSN, which can be seen in Fig. 19.
As shown in the plot, ~10 muons may be produced in HK, and a
few of them have an energy of E = 150 MeV. Such high energy
neutrinos will produce muons with large enough kinetic energy to
emit Cherenkov lights in detectors. It should be also mentioned that
muon production may occur in SK, although more quantitative study
is necessary for the assessment of the detectability. We find that the
charged current reactions with Oxygen play a dominant role for the
muon productions for the Water Cherenkov detectors.

For our reference parameters, muon productions in DUNE and
JUNO seem to be unlikely if the CCSN distance is >10kpc. As
discussed in Section 3, however, the efficiency of neutrino shock

acceleration depends on the mass accretion rate in the late post-
bounce. This indicates that the parameter Q, which characterizes the
exponential decline of non-thermal spectrum, can be higher than our
reference value (Q = 10MeV). There is the other positive effect
that temperature of the thermal component would be higher in real
than our reference value (7= 6 MeV); hence, it would be premature
to conclude the detectability for muon productions. More detailed
study should be made with more quantitative arguments, although it
is dispensable to reduce the uncertainties of neutrinos cross-sections
with heavy nuclei, as repeatedly mentioned in this paper.

Fig. 20 displays the threshold distance to CCSN where the emitted
neutrinos can produce muons on each detector. In the early post-
bounce phase, the muon production requires that the CCSN is located
nearby (< 5kpe and <3 kpe, respectively) for HK and SK or very
nearby (S1kpe and <0.5kpce, respectively) for DUNE and JUNO.
In the late phase for failed CCSN, on the other hand, the threshold
distance is increased by a factor of ~4 than that in the early phase,
indicating muon productions likely occur in HK for all Galactic failed
CCSN. We also find an interesting trend that the threshold distance
for the case with normal mass hierarchy is systematically larger than
that for inverted mass hierarchy. This is attributed to the fact that
most of v, at the CCSN source arrive at the Earth as v, in inverted
mass hierarchy (see the spectrum at £ > M,, in Fig. 12), which results
in the substantial reduction of v, events in terrestrial detectors. In
normal mass hierarchy, on the other hand, roughly three flavours
of neutrinos at the Earth share the original v, at the CCSN source;
hence, the event rate of muon production becomes higher than that
in inverted one.

5 SUMMARY AND CONCLUSION

The energy spectrum of neutrinos from CCSN have been regarded as
a quasi-thermal shape, which seems to be real for most of the phases.
As pointed out by the earlier studies in Kazanas & Ellison (1981),
Giovanoni et al. (1989), however, that the neutrino shock acceleration
occurs in the early post-bounce phase, which potentially creates
the non-thermal shape in the emergent spectrum. This argument is
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Figure 18. Same as Fig. 14 but only for charged current reaction channels with muons.
100 T T T T T T T T
Ls,=2 AT=100ms SK ——
NORMAL T=6MeV Q=10MeV s — InV
" . 1 N i
a 10 10kpc  (failed CCSN) (Thermen — =
§ Muon-Creation
(&)
= 1
[
>
1T
S
= 01 3
S
£
3
0.01 .
0.001 2 - : .
120 140 160 180 120 140 160 180
Energy [MeV] Energy [MeV]

Figure 19. Same as Fig. 17 but only for charged current reaction channels with muons.

also supported by recent CCSN simulations with full Boltzmann
neutrino transport (see Fig. 4). We also speculate that the neutrino
shock acceleration occurs in the late post-bounce phase for failed
CCSN, in which the PNS is enveloped by a stalled shock wave
located at ~100km with high mass accretion rate. Motivated by
these considerations, we perform a comprehensive study of the
neutrino shock acceleration from the production mechanism to their
detectability by representative terrestrial neutrino observatories. The
main conclusions are summarized below.

(1) The neutrino shock acceleration is strongly flavour dependent;

v, (and ;) gains the energy up to ~200 MeV, meanwhile v, (and
v,) has the similar spectrum as that in v, but sharp cut-off would
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appear at the energy of (~100MeV). The spectrum for both v, and
v, remains a quasi-thermal shape, since the shock acceleration is
hampered by their charged current reactions with nucleons.

(ii) The observable non-thermal neutrinos need to satisfy the
condition of equation (5), otherwise neutrinos escape from the shock
wave without interacting to the shock wave or advect with the
accretion flows (see Section 2 for more details).

(iii) We demonstrate the neutrino shock acceleration by employing
a Monte Carlo neutrino transport simulations and then obtain the
emergent spectra. We also study how the acceleration efficiency
changes with time in early post-bounce phase and how it depends
on the mass accretion rate in the late phase for failed CCSN. See
Section 3 for more details.

20z Iudy 0} uo 1senb Aq G90.09/68/1/20G/8l01HE/SEIU/WO0"dNO"dILUBPEOE/:SA]lY WOI) POPEO|UMOQ



Neutrino shock acceleration in CCSN 105

100 F 1 1 1 1 E |
NORMAL (Early phase) +
InV (Early phase) X
—_ NORMAL (Failed CCSN)
9 InV (Failed CCSN)
= 10F + E|
8 X
g M
7] +
a F X . E
X
0-1 1 [ 1 [
SK HK DUNE JUNO

Figure 20. The threshold distance to the source for which the high energy neutrinos create muons on each detector. Each symbol distinguishes the phase (early

phase or late phase with BH formation) and the neutrino mass hierarchy.

(iv) We assess the detectability of high energy neutrinos generated
by the shock acceleration in four representative neutrino detectors
for CCSN neutrinos. In this study, we adopt a simple but three flavour
neutrino oscillation model (adiabatic MSW model). We find that the
maximum energy of observable neutrinos is remarkably different
from that of thermal ones (see Fig. 15 for the early post-bounce
phase). It should be also mentioned that the event counts above
~80MeV becomes a few orders of magnitude higher than that of
the thermal neutrinos regardless of any detectors, indicating that the
detection of such a high energy neutrinos will provide an evidence
of neutrino shock acceleration (see Sections 4.2 and 4.3 for more
details).

(v) Our result suggests that the high energy neutrinos from failed
CCSN are abundantly produced in the late post-bounce phase
(2100 ms). If the detectors catch the signal, it will distinguish a
BH formation by a failed CCSN from that by fall-back accretions in
successful CCSN (see Section 4.3 for more details).

(vi) The detection of the high energy neutrinos through charged
current reactions will be a smoking gun evidence that neutrinos
experience flavour conversions. In connection with this argument,
the neutrino shock acceleration opens up a new possibility of muon
productions in detectors. If muons are observed in the detectors, this
will be a precious information to place a constraint of the physics of
neutrino oscillation (see Section 4.4 for more details).

We must mention some caveats that need to be addressed in
future. First, although we do not take into account reaction channels
with neutral current in detectors, they would play important roles
for the data analysis in reality. Since the reactions are sensitive
to all flavour of neutrinos, they provide a number spectrum of
flavour-integrated neutrinos. By combining the data with charged
current reactions, it will place a constraint on transition probabilities
from each heavy leptonic neutrino to other species. We also note
that the rapid decline of neutrino number flux at £ ~ 100 MeV
would appear more clearly in neutral current reactions than that of
the charged current, indicating that the disappearance of v, and 7,
around the energy at the CCSN source will be directly proven. Those
demonstrations are currently undertaken and will be published with
more detailed arguments in forthcoming papers.

Secondly, although our Monte Carlo simulations provide represen-
tative examples of emergent neutrino spectra generated by the shock
acceleration, they depend on the input physics (in particular neutrino—
matter interactions) and also matter dynamics. This indicates that
the systematic study of the parameter dependence in our analytic
formula is necessary for more quantitative discussions, although the

reduction of uncertainties in neutrino cross-sections with detector
materials is indispensable. The survival probabilities of each flavour
of neutrinos is also another important parameter for the estimation,
which should be improved with more realistic neutrino oscillation
model (for instance, including the Earth matter effect and collective
neutrino oscillations).

Thirdly, we point out another possible case that occurs the neutrino
shock acceleration; if the QCD phase transition happens inside PNS,
it would generate the secondary shock wave (see e.g. Dasgupta et al.
2010; Fischer et al. 2020b). Since the shock wave transits from the
optically thick to thin regimes for neutrinos, the neutrino shock ac-
celeration would occur similar as that in the early post-bounce phase.
This is also interesting and deserves to be considered in more details.

As a concluding but an important remark, we find that the event
counts of the high energy neutrinos would not be large, despite
the fact that the neutrino shock acceleration increases them by a
few orders of magnitude. This indicates that the detection statistics
on each detector will be low. Hence, it will be a crucial to share
the observed data of each neutrino detector to develop reliable
analyses of high energy neutrinos. The joint analysis will enable
us to see a flavour-dependent feature in CCSN neutrinos and place
a constraint on the physics of neutrino oscillation. We hope that our
study provides a springboard for the new collaboration in the CCSN
and experimental communities.

ACKNOWLEDGEMENTS

We are grateful to Kate Scholberg, Joel Dai, and Yudai Suwa
for useful comments and discussions. We acknowledge support
from the U.S. Department of Energy Office of Science and the
Office of Advanced Scientific Computing Research via the Scientific
Discovery through Advanced Computing (SciDAC4) program and
Grant DE-SC0018297 (subaward 00009650).

DATA AVAILABILITY

The data underlying this article will be shared on reasonable request
to the corresponding author.

REFERENCES

Abbar S., 2020, J. Cosmol. Astropart. Phys., 2020, 027

Abbar S., Duan H., Sumiyoshi K., Takiwaki T., Volpe M. C., 2019,
Phys. Rev. D, 100, 043004

Abe K. et al., 2016, Astropart. Phys., 81, 39

MNRAS 502, 89-107 (2021)

20z Iudy 0} uo 1senb Aq G90.09/68/1/20G/8l01HE/SEIU/WO0"dNO"dILUBPEOE/:SA]lY WOI) POPEO|UMOQ


http://dx.doi.org/10.1088/1475-7516/2020/05/027
http://dx.doi.org/10.1103/PhysRevD.100.043004
http://dx.doi.org/10.1016/j.astropartphys.2016.04.003

106  H. Nagakura and K. Hotokezaka

Abi B. et al., 2020, preprint (arXiv:2008.06647)

Acciarri R. et al., 2016, preprint (arXiv:1601.05471)

Akbar F., Alam M. R., Athar M. S., Chauhan S., Singh S. K., Zaidi F., 2015,
Int. J. Mod. Phys. E, 24, 1550079

Akbar F., Athar M. S., Singh S. K., 2017, J. Phys. G: Nucl. Phys., 44, 125108

Alexeyev E. N., Alexeyeva L. N., Krivosheina I. V., Volchenko V. I., 1988,
Phys. Lett. B, 205, 209

AnF et al., 2016, J. Phys. G: Nucl. Phys., 43, 030401

Andresen H., Miiller E., Janka H.-T., Summa A., Gill K., Zanolin M., 2019,
MNRAS, 486, 2238

Ankowski A. et al., 2016, preprint (arXiv:1608.07853)

Antonioli P. et al., 2004, New J. Phys., 6, 114

Barger V., Marfatia D., Wood B. P., 2002, Phys. Lett. B, 547, 37

Beacom J. F.,, Farr W. M., Vogel P., 2002, Phys. Rev. D, 66, 033001

Bhattacharyya S., Dasgupta B., 2020a, Phys. Rev. D, 102, 063018

Bhattacharyya S., Dasgupta B., 2020b, preprint (arXiv:2009.03337)

Bilenky S. M., Hosek J., Petcov S. T., 1980, Phys. Lett. B, 94, 495

Bionta R. M. et al., 1987, Phys. Rev. Lett., 58, 1494

Bollig R., Janka H.-T., Lohs A., Martinez-Pinedo G., Horowitz C. J., Melson
T., 2017, Phys. Rev. Lett., 119, 242702

Botella F. J., Lim C.-S., Marciano W. J., 1987, Phys. Rev. D, 35, 896

Bowers R. L., Wilson J. R., 1982, ApJS, 50, 115

Brown G. E., Bethe H. A., 1994, ApJ, 423, 659

Blandford R. D., Payne D. G., 1981, MNRAS, 194, 1033

Burrows A., Vartanyan D., Dolence J. C., Skinner M. A., Radice D., 2018,
Space Sci. Rev., 214, 33

Burrows A., Radice D., Vartanyan D., Nagakura H., Skinner M. A., Dolence
J. C., 2020, MNRAS, 491, 2715

Couch S. M., Warren M. L., O’Connor E. P., 2020, ApJ, 890, 127

DPapo H., Paar N., 2012, Phys. Rev. C, 86, 035804

Dasgupta B., Fischer T., Horiuchi S., Liebendorfer M., Mirizzi A., Sagert L.,
Schaffner-Bielich J., 2010, Phys. Rev. D, 81, 103005

Delfan Azari M. et al., 2020, Phys. Rev. D, 101, 023018

Dighe A. S., Smirnov A. Y., 2000, Phys. Rev. D, 62, 033007

Esteban 1., Gonzalez-Garcia M. C., Maltoni M., Schwetz T., Zhou A., 2020,
J. High Energy Phys., 2020, 178

Fanourakis G. et al., 1980, Phys. Rev. D, 21, 562

Fischer T., Whitehouse S. C., Mezzacappa A., Thielemann F.-K.,
Liebendorfer M., 2009, A&A, 499, 1

Fischer T., Guo G., Martinez-Pinedo G., Liebendorder M., Mezzacappa A.,
2020a, Phys. Rev. D, 102, 123001

Fischer T., Wu M.-R., Wehmeyer B., Bastian N.-U. F., Martinez-Pinedo G.,
Thielemann F.-K., 2020b, ApJ, 894, 9

Foglizzo T. et al., 2015, Publ. Astron. Soc. Aust., 32, €009

Formaggio J. A., Zeller G. P, 2012a, Rev. Mod. Phys., 84, 1307

Formaggio J. A., Zeller G. P., 2012b, Rev. Mod. Phys., 84, 1307

Gallo Rosso A., Vissani E., Volpe M. C., 2017, J. Cosmol. Astropart. Phys.,
2017, 036

Gallo Rosso A., Vissani F., Volpe M. C., 2018, J. Cosmol. Astropart. Phys.,
2018, 040

Gil-Botella I., Rubbia A., 2004, J. Cosmol. Astropart. Phys., 2004, 001

Giovanoni P. M., Ellison D. C., Bruenn S. W., 1989, ApJ, 342, 416

Glas R., Janka H.-T., Capozzi F., Sen M., Dasgupta B., Mirizzi A., Sigl G.,
2020, Phys. Rev. D, 101, 063001

Guo G., Martinez-Pinedo G., Lohs A., Fischer T., 2020, Phys. Rev. D, 102,
023037

Hirata K. et al., 1987, Phys. Rev. Lett., 58, 1490

Horiuchi S., Kneller J. P., 2018, J. Phys. G: Nucl. Phys., 45, 043002

Horowitz C. J., 2002, Phys. Rev. D, 65, 043001

Hiidepohl L., Miiller B., Janka H.-T., Marek A., Raffelt G. G., 2010, Phys.
Rev. Lett.,, 104, 251101

Hyper-Kamiokande Proto-Collaboration, 2018, preprint (arXiv:1805.04163)

Ikeda M. et al., 2007, ApJ, 669, 519

Janka H.-T., 2017a, in Alsabti A., Murdin P., eds, Handbook of Supernovae.
Springer International Publishing AG, p. 1095

Janka H.-T., 2017b, in Alsabti A., Murdin P., eds, Handbook of Supernovae.
Springer International Publishing AG, p. 1575

MNRAS 502, 89-107 (2021)

Janka H.-T., Langanke K., Marek A., Martinez-Pinedo G., Miiller B., 2007,
Phys. Rep., 442, 38

Johns L., Nagakura H., Fuller G. M., Burrows A., 2020a, Phys. Rev. D, 102,
103017

Johns L., Nagakura H., Fuller G. M., Burrows A., 2020b, Phys. Rev. D, 101,
043009

Kato C., Nagakura H., Hori Y., Yamada S., 2020, ApJ, 897, 43

Kazanas D., Ellison D. C., 1981, Proc. ICRC, Vol. 7, Monte-Carlo Study of
Neutrino Acceleration in Supernova Shocks. p. 176

Kolbe E., Langanke K., Vogel P., 1999, Nucl. Phys. A, 652, 91

Kolbe E., Langanke K., Martinez-Pinedo G., Vogel P., 2003, J. Phys. G: Nucl.
Phys., 29, 2569

Kuroda T., Kotake K., Takiwaki T., 2016, ApJ, 829, L14

Kuroda T., Kotake K., Takiwaki T., Thielemann F.-K., 2018, MNRAS, 477,
L80

Laha R., Beacom J. F,, 2014, Phys. Rev. D, 89, 063007

Langacker P., Petcov S. T., Steigman G., Toshev S., 1987, Nucl. Phys. B, 282,
589

Li H.-L., Huang X., Li Y.-F,, Wen L.-J., Zhou S., 2019, Phys. Rev. D, 99,
123009

LuJ.-S.,Li Y.-F, Zhou S., 2016, Phys. Rev. D, 94, 023006

Lunardini C., Smirnov A. Y., 2001, Nucl. Phys. B, 616, 307

Mabanta Q. A., Murphy J. W., Dolence J. C., 2019, ApJ, 887, 43

MacFadyen A. 1., Woosley S. E., 1999, ApJ, 524, 262

MacFadyen A. 1., Woosley S. E., Heger A., 2001, ApJ, 550, 410

Mezzacappa A., Endeve E., Messer O. E. B., Bruenn S. W., 2020a, Living
Rev. Comput. Astrophys., 6, 4

Mezzacappa A. et al., 2020b, Phys. Rev. D, 102, 023027

Minakata H., 2002, Phys. Lett. B, 542, 239

Minakata H., Nunokawa H., Tomas R., Valle J. W. E., 2008, J. Cosmol.
Astropart. Phys., 2008, 006

Mirizzi A., Tamborra 1., Janka H. T., Saviano N., Scholberg K., Bollig R.,
Hiidepohl L., Chakraborty S., 2016, Nuovo Cimento Rivista Serie, 39, 1

Morinaga T., Nagakura H., Kato C., Yamada S., 2020, Phys. Rev. Res., 2,
012046

Morozova V., Radice D., Burrows A., Vartanyan D., 2018, ApJ, 861, 10

Miiller B., 2019, Ann. Rev. Nucl. Part. Sci., 69, 253

Murase K., Dasgupta B., Thompson T. A., 2014, Phys. Rev. D, 89, 043012

Nagakura H., 2021, MNRAS, 500, 319

Nagakura H., Sumiyoshi K., Yamada S., 2014, ApJS, 214, 16

Nagakura H. et al., 2018, ApJ, 854, 136

Nagakura H., Furusawa S., Togashi H., Richers S., Sumiyoshi K., Yamada
S.,2019a, ApJS, 240, 38

Nagakura H., Burrows A., Radice D., Vartanyan D., 2019b, MNRAS, 490,
4622

Nagakura H., Sumiyoshi K., Yamada S., 2019¢, ApJ, 880, L28

Nagakura H., Morinaga T., Kato C., Yamada S., 2019d, ApJ, 886, 139

Nagakura H., Burrows A., Vartanyan D., Radice D., 2021, MNRAS, 500, 696

Nakamura K., Horiuchi S., Tanaka M., Hayama K., Takiwaki T., Kotake K.,
2016, MNRAS, 461, 3296

Nakazato K., Furusawa S., Sumiyoshi K., Ohnishi A., Yamada S., Suzuki H.,
2012, Apl, 745, 197

Nakazato K., Sumiyoshi K., Suzuki H., Totani T., Umeda H., Yamada S.,
2013, ApJS, 205, 2

Nakazato K., Mochida E., Niino Y., Suzuki H., 2015, ApJ, 804, 75

Nikrant A., Laha R., Horiuchi S., 2018, Phys. Rev. D, 97, 023019

O’Connor E., Ott C. D., 2011, ApJ, 730, 70

Ott C. D., Roberts L. F., da Silva Schneider A., Fedrow J. M., Haas R.,
Schnetter E., 2018, AplJ, 855, L3

Pan K.-C., Liebendorfer M., Couch S. M., Thielemann F.-K., 2018, ApJ, 857,
13

Papoulias D. K., Kosmas T. S., 2018, Phys. Rev. D, 97, 033003

Powell J., Miiller B., 2019, MNRAS, 487, 1178

Radice D., Morozova V., Burrows A., Vartanyan D., Nagakura H., 2019, ApJ,
876, L9

Richers S. A., McLaughlin G. C., Kneller J. P, Vlasenko A., 2019,
Phys. Rev. D, 99, 123014

202 1idy 0} U0 1s9nB Aq G190.09/68/1/20S/0IMe/SEIUL/WOo0"dNo-ojwapede//:Ssdny Woly papeojumoq


http://arxiv.org/abs/2008.06647
http://arxiv.org/abs/1601.05471
http://dx.doi.org/10.1142/S0218301315500792
http://dx.doi.org/10.1088/1361-6471/aa9125
http://dx.doi.org/10.1016/0370-2693(88)91651-6
http://dx.doi.org/10.1088/0954-3899/43/3/030401
http://dx.doi.org/10.1093/mnras/stz990
http://arxiv.org/abs/1608.07853
http://dx.doi.org/10.1088/1367-2630/6/1/114
http://dx.doi.org/10.1016/S0370-2693(02)02741-7
http://dx.doi.org/10.1103/PhysRevD.66.033001
http://dx.doi.org/10.1103/PhysRevD.102.063018
http://arxiv.org/abs/2009.03337
http://dx.doi.org/10.1016/0370-2693(80)90927-2
http://dx.doi.org/10.1103/PhysRevLett.58.1494
http://dx.doi.org/10.1103/PhysRevLett.119.242702
http://dx.doi.org/10.1103/PhysRevD.35.896
http://dx.doi.org/10.1086/190822
http://dx.doi.org/10.1086/173844
http://dx.doi.org/10.1093/mnras/194.4.1033
http://dx.doi.org/10.1007/s11214-017-0450-9
http://dx.doi.org/10.1093/mnras/stz3223
http://dx.doi.org/10.3847/1538-4357/ab609e
http://dx.doi.org/10.1103/PhysRevC.86.035804
http://dx.doi.org/10.1103/PhysRevD.81.103005
http://dx.doi.org/10.1103/PhysRevD.101.023018
http://dx.doi.org/10.1103/PhysRevD.62.033007
http://dx.doi.org/10.1007/JHEP09(2020)178
http://dx.doi.org/10.1103/PhysRevD.21.562
http://dx.doi.org/10.1051/0004-6361/200811055
http://dx.doi.org/ 10.1103/PhysRevD.102.123001
http://dx.doi.org/10.3847/1538-4357/ab86b0
http://dx.doi.org/10.1017/pasa.2015.9
http://dx.doi.org/10.1103/RevModPhys.84.1307
http://dx.doi.org/10.1103/RevModPhys.84.1307
http://dx.doi.org/10.1088/1475-7516/2017/11/036
http://dx.doi.org/10.1088/1475-7516/2018/04/040
http://dx.doi.org/10.1088/1475-7516/2004/08/001
http://dx.doi.org/10.1086/167602
http://dx.doi.org/10.1103/PhysRevD.101.063001
http://dx.doi.org/10.1103/PhysRevD.102.023037
http://dx.doi.org/10.1103/PhysRevLett.58.1490
http://dx.doi.org/10.1088/1361-6471/aaa90a
http://dx.doi.org/10.1103/PhysRevD.65.043001
http://dx.doi.org/10.1103/PhysRevLett.104.251101
http://arxiv.org/abs/1805.04163
http://dx.doi.org/10.1086/521547
http://dx.doi.org/10.1007/978-3-319-21846-5_4
http://dx.doi.org/10.1016/j.physrep.2007.02.002
http://dx.doi.org/ 10.1103/PhysRevD.102.103017
http://dx.doi.org/10.1103/PhysRevD.101.043009
http://dx.doi.org/10.3847/1538-4357/ab97b2
http://dx.doi.org/10.1016/S0375-9474(99)00152-9
http://dx.doi.org/10.1088/0954-3899/29/11/010
http://dx.doi.org/10.3847/2041-8205/829/1/L14
http://dx.doi.org/10.1093/mnrasl/sly059
http://dx.doi.org/10.1103/PhysRevD.89.063007
http://dx.doi.org/10.1016/0550-3213(87)90699-7
http://dx.doi.org/10.1103/PhysRevD.99.123009
http://dx.doi.org/10.1103/PhysRevD.94.023006
http://dx.doi.org/10.1016/S0550-3213(01)00468-0
http://dx.doi.org/10.3847/1538-4357/ab4bcc
http://dx.doi.org/10.1086/307790
http://dx.doi.org/10.1086/319698
http://dx.doi.org/10.1007/s41115-020-00010-8
http://dx.doi.org/10.1103/PhysRevD.102.023027
http://dx.doi.org/10.1016/S0370-2693(02)02376-6
http://dx.doi.org/10.1088/1475-7516/2008/12/006
http://dx.doi.org/10.1393/ncr/i2016-10120-8
http://dx.doi.org/10.1103/PhysRevResearch.2.012046
http://dx.doi.org/10.3847/1538-4357/aac5f1
http://dx.doi.org/10.1146/annurev-nucl-101918-023434
http://dx.doi.org/10.1103/PhysRevD.89.043012
http://dx.doi.org/10.1093/mnras/staa3287
http://dx.doi.org/10.1088/0067-0049/214/2/16
http://dx.doi.org/10.3847/1538-4357/aaac29
http://dx.doi.org/10.3847/1538-4365/aafac9
http://dx.doi.org/10.1093/mnras/stz2730
http://dx.doi.org/10.3847/2041-8213/ab30ca
http://dx.doi.org/10.3847/1538-4357/ab4cf2
http://dx.doi.org/10.1093/mnras/staa2691
http://dx.doi.org/10.1093/mnras/stw1453
http://dx.doi.org/10.1088/0004-637X/745/2/197
http://dx.doi.org/10.1088/0067-0049/205/1/2
http://dx.doi.org/10.1088/0004-637X/804/1/75
http://dx.doi.org/10.1103/PhysRevD.97.023019
http://dx.doi.org/10.1088/0004-637X/730/2/70
http://dx.doi.org/10.3847/2041-8213/aaa967
http://dx.doi.org/10.3847/1538-4357/aab71d
http://dx.doi.org/10.1103/PhysRevD.97.033003
http://dx.doi.org/10.1093/mnras/stz1304
http://dx.doi.org/10.3847/2041-8213/ab191a
http://dx.doi.org/10.1103/PhysRevD.99.123014

Sasaki H., Takiwaki T., Kawagoe S., Horiuchi S., Ishidoshiro K., 2020,
Phys. Rev. D, 101, 063027

Scholberg K., 2012, Annu. Rev. Nucl. Part. Sci., 62, 81

Seadrow S., Burrows A., Vartanyan D., Radice D., Skinner M. A., 2018,
MNRAS, 480, 4710

Sekiguchi Y., Shibata M., 2011, ApJ, 737, 6

Shalgar S., Tamborra 1., 2019, ApJ, 883, 80

Shibagaki S., Kuroda T., Kotake K., Takiwaki T., 2020, preprint
(arXiv:2010.03882)

Sotani H., Sumiyoshi K., 2019, Phys. Rev. D, 100, 083008

Sotani H., Takiwaki T., 2020, Phys. Rev. D, 102, 023028

Strumia A., Vissani F., 2003, Phys. Lett. B, 564, 42

Sumiyoshi K., Yamada S., Suzuki H., Chiba S., 2006, Phys. Rev. Lett., 97,
091101

Suwa Y., 2013, MNRAS, 428, 2443

Suwa Y., Sumiyoshi K., Nakazato K., Takahira Y., Koshio Y., Mori M.,
Wendell R. A., 2019a, ApJ, 881, 139

Suwa Y., Tahara H. W. H., Komatsu E., 2019b, Progr. Theor. Exper. Phys.,
2019, 083E04

Takiwaki T., Kotake K., 2018, MNRAS, 475, L.91

Tubbs D. L., Schramm D. N., 1975, ApJ, 201, 467

Vartanyan D., Burrows A., Radice D., 2019, MNRAS, 489, 2227

Walk L., Tamborra I., Janka H.-T., Summa A., Kresse D., 2020, Phys. Rev. D,
101, 123013

Wang T., Burrows A., 2020, Phys. Rev. D, 102, 023017

Warren M. L., Couch S. M., O’Connor E. P., Morozova V., 2020, ApJ, 898,
139

Yang H. et al., 2017, J. Instrum., 12, T11004

APPENDIX

The hydrodynamic quantities are described by the following analytic
functions, which approximate the results in the early post-bounce
phase (~ 30ms) in a CCSN simulation of Nagakura et al. (2019a).
We note that the analytic treatment is more useful than the numerical
data for the post-processing simulations, since the results may be
affected by the time-interval of data-output of CCSN simulations.
In our analytic prescription, the time evolution of the system can
be simply characterized by the shock radius. The shock velocity is
estimated from the result of a CCSN simulation.

The number densities of nucleons in post-shock region, r < ry,,
and nuclei in pre-shock region, r > ry,, are given by

_44
no (L) cm™?
ro
L\ 44 ) X
r(ra a -3
"o(,o) (rsh) cm™ > rg,

where we set ny = 1.4 x 102 cm™3, ny =no/{Anc)/10, ro =4 x
106 cm, and (Anc) is the mean nuclear mass number in the upstream.
As shown in Nagakura et al. (2019a), the photodissociation of
heavy nuclei may be incomplete at the shock wave, implying that a
substantial light nuclei would appear in right behind the shock wave.

r < I,

n(r,t) = (A1)
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In this case, the dominant energy loss of neutrinos in post-shock
region may not be the recoil of nucleons but that of light nuclei,
implying that the maximum energy of accelerated v, may exceed
200 MeV. Although this is an interesting possibility, we postpone the
actual impact of light nuclei in neutrino shock acceleration in future
work.

The velocity field is given by

_vmax/10
v(r, 1)~ ( . )71/2 (A2)
—Umax I > Fsh,

7 < Ish,

Tsh

where v,x = 0.2c. The temperature is

12.8 (5) "7 MeV r < ry,

—0.3
T, (7) MeV

Tsh

T(r,t)~ (A3)

I > Ish,

where T) = 1.2(r,/75km)~ %" MeV. The electron fraction is de-
scribed by

min(y, 0.5) r < rg,

Yoy~ § OO =T (A4)
0.5 r > Fe,

where

K s s 1/s

y=0+y+)", (A5)
r 0.3

y; = 0.15 (—) , (A6)
Vsh
r 7

2 = 0.49 (*) , (A7)
Fsh

D Y A8
y3 =0 (22km) : (A8)

Here we choose s = 3. We describe the electron chemical potential
as

K s\ 1/s
o, 1) & (Ml + Mz) r < I, (A9)
6MeV r > re,
where
r ~13
[y =55 (20km) MeV, (A10)

=55 ( Tsh )_1'3 MeV
H2 =229 km :

Although we set the temperature, electron fraction, and electron
chemical potential in the upstream, we can neglect electron scattering
in this region. Thus, the choices of the parameters for the upstream
does not affect our result.

(A11)
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