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Neutrinos from supernovae (SNe) are crucial probes of explosive phenomena at the deaths of
massive stars and neutrino physics. High-energy neutrinos are produced through hadronic processes
by cosmic rays, which are accelerated during interaction between the SN ejecta and circumstellar
material (CSM). Recent observations of extragalactic SNe have revealed that a dense CSM is com-
monly expelled by the progenitor star. We provide new quantitative predictions of time-dependent
high-energy neutrino emission from diverse types of SNe. We show that IceCube and KM3Net can
detect ~ 10% events from an SN II-P (and ~ 3 x 10° events from an SN IIn) at a distance of 10 kpc.
The new model also enables us to critically optimize the time window for dedicated searches for
nearby SNe. A successful detection will give us a multi-energy neutrino view of SN physics and
new opportunities to study neutrino properties, as well as clues to the cosmic-ray origin. GeV-TeV
neutrinos may also be seen by KM3Net, Hyper-Kamiokande, and PINGU.

I. INTRODUCTION

Thirty years ago, neutrinos from Supernova (SN)
1987A were detected by the Kamiokande-IT [1] and
Irvine-Michigan-Brookhaven [2] experiments. The neu-
trino detections confirmed that thermal neutrinos carry
away the gravitational binding energy that is released in
the core-collapse [3]. While no Galactic SNe have been
observed since the invention of the optical telescope and
other multimessenger detectors, the core-collapse SN rate
in the Milky Way is estimated to be ~ 3 per century [4].
If a Galactic SN occurs, high-statistics MeV neutrino sig-
nals will be seen by current facilities, enabling us to in-
vestigate details of core-collapse phenomena and neutrino
oscillation in extreme environments.

Meanwhile, high-energy neutrino astrophysics has fi-
nally become a reality. High-energy cosmic neutrinos
were discovered by the IceCube experiment [5-7]. Non-
thermal neutrinos are generated in the decay of charged
pions produced by cosmic rays (CRs), via hadronuclear
(pp) interactions with matter and photohadronic (p) in-
teractions with radiation. They serve as a smoking gun
of CR ion acceleration. No point source has been found
yet, and the origin of the diffuse neutrino background is
a big mystery in astroparticle physics [8-10].

SN remnants with an age of ~ 103 — 10* yr are estab-
lished as efficient particle accelerators [11]. The theory
also supports that CRs are accelerated at shocks via the
Fermi mechanism, and it is believed that GeV-PeV CRs
originate from SN remnants [12-14]. Are SNe (with an
age of days to months) also promising CR and neutrino
sources? Naively, the SN ejecta is freely expanding dur-
ing the first ~ 1000 yr, so the energy carried by CRs
is so small that hadronic emission is difficult to detect
(e.g., [15, 16]). However, the situation has changed re-
cently. Optical observations of various types of extra-
galactic SNe have provided cumulative evidence that an
SN progenitor commonly experiences a significant mass
loss a short before the explosion [17]. As a result, shock
interactions with a dense circumstellar material (CSM)

should occur, leading to efficient production of neutrinos.
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FIG. 1: Our predictions of neutrino “light curves” (at E, =
1 TeV) for various types of SNe. The slow decline implies the
importance of late time emission. See text for details.

This work presents new time-dependent calculations
of high-energy neutrino emission from nearby SNe with
dense CSM interactions, and for the first time we provide
detailed high-energy neutrino light curves from different
classes of SNe (see Fig. 1). The results taking account of
both time and energy dependences are crucial to evalu-
ate the signal-to-background ratio and examine the de-
tectability with current and future detectors. We show
that, ~ 0.1 — 10 day after detections of MeV neutrinos
and gravitational waves, a high-statistics TeV neutrino
signal in IceCube and KM3Net is expected even for an
ordinary Galactic SN. Our results suggest that nearby
SNe may provide the first example of multi-energy neu-
trino view of astrophysical objects.



TABLE I: CSM parameters for various types of SNe con-
sidered in this work. For SNe IIn and SNe II-P with an
enhanced CSM, we also assume that the CSM is extended
to Rw = 10 cm [18] (implying Mes ~ 3 Mg) and R, =
4 x 10 cm [19] (implying Mes ~ 107% Mg), respectively.

Class D. My [Mo yr ]| Vi [km s ']|| R. [em]
IIn 1 1071 100 10™
II-P® 1072 1073 100 6 x 10"
II-P° |[1.34x107%| 2x107° 15 6 x 1013
11-L/TIb 1077 3x 1077 30 6 x 107

Tbc 107° 107° 1000 3 x 10

“With an enhanced CSM, based on SN 2013fs (II-P).
bWithout an enhanced CSM, based on Betelgeuse (RSG).

II. CSM INTERACTION AND CR
ACCELERATION

We consider an SN explosion with a kinetic energy of
Eej = 105t erg E.j51. After the shock breakout from a
progenitor star, the SN ejecta with an ejecta mass of
Mej = 10 MM, 1 starts to interact with an CSM (that
is also used for an extended envelope in this work) with
a density profile of p.s = Dr~". We adopt a wind profile
with w = 2, which is reasonable in many cases. In the
wind case, D =5x 1016 g cm™! D, is related to the mass-
loss rate (M,,) and wind velocity Vi, as D = M,,/(47V,,).
It is noteworthy that recent observations have revealed
that significant mass ejections or envelope inflations are
common ~ 0.1 — 10 yr before the core-collapse (e.g.,
Refs. [17, 20-25]), including the “dominant” SN class,
SNe II-P [18, 26]. For example, early observations of
SN 2013fs indicated D, ~ 1072 and an outer edge ra-
dius of R, ~ afew x 10 cm [18]. The most extreme
class is Type IIn SNe [19, 27, 28], and SN 2010j1 inferred
D, ~ 6 and R, ~ 106 cm [19]. A dense CSM is sug-
gested in even Type Ibc SNe and low-luminosity y-ray
bursts [29, 30]. See Ref. [17] and Table I.

A faster component of the SN ejecta is decelerated
earlier, and the shock evolution is given by self-similar
solutions [31-33]. For an outer ejecta profile of gej o

t=3(r/t)~°, the shock radius is given by [31-33]

Re= X(w,0)D 7 €29 0 T0 185 (1
s — (’(U, ) v ej ej 5 ()

where X (w,8) = [(3 — w)(4 — w)] ¥ [10(8 — 5)]75=®

[Am(6 —4)(6 — 3)5]_ﬁ [3(0 — 3)]_2&*?“) for the flat core
profile. The solutions remain valid until the whole ejecta
starts to be decelerated [76], which is satisfied in our
setup. Progenitors of Type II-P SNe are thought to be
red supergiants (RSGs), for which we assume a stellar
size of R, = 6 x 10'® cm. For SNe II-L/IIb, we use a
value motivated by yellow supergiants [17]. We adopt
0 = 12 for supergiant stars with a radiative envelope,
while 6 = 10 is assumed for Wolf-Rayet-like compact
stars with a convective envelope [34]. For SNe IIn, we
simply take 6 = 10 based on the results on SN 2010j1 [19].

While we use Eq. (1) for numerical calculations, for the
demonstration we give expressions using Type II-P SNe
as a reference. The shock radius is estimated to be

Ry~ 2.4 x 101 cm DZVIO2/0\=T/0010 ()

ej,1

and the corresponding shock velocity Vi = dR/dt is:

Vo~ 6.2 x 10° em ™t D0 M0 (3)
Shock dissipation converts the kinetic energy into heat,
magnetic fields, and CRs. The kinetic luminosity, Ly =
2m0esVER? is estimated to be
Lo~ 1.0 % 102 exg =1 DT/1SE2T/20\=21/204-8/10 (4
Note that higher-velocity ejecta are more efficiently dis-
sipated (the dissipation energy is given by &ej(> V)
V579), so the neutrino detectability is significantly en-
hanced compared to that in the simplest model with a
uniform velocity [35, 36]. Also, unlike SNe IIn [35, 36],
the validity of the self-similar solution and the CR accel-
eration is justified in ordinary SNe II-P and II-L/IIb.
By analogy with SN remnants, it is natural to ex-
pect that CRs are accelerated by the shock acceleration
mechanism. Contrary to the SN shock inside a star [77],
the CSM is not too dense (except for SNe IIn [35, 37])
and the formation of collisionless shocks (mediated by
plasma instabilities) is guaranteed. The condition for
the shock to be radiation unmediated coincides with that
for photons to breakout from the CSM [37-39], which is
t > tho &~ 6.0 x 103 s D, _ouz ' (where ty,, is the photon
breakout time [40]). In addition, since we consider CR
acceleration during CSM interactions, we take the sec-

ond criterion, ¢ > t, ~ 6.8 x 10' s D,/%, e YVPMY®,
which is given by R, = Rs(ts) for Vi < Vi max (Where
Vs max is the maximum velocity [34]). Considering these,

the “onset” time of CR acceleration is given by
tonsct ~ max[tbm t*] (5)

We find that in most cases including dominant Type II-P
SNe, tonset ~ ts, which is “different” from tonget ~ tho for
Type IIn SNe. See Fig. 1 for topget of various SN classes.

The CR acceleration time is estimated to be tyec =~
(20/3)cE,/(eBV2) [13]. In most cases listed in Table I,
the maximum proton energy (E)) is limited by the
particle escape or dynamical time (tqyn ~ Rs/Vs) [37].
We assume a CR spectrum to be dN./dp x p~* with
s ~ 2.0 — 2.2, where p is the proton momentum. The
CR luminosity L., is normalized as L., = €q Ls, where
€cr ~ 0.1 is the energy fraction carried by CRs [41].

IIT. NEUTRINO PRODUCTION

High-energy CRs interact with cold CSM nucleons and
produce mesons (mostly pions) via inelastic pp colli-
sions, and high-energy neutrinos are generated via de-
cay processes like 70 — pv, — v,pveet. For a CR



; i allﬂalvor o ' o ' '||'n'”_.'_ ..... TABLE II: Expected numbers of through-going muon tracks
5| d=10 kpc -p —- in IceCube, for various types of SNe with different values of
4 lI-L/llb — — — the muon energy threshold and observation time.
N
g 3 Mod sig,<107 5| xrsig,<107 s ig, <tmax
S 2 odel S Nu,>1 Ty Nu,>041 Tev NZ >0.1 TV tmm; F[S]
R IIn 2.2][ 27 x 107 | 4.6 x 10T | 1.2x 10° | 10™
=0 (10 kpe) |2.0]| 1.1 x 10° | 1.7 x 10° | 4.5 x 10° | 107°
o 1 I-P*  [2.2][ 28 x10° | 41x10° | 3.8 x10° | 10°®
W, (10 kpe) |2.0]] 1.2 x10® | 1.6 x 10* | 1.5 x 10® | 10°®
83 ILP? |22 55 x 107 | 84 x 10° | 3.5x 10° | 10°*
4 (0.197 kpc) 2.0 2.3 x 10° | 3.3 x 10° | 1.4 x 10® | 10°*
5L II-L/IIb |22 18 27 8.9 10%°
s L (10 kpe) 2.0 78 110 36 10*6
107 Ibc 2.2[[5.4 x 107381 x 107328 x 1073 | 108
E, [GeV] (10 kpc) |2.0|[2.4 x 1072|3.2x 1072 | 1.4 x 1072 | 10*°

FIG. 2: Energy fluences of ve + Ue + v, + Uy + v- + U from a
Galactic SN at tmax for d = 10 kpc (see Table II). Thick and
thin curves represent s = 2.2 and s = 2.0, respectively.

proton with FE,, the typical neutrino energy is E, ~
(0.03 — 0.05)E, [42]. The approximate cross section and
proton inelasticity are 0, ~ 3x1072% cm? and k,,, ~ 0.5,
respectively. Using Egs. (2) and (3), the effective pp op-
tical depth is estimated to be

KppOpp(0cs/Mmu)Rs(c/V5)
~ 0.82 DS7/E2M7_/10579/1016;§/5. (6)

ej,1 “ej,51

Q

fpp

We numerical calculate neutrino spectra (see Supple-
mentary Material for details), considering the detailed pp
cross section and the secondary spectra [42, 43]. For a
given shock evolution with parameters listed in Table I,
we evaluate EZI)” and obtain time-dependent secondary
spectra by solving kinetic equations.

In Fig. 1, we first show TeV neutrino light curves for
various types of SNe. A core-collapse SN event with a
MeV neutrino luminosity of L, ~ a few x 10°® erg s~!
will be accompanied by high-energy neutrino emission
with a bolometric luminosity of L, ~ 1037 —10*? erg s~ 1.
For SNe II-P, the thick (thin) curve represents the case
with (without) an enhanced CSM. The neutrino lumi-
nosity is expressed as ELp & €e,min[l, fpp]Ls, so the
slope changes at the time when f,, becomes unity. This
can be seen for SNe II-P at ~ 4 x 10° s and SNe II-
L/IIb at ~ 10% s, respectively. For these types of SNe
(with D, ~ 107*—1072), the best time window for high-
energy neutrino observations is ~ 0.1 — 1 day. On the
other hand, for Type IIn SNe (with D, ~ 10~ — 10),
~ 0.1 — 1 yr observations are necessary. Note that the
appropriate time window depends on SN types and the
time-dependent model is critical.

Using Eqs. (6) and (4), the neutrino energy fluence (for

2D, = 1072 based on the observations of SN 2013fs (II-P).
®D, = 1.34x10~* based on the observations of Betelgeuse (RSG).

the sum of all flavors) is estimated to be
6CI‘é‘S El/ s

Zmin[1 —as (v

Tz 2L ferl (0.4 GeV)

~ 83 GeV cm ™2 min[l, fpplécr,_1(E, /0.4 GeV)*™*

DA NTOR L, (/10 kpe) (1)

ej,5b1

E3¢u ~

where the factor 1/2 comes from the facts that the 7% /7°
ratio is & 2 in pp interactions and neutrinos carry 3/4 of
the pion energy in the decay chain. Also, & ~ Lgtayn
and Rerig = Ecrgs/(Eszcr/dEp)ho Gev 18 a spectrum
dependent factor that converts the bolometric CR energy
to the differential CR energy (e.g., Refs. [37]).

In Fig. 2, we show neutrino energy fluences, evaluated
at the time when the ratio of the signal to the square root
of the background is a maximum (see below). The results
agree with our analytical estimates, but the time window
is chosen from the results of our detailed time-dependent
model. Note that, for SNe II-P and IIn with an enhanced
CSM, we expect min[l, f,,] ~ 1 so the system is nearly
“calorimetric” until some time.

IV. DETECTABILITY

Taking into account neutrino mixing (v, :
1:1:1) and the IceCube angular resolution, we cal-
culate the number of through-going muon tracks ex-
pected in IceCube (see Appendix of Ref. [9]). The back-
ground increases as an integration time ¢, so the signal-to-
background changes as time. The time-dependent model
is critical and our model is directly applicable to dedi-
cated searches with IceCube and KM3Net.

In Fig. 3, we show the number of muons expected in
IceCube, N, ;; £, » Which is integrated over muon energy
(E,) above a muon-energy threshold. We use IceCube’s
angle averaged effective area for upgoing tracks, which
is sufficient for the purpose of this work. Note that
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FIG. 3: Expected numbers of through-going muon tracks de-
tected in IceCube, for a Galactic SN. For the signals, corre-
sponding to Fig. 2, we consider s = 2.2 (thick curves) and
s = 2.0 (thin curves), respectively. The sum of atmospheric
and astrophysical background events is also shown.

KM3Net is more powerful for SNe in the southern sky,
especially around the Galactic center. In Table II, we
present the results for ¢ = 107 s, with Ef* = 0.1 TeV

and Efbh = 1 TeV. We also calculate a test statis-

tic, Nﬁig/\/Nﬁkg, assuming both of the atmospheric
(conventional+prompt) and astrophysical neutrino back-
grounds [44], which has a maximum at tyax. For w = 2,
the test statistic increases as time as long as f,, 2 1,
and then declines. Thus, t,ax is essentially determined
by fpp = 1 or Ry = R,,. From Fig. 3, we see NPk <1
until ¢ ~ 10 s. For E" = 1 TeV, the background is
negligible in the relevant time window, because the at-
mospheric neutrino flux decreases as ¢p2™ oc E,37.

We find that IceCube can detect ~ 10® events for a
Type II-P SN at 10 kpc. The core-collapse SN rate in
the Milky Way is estimated to be ~ 3 century ! [4], and
the rates of Type II-P and II-L/IIb SNe are ~ 50% and
~ 15—20% of the core-collapse SNe, respectively [45, 46].
The frequency of rare SNe IIn is only ~ 10% [25, 45],
but they can be detected up to ~ 10 Mpc. Type Ibc
SNe, whose rate is ~ 20 — 25% [45, 47], may be difficult
to detect. However, they are also detectable if a dense
CSM is expelled as suggested for low-luminosity ~-ray
bursts [39]. While the rate is much smaller, nearby SNe
are more spectacular. For Betelgeuse, we expect ~ 3 x
10% (~ 10%) with (without) an enhanced CSM. Another
example is n Carinae at 2.3 kpc. If it explodes as an SN
IIn (assuming that an CSM with w = 2 is erupted), we
could have ~ 3 x 10 neutrino events [78].

V. SUMMARY AND IMPLICATIONS

For the first time, we systematically evaluate the de-
tectability of high-energy neutrinos from different classes
of nearby SNe in a common and well-justified setup. For
a Galactic SN, surprisingly, we showed that Gton neu-
trino detectors like IceCube and KM3Net can detect = 10
neutrinos from a Type II SN, which forms a dominant
class of core-collapse SNe. Even ~ 103 — 10° events are
possible for Type II-P and IIn SNe. The targeted time
window is ~ 0.1—1 day (~ 0.1—1 yr) after the MeV neu-
trino detection for SNe II-P/II-L/IIb (SNe IIn). Since the
nearest SNe are intermittent, we must be best-prepared
for them. Exploiting the time-dependent model is cru-
cial for not missing the neutrino signals. The signal-to-
background changes as time, and dedicated searches op-
timized in both time and energy can be achieved with
our new model. In the simplest model, the expected
signal can be significantly underestimated, and the de-
tectability is diminished. This is especially critical for
detections of an SN with a smaller CSM or in another
galaxy (e.g., M31) and stacking analyses with multiple
SNe. The SN rate within 10 Mpc is enhanced due to
a local overdensity and a higher-than-expected SN rate
within 10 Mpc [48, 49].

In our model, CR production relies on the shock ac-
celeration, and target material is not the SN ejecta but
the “CSM”. We stress that our new prediction quali-
tatively differs from others, e.g., one from interactions
between pulsar-accelerated CRs and the ejecta [50-52],
and includes “dominant” SNe II-P unlike previous works
for rarer SNe IIn and Ibc-BL [35, 38, 39]. It is clearly
consistent with the nonobservations from past SNe such
as SN 1987A, but luminous SNe IIn in nearby galax-
ies [48, 49] could be seen as “mini-flares”. Note that
our model is also consistent with the existing y-ray con-
straints on SNe IIn [53]. The Type IIn contribution
to the diffuse neutrino intensity could reach Egi),, ~
3x 1078 GeV cm™2 571 sr™ !, whereas Eq. (7) suggests
that the Type II-P contribution is ~ 1% of that.

There are various implications. (a) First, we can probe
mechanisms of the pre-SN mass ejection or envelope infla-
tion. Unlike photons that can be largely attenuated, neu-
trinos give us direct information on the CSM. (b) Second,
thorough the observation of ~ 0.1 —1 PeV neutrinos, we
can test whether nascent SN remnants contribute to the
observed CRs around the knee at 3 PeV. This is relevant,
since SNe IIn and IIb have been suggested as the origins
of such very high-energy CRs [37, 54, 55]. (c) Third,
we can study CR ion acceleration in “real time”. Neu-
trino signals earlier than ¢,,set may indicate CR acceler-
ation inside the ejecta [51, 52, 56, 57]. (d) The Galactic
SN is an ideal target for multimessenger astrophysics.
For example, thermal radiation in the optical and x ray
bands will coincide with high-energy neutrino emission.
We also predict the generation of hadronic ~ rays from
the production and decay of neutral pions. If the system
is transparent to - rays, the Galactic SNe should read-



ily be detected by current Cherenkov telescopes, Fermi,
HAWC and the future Cherenkov Telescope Array. In
particular, Fermi could see SNe II-P up to ~ 1 — 2 Mpc.

Regarding (b), the highest-energy neutrinos can be
seen in different flavors. Based on the published Ice-
Cube effective areas [6, 58], we may expect a few double-
bang (or double-pulse) events and even Glashow reso-
nance events for a Galactic SN II-P. Statistics can be im-
proved with a future detector such as IceCube-Gen2 [59],
and observations of v, and 7, will give us information on
flavor mixing and neutrino production mechanisms.

High-energy neutrino detections with high statis-
tics will give us unique opportunities to study neu-
trino properties, e.g., neutrino decay [60-63], oscillation
into other sterile neutrinos [63-66], and neutrino self-
interactions [63, 67-71]. Note that the CSM is not dense
enough for the matter resonance in the sources to oc-
cur at relevant energies. Flavor studies can be used
to probe small mass-splittings of pseudo-Dirac neutrinos
with Am? ~ 8 x 107 eV* (E,/1 TeV)(d/10 kpc) .
A bright neutrino point source with a long duration will
also enable us to do the Earth tomography, and provide
a new test of the cross section.

Related (c), the detection of GeV-TeV neutrinos is
relevant to obtain broadband spectra, which is possi-
ble with Hyper-Kamiokande (Hyper-K) [72], KM3Net-
ORCA [73], and PINGU [74]. By detecting nonthermal
neutrinos from GeV to PeV energies, as well as thermal
MeV neutrinos, the next Galactic SN will provide the
first example of “multi-energy” neutrino astrophysics.
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