
Interacting supernovae as high-energy multimessenger transients

Kohta Murase
Department of Physics; Department of Astronomy and Astrophysics; Center for Multimessenger

Astrophysics, Institute for Gravitation and the Cosmos, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA; School of Natural Sciences, Institute for Advanced Study,
Princeton, New Jersey 08540, USA; and Center for Gravitational Physics and Quantum Information,

Yukawa Institute for Theoretical Physics, Kyoto, Kyoto, 606-8502, Japan

(Received 29 December 2023; accepted 21 February 2024; published 13 May 2024)

Multiwavelength observations have revealed that dense, confined circumstellar material (CCSM)
commonly exists in the vicinity of supernova (SN) progenitors, suggesting enhanced mass losses years to
centuries before their core collapse. Interacting SNe, which are powered or aided by interaction with the
CCSM, are considered to be promising high-energy multimessenger transient sources. We present detailed
results of broadband electromagnetic emission, following the time-dependent model proposed in the
previous work on high-energy SN neutrinos [K. Murase, New prospects for detecting high-energy
neutrinos from nearby supernovae, Phys. Rev. D 97, 081301 (2018)]. We investigate electromagnetic
cascades in the presence of Coulomb losses, including inverse-Compton and synchrotron components that
significantly contribute to MeV and high-frequency radio bands, respectively. We also discuss the
application to SN 2023ixf.
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I. INTRODUCTION

Multiwavelength observations of supernovae (SNe) in
optical, radio, and x-ray bands have provided cumulative
evidences for the existence of dense circumstellar material
(CSM) surrounding their progenitors [1,2], which has led to
a paradigm shift in the stellar evolution study [3]. A good
fraction of hydrogen-rich (Type II) SNe show signatures of
confined CSM (CCSM), which include narrow emission
lines [4–9] and optical light curves at early times [10–12].
The radiative output of interaction-powered SNe, which are
often classified as Type IIn SNe, is dominated by the shock
interaction between the supernova (SN) ejecta and the
CSM [13–15]. Variable activities of progenitors or even
outbursts that occur months to years before explosion are
also observed [16–19]. The interaction with such CCSM
can be important even in Type Ibc SNe, as evidenced from
transrelativistic SNe [20,21], some fast blue optical tran-
sients like AT 2018cow [22,23], and interacting SNe like
SN 2014C [24]. The diversity of such “interacting SNe,”1

whether the optical emission is mainly powered by the

CSM interaction or not, suggests the importance of under-
standing the final phase in the evolution of massive
stars [25–29], and the progenitors of core-collapse SNe
may commonly experience significant mass losses ranging
from ∼10−3 to ∼1M⊙ yr−1 that occur ∼0.1–100 yr before
the explosion [3,30,31]. This picture has also been sup-
ported by late-time radio observations of core-collapse
SNe [32]. The recent discovery of SN 2023ixf at a distance
of d ∼ 7 Mpc provided another golden example of CCSM-
interacting SNe II with various signatures at different
wavelengths [33–41].
The collision between SN ejecta and dense CSM creates

a rich tapestry of physical processes and will lead to various
high-energy signatures. Large CSM masses inevitably
cause efficient dissipation of the kinetic energy of the
SN ejecta via shocks [42]. The formation of collisionless
shocks will be accompanied by the onset of diffusive shock
acceleration (DSA) of cosmic rays (CRs) and resulting
nonthermal emission [43,44]. Murase et al. [43] proposed
that interaction-powered SNe like Type IIn SNe are
promising sources of high-energy neutrinos and gamma
rays. Murase [45] (hereafter M18) first investigated high-
energy neutrino emission from various types of SNe
considering interaction with CCSM (including ordinary
SNe II-P) and showed that Galactic SNe are promising
multienergy neutrino transients for neutrino detectors such
as IceCube and Super-Kamiokande. Detection of high-
energy SN neutrinos has been of interest for studying
particle physics [46]. Hadronic gamma-ray emission from
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1Interacting SNe refer to any type of SNe experiencing shock
interaction with CSM, which include not only SNe IIn but also
SNe II with CCSM.
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interacting SNe has also been investigated both theoreti-
cally [43,47–55] and observationally [56], and analyses
with the Fermi data enable us to obtain meaningful
constraints on the CR acceleration from SN 2010jl [48]
and find the possible signal from bright SNe [57–59].
This CCSM interaction scenario does not rely on an
additional central engine source, and it is different from
the scenario assuming a pulsar embedded in SN ejecta
to be a CR accelerator [60–64]. Interacting SNe can be
super-PeVatrons [65–68], which may also contribute to
Galactic CRs [69–71]. Revealing high-energy nonthermal
emission from such interacting supernovae will not only
expand our understanding of the late stages of stellar
evolution but also shed light on the properties of particle
acceleration.
In this work, we investigate high-energy nonthermal

emission from various classes of SNe considering early
CSM interactions lasting from days to months, and provide
details of numerical calculations with the Astrophysical
Multimessenger Emission Simulator (AMES). In particular,
following M18 that focuses on high-energy SN neutrino
afterglows, we present the results on broadband electro-
magnetic emission, taking into account synchrotron and
inverse-Compton (IC) processes and accompanied electro-
magnetic cascades. The results will be useful for multi-
messenger modeling of nearby SNe and distant SNe
that could be found by neutrino-triggered followup obser-
vations. Throughout this work, we use Q≡ 10xQx in
CGS units.

II. PHYSICAL MODEL

A. Dynamics

Let us consider SN ejecta with an ejecta mass of
Mej ¼ 10M⊙Mej;1, which interact with a CCSM (that
can also be an extended stellar envelope) with a density
profile of

ϱcs ¼ DR−2
cs

�
r
Rcs

�
−w
; ð1Þ

where Rcs is the outer radius of the CCSM and w is a CSM
density slope. We use a wind profile (i.e., w ¼ 2), which is
reasonable and sufficient for the purpose of this work,

although a shallower profile has been discussed both
theoretically [72] and observationally [32]. In the wind
case, the CSM parameter is written as

D≡ 5 × 1016 g cm−1D� ¼
Ṁw

4πfΩVw
; ð2Þ

where Ṁw is the wind mass-loss rate, Vw is the wind
velocity, and fΩ ≡ ΔΩ=ð4πÞ is the covering factor of the
CSM, which can be lower than unity if the CSM is
aspherical and/or clumpy. For example, early flash spec-
troscopy for SN 2013 fs indicates D� ∼ 10−2 and Rcs ∼
4 × 1014 cm [5]. Modeling of SN 2020tlf (II-P) suggests
D� ∼ 0.6 and Rcs ∼ 1015 cm [73] (see also Ref. [19]). As an
example of SNe IIn, observations of SN 2010jl inferD� ∼ 6

and Rcs ∼ 1016 cm [74,75]. Reference [6] shows that
interacting SNe have a range of parameters from
D� ∼ 10−2 − 1. The number density of nucleons is nN ¼
ϱcs=mH and that in the shocked region n0N is larger by the
compression ratio. The total CSM mass (Mcs) is also
obtained by performing the volume integral. CSM and
SN ejecta parameters used in this work are shown in
Table I. Note that although we primarily consider Type II
SNe for CCSM-interacting SNe, some SNe Ibc such as SN
2010bh, SN 2014C and AT 2018cow are accompanied by
CCSM, which enables us to expect high-energy neutrino
and gamma-ray emission [47,48].
A faster component of the SN ejecta is decelerated

earlier, and the forward shock evolution is obtained by
solving the equation for the conservation of momentum
[76,77]. In the thin shell approximation, the radius (Rs) and
velocity (Vs) of the shell are determined by [41,78]

Ms
dVs

dt
¼ 4πfΩR2

s ½ϱejðVej − VsÞ2 − ϱcsðVs − VwÞ2�; ð3Þ

where ϱej ∝ t−3ðr=tÞ−δ (where δ ≥ 6.67) is the outer
ejecta profile, Ms is mass of the shell consisting of the
shocked SN and CSM, and Vej is the ejecta velocity. We
adopt δ ¼ 12 (δ ¼ 10) for supergiant stars with a radiative
envelope (Wolf-Rayet-like compact stars with a convec-
tive envelope) [79], although our conclusions are largely
insensitive to this assumption. Typical progenitors of SNe

TABLE I. CSM and SN ejecta parameters for various types of SNe considered in this work and M18. Kinetic
energy and mass of SN ejecta are set to Eej ¼ 1051 erg and Mej ¼ 10M⊙, respectively.

Class D� Ṁw [M⊙ yr−1] Vw [km s−1] Rcs [cm] R� [cm] δ tνmax [s]

II (CCSM) 10−2 − 1 10−3–10−1 100 ð0.4–1.0Þ × 1015 6 × 1013 12 105.8–106.5

IIn 10−2 − 1 10−3–10−1 100 1016 1013 10 105.8–107.5

II-P 1.34 × 10−4 2 × 10−6 15 � � � 6 × 1013 12 105.4

II-L/IIb 10−3 3 × 10−5 30 � � � 6 × 1012 12 104.6

Ibc 10−5 10−5 1000 � � � 3 × 1011 10 103.8
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II-P and II-L/IIb are thought to be red supergiants (RSGs)
and yellow supergiants, respectively [3]. Practically, a
power-law solution of Eq. (3), which is obtained with Vej ¼
Rs=t and Vs ≫ Vw, is valid until the shock radius reaches
Rs ¼ Vttt, where Vt ¼ ½10ðδ − 5ÞEej=3=ðδ − 3Þ=Mej�1=2
[78]. The deceleration of the whole ejecta would happen
if Mej ≲Mcs.
While the solution of Eq. (3) is used in our numerical

calculations [45], analytical estimates would be useful for

understanding the physics. The shock radius is approx-
imately given by

Rs≃

(
2.4×1014 cmD−1=10

�;−2 E9=20
ej;51M

−7=20
ej;1 t9=105.5 ðfor δ¼ 12Þ

1.7×1014 cmD−1=8
� E7=16

ej;51M
−5=16
ej;1 t7=85.5 ðfor δ¼ 10Þ

;

ð4Þ

and the corresponding velocity Vs ¼ dRs=dt is

Vs ≃

(
6.9 × 108 cm s−1D−1=10

�;−2 E9=20
ej;51M

−7=20
ej;1 t−1=105.5 ðfor δ ¼ 12Þ

4.6 × 108 cm s−1D−1=8
� E7=16

ej;51M
−5=16
ej;1 t−1=85.5 ðfor δ ¼ 10Þ

: ð5Þ

A fraction of the shell kinetic energy that is dissipated at a shock is converted into internal energy, magnetic fields, and
CRs. The kinetic luminosity, Ls ¼ 2πfΩϱcsV3

sR2
s , is estimated to be

Ls ≃

(
1.0 × 1042 erg s−1fΩD

7=10
�;−2E

27=20
ej;51 M−21=20

ej;1 t−3=105.5 ðfor δ ¼ 12Þ
3.1 × 1043 erg s−1fΩD

5=8
� E21=16

ej;51 M−16=15
ej;1 t−3=85.5 ðfor δ ¼ 10Þ

: ð6Þ

For the demonstrative purpose of this work, it is sufficient
to assume fΩ ¼ 1. In reality, the observed flux is related to
Ls, and uncertainty in fΩ degenerates with uncertainties in
the other parameters.

B. CR acceleration and secondary production

It is believed that GeV–PeV CRs originate from SN
remnants with an age of ∼103–104 yr (that is comparable to
the deceleration time of the whole SN ejecta), and shock
interactions with stellar winds in the compact clusters of
young massive stars may also be important for CRs around
or above the knee energy [80]. Shell-type SN remnants are
established as efficient particle accelerators [81], where
both ions and electrons are accelerated by the DSA
mechanism [82,83] that is one of the Fermi acceleration
processes [84]. However, a shell caused by SN shocks had
not been thought as promising high-energy neutrino and
gamma-ray emitters during the early phases with an age of
≲0.1–1 yr after the SN explosion. First, most of the SN
ejecta freely expands just after the SN explosion, so that
energy carried by CRs via DSA is small especially if
the shock propagates in the interstellar medium [60].
Alternatively, a pulsar can be invoked as a CR accelerator
but the CR acceleration mechanism is highly uncertain
[60–62]. Second, DSA at a shock inside a star is inefficient
while the shock is collisional or radiation mediated [85,86].
This is still the case around shock breakout when the
density profile of the material is so steep that the shock is
subject to significant radiative acceleration [44,48,87].
Third, there has been remarkable progress in gamma-
ray and neutrino observations. For example, IceCube is

sensitive enough to detect high-energy neutrino signals if
Betelgeuse explodes even without considering enhanced
CSM [45].
However, the common existence of CCSM in core-

collapse SNe including ordinary SNe II-P has changed
prospects for high-energy neutrino and gamma-ray emis-
sion, as pointed out by M18. Efficient DSA may start once
the SN shock leaves a star, for which the condition is
given by R� ¼ Rsðt�Þ for Vs < Vs;max (where Vs;max is the
maximum velocity [79]), and we have

t� ≃

(
6.8 × 104 sD1=9

�;−2M
7=18
ej;1 E−1=2

ej;51R
10=9
�;13.78 ðfor δ ¼ 12Þ

1.3 × 104 sD1=7
� M5=14

ej;1 E−1=2
ej;51R

8=7
�;13 ðfor δ ¼ 10Þ

:

ð7Þ
If the CSM is too dense, the shock is initially radiation
mediated, in which the shock jump is smeared out by
radiation from the downstream and low-energy CRs
gain little energy [65]. However, the formation of colli-
sionless shocks (mediated by plasma instabilities) is
unavoidable especially for a wind or shallower density
profile [44,47,65], and the condition is given by
τT ≈ σTϱcsRs=ðμemHÞ≲ c=Vs, where τT is the optical
depth to the Thomson scattering with the cross section,
σT ≈ 6.7 × 10−25 cm2. This coincides with the photon
breakout time [88], which is

tbo ≃ 6.0 × 103 sD�;−2μ−1e : ð8Þ

Considering these two necessary criteria, the onset time of
CR acceleration is estimated by [45]
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tonset ≃max½tbo; t��: ð9Þ

For D� ≲ 0.1, which is the case for most SNe II, we expect
tonset ∼ t�, although tonset ∼ tbo when the CSM is denser.
The CSM interaction ends when the shock reaches the edge
of the CCSM, and its timescale is given by

tend ≈

(
1.5× 106 sD1=9

�;−2M
7=18
ej;1 E−1=2

ej;51R
10=9
cs;15 ðfor δ ¼ 12Þ

3.4× 107 sD1=7
� M5=14

ej;1 E−1=2
ej;51R

8=7
cs;16 ðfor δ ¼ 10Þ

:

ð10Þ

The CR acceleration time is given by tacc ≈ ηεp=ðeBcÞ,
where η ¼ ð20=3Þðc2=V2

sÞ for a nonrelativistic shock
whose normal is parallel to the magnetic field in the
Bohm limit [82]. The magnetic field is parametrized as

UB ¼ B2

8π
¼ εB

3Ls

4πfΩR2
sVs

; ð11Þ

where UB is the magnetic energy density. Observations of
SNe and numerical simulations suggest εB ∼ 10−3–10−2

[89,90], and we adopt εB ¼ 10−2 as a fiducial value. The
magnetic field strength is estimated to be

B ≃

(
39 G ε1=2B;−2D

1=2
�;−2t

−1
5.5 ðfor δ ¼ 12Þ

380G ε1=2B;−2 D
1=2
� t−15.5 ðfor δ ¼ 10Þ

: ð12Þ

CR acceleration is limited by the age or particle escape if
energy losses are irrelevant. In the escape-limited case [91],
for a CR proton with energy εp, the maximum energy is

εmax-esc
p ≃

8>>>>>><
>>>>>>:

9.7×106 GeVðlesc=RsÞε1=2B;−2D
3=10
�;−2

×E9=10
ej;51M

−7=10
ej t−1=55.5 ðfor δ¼12Þ

4.4×107 GeVðlesc=RsÞε1=2B;−2D
1=4
�

×E7=8
ej;51M

−5=8
ej t−1=45.5 ðfor δ¼10Þ

;

ð13Þ

where lesc is the upstream escaping boundary that can be
determined by plasma processes including the magnetic
field amplification by (nonresonant) CR streaming insta-
bilities [50,67,68] and neutral-ion damping [43]. In this
work, for simplicity, we assume that the escape boundary is
comparable to the system size, which is sufficient for the
purpose of this work because electromagnetic cascades
make the results on photon spectra insensitive to the CR
maximum energy. In general, other energy losses such as
the photomeson production and the Bethe-Heitler pair
production process (pγ → pe−eþ) can play roles. In our
setup, the inelastic pp interaction is the most relevant
cooling process, and we obtain

εmax−pp
p ≃

8>>>>>><
>>>>>>:

1.2 × 107 GeVε1=2B;−2D
−9=10
�;−2

×E9=5
ej;51M

−7=5
ej t3=55.5 ðfor δ ¼ 12Þ

2.5 × 105 GeVε1=2B;−2D
−1�

×E7=4
ej;51M

−5=4
ej t1=25.5 ðfor δ ¼ 10Þ

:

ð14Þ
For CR injections, we assume a CR spectrum to be a

power law, i.e.,

dncr
dpcr

∝ p−scr
cr e−pcr=pmax

cr ; ð15Þ

where scr is the CR spectral index and pcr is the CR
momentum. We assume proton CRs, and the spectrum is
normalized via the CR energy density Ucr as

Ucr ¼
Z

dppεp
dncr
dpp

¼ ϵp
1

2
ϱcsV2

s ; ð16Þ

where ϵcr is the energy fraction carried by CRs and ϵcr ∼ 0.1
is consistent with observations of Galactic CRs [92] and
fast nova shocks from RS Ophiuchi [93]. Although ϵcr may
be as low as ϵcr ∼ 0.01 for radiative shocks, as inferred from
observations of classical novae [94] and constraints from
SN 2010jl [43], the shock is adiabatic for modest values
of D� including the cases without CCSM, and the CR
acceleration could also be modified by the preacceleration
of CRs at the CSM eruption [65]. We use ϵcr ¼ 0.1, which
is sufficient for the purpose of this work. Although we
assume scr ¼ 2.0–2.2, we present the results for scr ¼ 2.2
throughout this work because Galactic CR data prefer
scr ∼ 2.2–2.4 rather than scr ¼ 2.0 [92]. However, we note
that our results are largely insensitive to scr thanks to
electromagnetic cascades that make photon energy spectra
“flat.” See also M18 for the impacts on the detectability of
high-energy neutrinos.
CR ions interact with cold nucleons in the CSM and lead

to the pp production of mesons (mostly pions), which gen-
erates a flux of high-energy neutrinos via decay processes
like πþ→μþνμ→νμν̄μνeeþ and gamma rays via π0 → 2γ.
The typical neutrino energy is εν ∼ ð0.03–0.05Þεp [95].
The approximate cross section and proton inelasticity of pp
collisions are σpp ≈ 3 × 10−26 cm2 and κpp ≈ 0.5, respec-
tively. Using Eqs. (4) and (5), the effective optical depth to
inelastic pp interactions, fpp ≈ κppσppðϱcs=mHÞRsðc=VsÞ,
is estimated to be [45]

fpp ≃

(
0.82 D6=5

�;−2M
7=10
ej;1 E−9=10

ej;51 t−4=55.5 ðfor δ ¼ 12Þ;
170D5=4

� M5=8
ej;1E

−7=8
ej;51 t

−3=4
5.5 ðfor δ ¼ 10Þ.

ð17Þ

This gives the transition time, at which the system becomes
effectively optically thin for confined CR ions,
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tfpp¼1≃

(
2.4× 105 sD3=2

�;−2M
7=8
ej;1E

−9=8
ej;51 ðfor δ¼ 12Þ

3.1× 108 sD5=3
� M5=6

ej;1E
−7=6
ej;51 ðfor δ¼ 10Þ:

ð18Þ

One sees that the dense CSM allows us to naturally expect
that early SNe have the bright phase in high-energy
neutrinos and gamma rays.

C. Thermal emission

AMES focuses on the calculations of nonthermal emis-
sion, but thermal emission has to be modeled consistently
especially for the studies of SNe. This is because thermal
photons typically overwhelm nonthermal photons in the
optical and x-ray bands, and they provide target photons for
high-energy gamma rays through γγ → eþe−. We approx-
imately implement time-dependent thermal spectra in the
following physical manner.
The kinetic energy of SN ejecta is dissipated through

shocks. The forward shock is more important for our ejecta
profiles [42] and CSM parameters (Mcs < Mej) considered
in this work (but see, e.g., Ref. [43] for reverse shock
contributions). Then, the postshock temperature T 0

cs is

kT 0
cs ¼

3

16
mHμV2

s ð19Þ

≃

(
57 keVD−1=5

�;−2M
−7=10
ej;1 E9=10

ej;51t
−1=5
5.5 ðfor δ ¼ 12Þ

26 keVD−1=4
� M−5=8

ej;1 E7=8
ej;51t

−1=4
5.5 ðfor δ ¼ 10Þ

;

ð20Þ
which is typically in the hard x-ray range, and μ is the mean
molecular weight and mH is the hydrogen mass. Note that
the immediate downstream temperature can be reduced if
the Compton cooling is faster than plasma heating proc-
esses such as the Coulomb heating from ions to electrons
[43,44,96]. The thermal bremsstrahlung luminosity is

Lbre ¼ 4πR2ΔR0ðΛffn0en0HÞ
≃ 2.9 × 1041 erg s−1 μ−1H μ−1e D2

�;−2t
−1
5.5; ð21Þ

where Λff is the cooling function. For moderate values of
D� ≲ 0.03, including SN 2013 fs-like cases, the shock is
expected to be adiabatic. IfLbre > Ls,where the shockwould
be radiative, we limit the bremsstrahlung luminosity by Ls.
In dense environments, photons are reprocessed both in

the downstream and upstream, and a significant energy frac-
tion of the radiation should be released as SN emission in the
optical band. In this work, following M18, we implement a
gray body spectrum with thermal luminosity Lsn ¼ ϵradLs
for a component originating from the interaction with CSM.
The photon temperature is set by T sn ¼ max½T bb;T rec�,
where T bb is the black body temperature and T rec ¼ 104 K,
and ϵrad ¼ 1=4 is used. In addition, there can be an ordinary
SN component from the photosphere, which can be energized
by radioactive nuclei, shocks propagating in the progenitor,

and resulting cooling envelope emission. We also add this
external component with luminosity Lph to discuss the
impacts. As light-curve templates, optical luminosities of
SN 1999bm for Type II-P [97] and SN 2004aw for Type Ibc
[98] are considered in our baseline calculations. In Fig. 1,
examples of thermal x-ray and optical spectra are shown
without the external SN component from the photosphere.

D. Numerical method

For given dynamics and CR acceleration, AMES allows us
to numerically calculate neutrino and gamma-ray spectra
through solving kinetic equations in a time-dependent
manner as in M18. For SN dynamics, we employ the
equation of motion of the shocked shell for parameters listed
in Table I, andwe evaluate εmax

p . The SNmodule of AMES can
beused for arbitraryRs,Vs,ϱcs,Lsn, CRdistributions, and the
magnetic field as a function of time.Although AMES includes
various processes for particle production,pp interactions,pγ
interactions, nuclear photodisintegration, and Bethe-Heitler
pair production, in this work it is sufficient to consider pp
interactions. See Ref. [99] for details on the other processes.
Compared to previous works, in AMES we have updated
treatments on pp interactions, Coulomb losses, bremsstrah-
lung, and free-free absorption.
Distributions of gamma rays and electrons/positrons

are obtained by solving the following partial differential
equations (see Supplementary Material of M18 for details)
via the implicit method,

ṅeεe ¼ ṅðγγÞεe −
∂

∂εe
½ðPICþPsynþPadþPbreþPCouÞneεe �þ ṅinjεe

ṅγεγ ¼−
nγεγ
tγγ

−
nγεγ
tesc

−
nγεγ
tmatter

þ ṅðICÞεγ þ ṅðsynÞεγ þ ṅðbreÞεγ þ ṅinjεγ ;

ð22Þ

FIG. 1. Energy fluxes of thermal optical (thick) and x-ray (thin)
emission used in this work. For thermal bremsstrahlung emission,
spectra without/with external matter attenuation are shown with
upper/lower curves. A Galactic SN at d ¼ 10 kpc is considered,
and D� ¼ 0.01 is used for a SN II (CCSM).
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where niεi ≡ dni=dεi and εi is particle energy for a particle
species with i. Energy loss rates of electrons/positrons for
the IC radiation (PIC), synchrotron radiation (Psyn), adia-
batic cooling (Pad), relativistic bremsstrahlung (Pbre), and
Coulomb collisions (PCou), respectively, are [100,101]

PIC ¼
Z

dεγ εγ

Z
dεt n

γ
εt

Z
d cos θ

2
c̃
dσIC
dεγ

;

Psyn ¼
1

6π
σTc

p2
e

m2
ec2

B2;

Pbre ¼
�X

i

Z2
i

Ai
xi þ

1

μe

�
3αem
2π

σTcn0N

�
ln½2γe� −

1

3

�
εe;

PCou ¼
3

4
σTmec3n0Nμ

−1
e ð74.3þ ln½γeμe=n0N �Þ; ð23Þ

where c̃ ¼ ð1 − cos θÞc (where θ is the angle between
two particles), dσIC=dεγ is the differential IC cross section
for target photon energy εt [100], Zi is the nuclear charge,
Ai is the nuclear mass number, xi is the nuclear mass
fraction, and μ−1e is the number of electrons per baryon.
The weak shielding limit is assumed for bremsstrahlung,
and collisions with electrons in the shell are considered,
and contributions from both nuclei and electrons are
included [101]. High-energy gamma rays interact with
other photons via γγ → eþe−, and we take into account the
gamma-ray attenuation and subsequent regeneration. The
two-photon annihilation rate and cross section are

t−1γγ ¼
Z

dεt n
γ
εt

Z
d cos θ

2
c̃σγγ;

σγγ ¼
3

16
σTð1 − β2cmÞ½2βcmðβ2cm − 2Þ

þ ð3 − β4cmÞ ln½ð1þ βcmÞ=ð1 − βcmÞ��; ð24Þ

respectively, where βcm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − 4m2

ec4=SÞ
p

, S is the
Mandelstam variable, and tesc ¼ Rs=c is the photon escape
time. Differential particle generation rate densities are

ṅðγγÞεe ¼ 1

2

Z
dεγ n

γ
εγ

Z
dεt n

γ
εt

Z
d cos θ

2
c̃
dσγγ
dεe

;

ṅðICÞεγ ¼
Z

dεe neεe

Z
dεt n

γ
εt

Z
d cos θ

2
c̃
dσIC
dεγ

;

ṅðsynÞεγ ¼
Z

dεe neεe
1

εγ

dPsyn

dεγ
;

ṅðbreÞεγ ¼
Z

dεe neεe
1

εγ

dPbre

dεγ
; ð25Þ

where dσγγ=dεe ¼ 2σγγδðεe − εγ=2Þ is the simplified differ-
ential two-photon annihilation cross section with εe ¼ εγ=2
as used as in Ref. [64], and dPsyn=dεγ and dPbre=dεγ

are synchrotron and bremsstrahlung [100,102] powers per
photon energy, respectively.
Photons lose their energies due to interactions with

matter during their escape from the shocked shell, and
t−1matter ¼ ðκBHσBH þ κCompσCompÞnNc is the energy loss
time, and nN is the average nucleon density. The attenu-
ation cross section of the Bethe-Heitler pair production
process can be approximated by

κBHσBH ¼ x − 2

x
σBH; ð26Þ

where x≡ εγ=ðmec2Þ. Ignoring the contribution from
electron-positron annihilation, we use inelasticity κBH
and cross section σBH obtained with the Born approxima-
tion [103]. The attenuation cross section of the Compton
scattering process is [64]

κCompσComp ¼
3

4
σT

�
2ð1þ xÞ2
x2ð1þ 2xÞ −

1þ 3x
ð1þ 2xÞ2

þ ð1þ xÞð2x2 − 2x − 1Þ
x2ð1þ 2xÞ2 þ 4x2

3ð1þ 2xÞ3

þ
�
1þ x
x3

−
1

2x
þ 1

2x3

�
lnð1þ 2xÞ

�
; ð27Þ

where the Klein-Nishina effect is fully taken into account.
The differential injection rate densities via pp inter-

actions are calculated by

ṅinjεν ¼ dσppξν
dεν

cMcsð< RsÞ
mHV

Z
dpcr

dncr
dpcr

ṅinjεγ ¼ dσppξγ
dεγ

cMcsð< RsÞ
mHV

Z
dpcr

dncr
dpcr

ṅinjεe ¼ dσppξe
dεe

cMcsð< RsÞ
mHV

Z
dpcr

dncr
dpcr

; ð28Þ

where ξν, ξγ and ξe are multiplicities of neutrinos, gamma
rays and electrons/positrons, respectively, V is the volume,
and Mcsð< RsÞ is the CSM mass swept up by the forward
shock. In AMES, treatments on low-energy neutrinos and
gamma rays are improved by interpolating simulation
results of Geant4 [104] with those from differential spectra
of secondary particles following the parametrization by
Ref. [95] and the pp cross section by Ref. [105]. The
resulting secondary spectra are consistent with the previous
works [105,106].

Intrinsic energy fluxes of neutrino and gamma rays
reaching Earth are given by

EFE ¼ εLε

4πd2L
¼ ðε2nεÞV

tesc
; ð29Þ

where E ¼ ε=ð1þ zÞ is particle energy on Earth, and dL is
the luminosity distance. For neutrinos, the flavor mixing is
additionally taken into account. For photons, we implement
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the synchrotron self-absorption (SSA) process by multi-
plying τ−1sa ð1 − e−τsaÞ, where

τsa ¼ Rs

Z
dγe neγeσsa ð30Þ

is the SSA optical depth in the emission region, and the
SSA cross section is [e.g., [107,108]]

σsa ¼
1

8πmeν
2γepe

∂

∂γe

�
γepe

dPsyn

dν

�
; ð31Þ

where ν ¼ εγ=h is the frequency.
Photons leaving the source are further reprocessed in the

external screen region, which corresponds to unshocked
CSM in our setup. We treat such external attenuation by the
suppression factor, fγγ-exsup ¼ e−τγγ . This is reasonable when
photons are significantly reprocessed to optical emission in
the CSM. For the photons coming from the photosphere
this treatment is more approximate. For matter attenuation
of photons, as in Ref. [48], we implement

fmat-ex
sup ¼ max½e−τmat ; fesc�; ð32Þ

where τmat consists of all processes, Bethe-Heitler pair
production, Compton, photoelectric absorption, and free-
free absorption. We also introduce fesc as the effective
escape fraction, which can be significant when the CSM is
clumpy or aspherical.
At sufficiently high energies above the electron-positron

pair production threshold, the Bethe-Heitler pair production
process is dominant. The Bethe-Heitler cross section on a

nucleus scales as σBH ¼ Z2σðpÞBH, where σðpÞBH is the cross
section on a proton. Taking into account contributions from
both nuclei and electrons, we have

κBHτBH ¼
�X

i

Z2
i

Ai
xi þ

1

μe

�
DκBHσ

ðpÞ
BH

mHRs

¼ ðZ̃ þ 1ÞκBHσðpÞBHneRs; ð33Þ

where Z̃≡ ΣiðZ2
i =AiÞxiμe, which depends on chemical

composition of the ejecta. We consider xH ¼ 0.7 and xHe ¼
0.25 and xCNO ¼ 0.05, leading to Z̃ ≃ 0.97 and μe ≃ 0.85.
Energy losses of x-ray and gamma-ray photons via

Compton scattering are included as effective attenuation
considering the inelasticity. The effective optical depth is
given by

κCompτComp ¼
DκCompσComp
μemHRs

; ð34Þ

where κCompσComp. In addition, in the x-ray band, we imple-
ment photoelectric absorption with its optical depth,
τpe ¼ KpeϱcsRs, where we use Kpe ¼ 0.024 g−1 cm2

ðε=1 keVÞ−3 above 10.2 keV for simplicity. Nonthermal
emission can overwhelm thermal emission at sufficient high
energies, where the photoelectric absorption is not very
important.
Free-free absorption can be crucial at the radio band. The

free-free optical depth is [109]

τff ¼
Z
Rs

dRαff ≈
1

ð2w − 1Þ
X
i

8.4 × 10−28
Ẑ2
i

Ai
xi

× T −1.35
cs;4 ν−2.110 nenNRs; ð35Þ

where T cs is the upstream CSM temperature and Ẑ is the
effective charge considering the ionization. Radio waves
may be absorbed by cold plasma in the upstream, and we
also include the Razin effect in an approximate manner
with an exponential cutoff, where the Razin-Tsytovich
frequency is given by νRT ≡ 2ecne=B.

III. LIGHT CURVES AND SPECTRA

We calculate multimessenger spectra and light curves
that are obtained by numerical calculations with AMES.
We also present analytical expressions of multimessenger
spectra to understand the physical situation, assuming
δ ¼ 12. Throughout this work, the total SN kinetic
energy (i.e., integrated over velocities) and SN ejecta mass
are set to Eej ¼ 1051 erg Eej;51 and Mej ¼ 10M⊙ Mej;1,
respectively.

A. Neutrinos

The differential neutrino luminosity (for the sum of all
flavors) above ∼1 GeV is approximated to be

ενLεν ≈
1

2
min½fpp; 1�

ϵcrLs

Rcr10

�
εν

0.4 GeV

�
2−sν

≃ 5.0 × 1039 erg s−1 min½fpp; 1�fΩ
× ϵcr;−1R−1

cr10;1

�
εν

0.4 GeV

�
2−sν

×D7=10
�;−2E

27=20
ej;51 M−21=20

ej;1 t−3=105.5 ; ð36Þ

where the factor 1=2 comes from the facts that the π�=π0
ratio is ≈2 in pp interactions and neutrinos carry 3=4 of
the pion energy in the decay chain. We also introduce
Rcr10 ≡ ϵcrLs=ðε2pdṄcr=dεpÞj10 GeV that is a spectrum
dependent factor that converts the bolometric luminosity
to the differential luminosity, and s ≈ scr for fpp ≳ 1 and
s ≈ scr − 0.1 for fpp ≲ 1. In the latter case, the secondary
spectra are somewhat harder than the CR spectrum because
of the weak energy dependence of pp interactions.
Given that pp interactions are dominant, the neutrino

flux would obey the following scaling:
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EνFEν
∝

(
ε2−scrν t−0.3 ðt ≤ tfpp¼1Þ
ε2.1−scrν t−1.1 ðt > tfpp¼1Þ

; ð37Þ

where fpp is given by Eq. (17). For neutrino detection,
the time evolution of the energy fluence is important as
long as the atmospheric background is negligible [45].
Equation (37) suggests that the neutrino fluence has a peak
around tfpp¼1, which gives a characteristic time scale of
high-energy neutrino emission.
In Fig. 2 left, we show neutrino light curves at

εν ¼ 1 TeV. Thick curves represent CCSN-interacting
SNe, while thin curves do SNe II-P without CCSM. We
use Rcs ¼ 4 × 1014 cm for D� ¼ 0.01 and D� ¼ 0.1 as in
M18, while we consider Rcs ¼ 1015 cm and D� ¼ 1 to
cover the most optimistic cases (see also Ref. [110]). Our
model predicts that the neutrino luminosity typically ranges
from Lν ∼ 1039–1040 erg s−1 with durations of ∼1–30 d.
With CCSM, the system is nearly calorimetric so that the
neutrino luminosity scales as D7=10. The temporal slope
changes at the time when fpp becomes less than unity,
which is consistent with Eq. (37). The onset time is
significantly longer for D� ¼ 1 because the shock propa-
gating in the CSM is radiation mediated at early times. For
Type IIn SNe, characteristic time windows are ∼0.1–1 yr
after the explosion [43]. Without CCSM, tonset almost
coincides with shock breakout from the progenitor. We
note that as shown in M18 high-energy neutrinos from
Galactic SNe are detectable for IceCube, KM3Net [111],
Baikal-GVD [112], P-ONE [113], TRIDENT [114], and
especially IceCube-Gen2 [115] even without CCSM.
In Fig. 2 right, we show energy fluences of neutrinos and

generated gamma rays at tνmax, which is the time when the
significance of neutrino emission becomes the maximum.
One of the ultimate goals is to reveal CR ion acceleration

through multimessenger observations, for which simulta-
neous observations between neutrinos and photons are
critical. We show energy fluxes at tνmax as default, and the
values are shown in Table I. High-energy SN neutrino
emission is long lasting with optimized time windows from
days to months for SNe II, which can be regarded as high-
energy neutrino afterglows in contrast to SN neutrino bursts
in the MeV range.

B. Pionic gamma rays

Energy fluxes of generated gamma rays and neutrinos
are related by the multimessenger connection. The differ-
ential luminosities of neutrinos and pionic gamma rays
(from π0 → 2γ) are approximately related as [116]

εγLπ0
εγ ≈

2

3
½ενLεν �εν¼εγ=2

fsup; ð38Þ

where fsup ¼ fsupðεγÞ is the energy-dependent suppression
fraction, which considers both emission and screen regions.
Equation (38) suggests that the energy fluxes of neutrinos
and generated gamma rays are comparable, which is an
unavoidable consequence of inelastic pp interactions. The
differential gamma-ray luminosity is

εγLπ0
εγ ≈

fsup
3

min½fpp; 1�
ϵcrLs

Rcr10

�
εγ

0.8 GeV

�
2−s

≃ 3.3 × 1039 erg s−1 min½fpp; 1�fsupfΩ
× ϵcr;−1R−1

cr10;1

�
εγ

0.8 GeV

�
2−sγ

×D7=10
�;−2E

27=20
ej;51 M−21=20

ej;1 t−3=105.5 ; ð39Þ

which agrees with the numerical curves shown in Fig. 3
left. Photon spectra resulting from spectra of generated

FIG. 2. Left panel: light curves of high-energy neutrinos (at εν ¼ 1 TeV) for various types of SNe. Right panel: energy fluences of
νe þ ν̄e þ νμ þ ν̄μ þ ντ þ ν̄τ (thick) and generated gamma rays (thin) integrated over tνmax. A Galactic SN at d ¼ 10 kpc is considered
and D� ¼ 0.01 is used for a SN II (CCSM). In both panels, scr ¼ 2.2 is assumed.
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gamma rays (see Fig. 2 right) are shown at tνmax in Fig. 4,
where electromagnetic cascades are included.
The suppression factor for gamma rays mainly consists of

two parts, fBH-exsup and fγγ-exsup . For analytical estimates on the
Bethe-Heitler suppression, one may use a simpler formula,

σBH ≈ Z2
3αem
8π

σT

�
28

9
lnð2xÞ − 218

27

�
; ð40Þ

where αem is the fine structure constant, and we see
σBH ∼ Z210−26 cm2 at GeV energies. Then, the Bethe-
Heitler optical depth for gamma rays with εγ ¼ 1 GeV is
estimated to be

τBH ≈ 0.031½ðZ̃ þ 1Þ=2�τT
≃ 0.025ðZ̃ þ 1Þμ−1e D11=10

�;−2 E−9=20
ej;51 M7=20

ej;1 t−9=105.5 ; ð41Þ

and the transition time for the system to be optically thin to
GeV gamma rays is

tτBH¼1 ≃ 5.3 × 103 sðZ̃ þ 1Þ10=9μ−10=9e D11=9
�;−2E

−1=2
ej;51M

7=18
ej;1 :

ð42Þ

As inferred in Fig. 3 left,we see the rising ofGeV light curves
until ∼tτBH¼1 for D� ≳ 0.1. Without CCSM, as indicated by
the thin curves, the system is optically thin to the Bethe-
Heitler pair production process just after the breakout from
a progenitor. For gamma-ray spectra shown in Fig. 4, the
Bethe-Heitler attenuation is no longer important. Even
with CCSM, given that CR acceleration at τT ≲ c=Vs, the
Bethe-Heitler pair production can be important only at
earlier times, and it is negligible for high-velocity shocks
with Vs ≳ 104 km s−1.
Note that only sufficiently high-energy gamma rays

interact with SN photons, and the two-photon annihilation
becomes important at

ε̃γγ-sn ≈
m2

ec4

εsn
≃ 260 GeV ðεsn=1 eVÞ−1; ð43Þ

where εsn ∼ 3kT sn. The optical depth to γγ → eþe− is
estimated to be

τγγ ≈
3

16
σγγnγRs ≃ 8200 max½1; τT �Lsn;42.5ðεsn=1 eVÞ−1

×D1=10
�;−2E

−9=10
ej;51 M7=20

ej;1 t−9=105.5 ; ð44Þ

where nγ is the photon number density. The interaction
time, tγγ , is shown in Fig. 5. The ratio of the light crossing
time to the interaction time has a local maximum around
ε̃γγ-sn, and the corresponding break/cutoff energy is
expected to be ∼10–100 GeV below ε̃γγ-sn. The transition
time for the system to be optically thin for TeV gamma rays
would occur much later around

tτγγ¼1 ≃ 7.0× 109 sL9=10
sn;42.5ðεsn=1 eVÞ−9=10D1=9

�;−2E
−1=2
ej;51M

7=18
ej;1 ;

ð45Þ

which suggests that gamma rays at TeVand higher energies
are effectively absorbed inside and outside the system.

FIG. 3. Light curves of high-energy gamma rays at εγ ¼ 1 GeV (left panel), MeV gamma rays at εγ ¼ 1 MeV (middle panel), and
radio waves at ν ¼ 100 GHz (right panel) for various types of SNe. Note that radio emission without external matter attenuation is
shown. In all three panels, scr ¼ 2.2 is assumed.

FIG. 4. Energy fluxes of nonthermal electromagnetic emission
from a SN at d ¼ 10 kpc, corresponding to Fig. 2. Spectra with/
without external matter attenuation (thick/thin) are shown. For a
SN II (CCSM), D� ¼ 0.01 is used.
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This can be clearly seen in gamma-ray spectra shown in
Fig. 4. In Fig. 6 left, we show light curves of 100 GeV
gamma rays (thin curves). For SNe II with CCSM, such
very high-energy gamma-ray emission is suppressed during
the main interaction phase and escapes after the shock
enters the ordinary RSG wind medium. Light curves for
SNe IIn with different values ofD� are also shown in Fig. 6.
One sees that the 100 GeV gamma-ray fluxes at early times
anticorrelate with D, implying that observations within
appropriate time windows are critical to utilize very high-
energy gamma rays as a promising probe of SNe IIn. Note
that the two-photon annihilation with x-ray photons from
thermal bremsstrahlung is not significant in our cases.
However, for SNe Ibc, x-ray photons from shock breakout
can provide important target photons for γγ → eþe− as well
as photomeson production, as shown in Ref. [47].
Analytically, the pionic gamma-ray flux at GeVenergies

obeys the following scaling:

EγFπ0
Eγ

∝ e−τBHðtÞ
(
ε2−scrγ t−0.3 ðt ≤ tfpp¼1Þ
ε2.1−scrγ t−1.1 ðt > tfpp¼1Þ

; ð46Þ

which is similar to Eq. (37) but with matter attenuation at
early times (see Fig. 3 left).

C. Inverse-Compton (cascade) emission

Secondary electrons and positrons as well as primary
electrons lose their energies via various cooling processes.
In our setup, there are three characteristic injection ener-
gies. The hadronic injection occurs through the decay of
charged pions and the two-photon annihilation process. In
the former case, the injection Lorentz factor of electrons
and positrons produced via pp interactions is

γe;h ≈
mπ

4me
≃ 68: ð47Þ

In the latter case, the injection Lorentz factor of electrons
and positrons is

γe;γγ ≈
ε̃γγ-sn
2mec2

≃ 2.5 × 105 ðεsn=1 eVÞ−1: ð48Þ

In addition, leptonic injection occurs through primary
electron acceleration. Observations of SN remnants and

FIG. 5. Timescales relevant for electromagnetic cascades for CCSM-interacting SNe II without Lph (left panel), CCSM-interacting
SNe II with Lph (middle panel), and SNe IIn (right panel). Considered energy loss processes for electrons and positrons are synchrotron
radiation (syn), IC scattering (IC), bremmstrahlung emission (brems), Coulomb scattering (Cou), and adiabatic losses whose timescale
is comparable to the dynamical time (dyn). For photons, the interaction time of two-photon annihilation (γγ) and the light crossing time
(lc) are shown.

FIG. 6. Left panel: light curves of high-energy gamma rays at εγ ¼ 1 GeV (thick) and εγ ¼ 100 GeV (thin). Middle panel: light curves
of soft gamma rays at εγ ¼ 1 MeV (thick) and hard x rays at εγ ¼ 10 keV (thin). Right panel: light curves of radio waves at
ν ¼ 100 GHz with (thick) and without (thin) external matter attenuation. In all three panels, we include Lph for CCSM-interacting SNe
II, in which D� ¼ 0.01 is used.
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CR spectra on Earth suggest ϵe ∼ 10−4–10−3, and it has
been shown that the hadronic component is dominant when
ϵe ≲ 0.2ϵcr;−1 in the calorimetric limit [65]. Although the
leptonic injection is available in AMES, it is negligible
during the main interaction phase for CCSM parameters
considered in this work.
The radiative cooling Lorentz factor of electrons and

positrons is given by

γe;rc ≈
6πmec

σTB2ð1þ YÞt
≃ 1.6ε−1B;−2D

−1
�;−2t5.5ð1þ YÞ−1; ð49Þ

where Y is the Compton Y parameter,

Y ≈
−1þ Usn

UB
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ Usn

UB
Þ2 þ 2

3
min½fpp; 1� ϵcrVs

εBc

q
2

→
Usn

UB
ðfor ϵrad ≫ ϵcrÞ ð50Þ

in the Thomson limit, where Usn is the energy density of
SN thermal photons in the emission region. Different from
the pulsar-driven SN scenario, where the SN emission itself
is attributed to the regeneration of nonthermal synchrotron
radiation [64], we expect that the Compton Y parameter is
governed by seed photons originating from the thermal
radiation. If the SN emission is powered by the CSM
interaction, as in SNe IIn, we obtain

Y ≃ 0.57 max½1; τT �ϵrad;−0.6ε−1B;−2D−1=10
�;−2 E9=20

ej;51M
−7=20
ej;1 t−1=105.5 ;

ð51Þ

while for Lsn ≈ Lph we have

Y ≈
max½1; τT �LphVs

εBLsc
≃ 7.2 max½1; τT �Lph;42.5ε

−1
B;−2

×D−4=5
�;−2 E

−9=10
ej;51 M7=10

ej;1 t1=55.5 : ð52Þ

Cooling timescales of electrons and positrons at tνmax are
shown in Fig. 5. One finds γe;rc < γe;h; γe;γγ, implying
that the system is in the fast-cooling regime for leptons.
Ignoring Coulomb losses, the transition time from the fast
to slow cooling regimes is

tf→s ≃ 1.3 × 107 s εB;−2D�;−2ð1þ YÞ: ð53Þ

Thus, we may expect the fast cooling in most of the
interaction duration tend especially if Y ≫ 1. In the
Thomson limit, the ratio of synchrotron to IC cooling
timescales is tsyn=tIC ≈Usn=UB, and the analytical esti-
mates agree with the numerical results well. In the limit that
SN thermal emission in the optical band is powered by

CSM interaction, the synchrotron cooling is comparable
to the IC cooling (see Fig. 5 left and right). On the other
hand, as expected in ordinary SNe II-P, the IC cooling is
dominant in the presence of SN optical photons from
the photosphere (see Fig. 5 middle). We also note that
the Klein-Nishina effect is important for leptons with
≳10–100 GeV energies.
However, there is one complication from the standard

fast-cooling spectrum. Owing to strong Coulomb losses
in dense CSM, the lepton distribution can be modified,
and the cooling Lorentz factor does not have to be γe;rc.
By comparing Coulomb losses with radiative losses, the
“Coulomb break” Lorentz factor in the fast-cooling regime
can be introduced as

γe;Cou ∼
�
270πmec2ne
B2ð1þ YÞ

�
1=2

≃ 84 ε−1=2B;−2μ
−1=2
e D1=10

�;−2E
−9=20
ej;51 M7=20

ej;1 t1=105.5 ð1þ YÞ−1=2:
ð54Þ

This analytical estimate agrees with numerical results
shown in Fig. 5, and Coulomb losses are important in
SNe II with CCSM. Note that this Coulomb break
Lorentz factor is different from that in the slow cooling
regime [117], where it is defined by comparing the
Coulomb cooling time with the dynamical time. The
transition to the standard fast-cooling regime occurs at

tγe;rc¼γe;Cou ≃ 2.6 × 107 s ε5=9B;−2μ
−5=9
e D11=9

�;−2

× E−9=18
ej;51 M7=18

ej;1 ð1þ YÞ5=9: ð55Þ

In the fast-cooling limit, the spectrum of electrons and
positrons in the quasisteady state is roughly expressed as

neγe ∝ γ−qe ∝

(
γ−2þΔs
e ðγe < γe;hÞ
γ−s̃−1þΔs
e ðγe;h ≤ γeÞ

; ð56Þ

where s̃ is the effective injection index, which is s̃ ≈ s for
secondary injection from pp interactions. If there is an
additional contribution from electromagnetic cascades
through γγ → eþe−, the energy spectrum is flatter, which
may lead to s̃ ∼ 2. Here Δs represents the possible spectral
hardening effect due to Coulomb losses. If the Coulomb
cooling is more important than the radiative cooling, i.e.,
γe < γe;Cou, we haveΔs ≈ 2. As a result, most of the energy
comes from leptons with γe;b ¼ max½γe;h; γe;Cou�, and their
characteristic energy of IC emission from secondaries
injected through pp interactions is

εbIC ≈ 2γ2e;bεsn ≃ 9.2 keVðεsn=1 eVÞðγe;b=γe;hÞ2; ð57Þ

which is expected in the hard x-ray range. For the
γγ → eþe− injection component, we obtain
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εγγIC ≈ 2γ2e;γγεsn ≃ 130 GeV ðεsn=1 eVÞ−1; ð58Þ

which is expected in the gamma-ray range.
Assuming the fast-cooling regime, the resulting IC

luminosity from CR-induced electrons and positrons is

εγLεγ ≈
Y

2ð1þ YÞ
fmat
sup

6
min½fpp; 1�

ϵcrLs

Rcr10
gCou

�
εγ
εbIC

�
2−βIC

≃ 8.4 × 1038 erg s−1 ðY=½1þ Y�ÞgCou
× min½fpp; 1�fΩϵcr;−1R−1

cr10;1

�
εγ
εbIC

�
2−βIC

×D7=10
�;−2E

27=20
ej;51 M−21=20

ej;1 t−3=105.5 e−τComp−τpe ; ð59Þ

where βIC ¼ 3=2 or s̃=2 or 2=3 for εIC < εbIC and
βIC ¼ ðs̃þ 2Þ=2 for εbIC ≤ εIC, respectively, and gCou ¼
ðεbγ=εhγ Þð2−s̃Þ=2. Here fmat

sup is the suppression fraction of x
rays, which is dominated by Compton scattering and
photoelectric absorption in the unshocked CSM. As shown
in Fig. 4, the energy spectrum of the CR-induced IC
emission is flat in EγFEγ

especially above Eb
IC, which is

consistent with an analytical expectation by Eq. (59).
In order to demonstrate the impacts of SN emission

from the photosphere, Fig. 7 shows the results with Lph. As
analytically expected by considering Y ≫ 1, additional
external photons enhance the IC cascade emission espe-
cially at late times, whereas the energy flux below keV
energies is smaller because the synchrotron flux signifi-
cantly contributes at these energies (see also next sub-
section). The electromagnetic cascade makes overall
energy spectra very flat, and because of γe;Cou ∼ γe;h in
our cases the effects of Coulomb losses are hardly seen in

the resulting electromagnetic spectra. The IC cascade
spectrum is extended from the x-ray band to the gamma-
ray energy range, being overwhelmed by the pionic
gamma-ray component above 0.1 GeV, as seen in
Figs. 4 and 7. Although the break from π0 decay should
exist, the pionic gamma-ray component may stand out by
only a factor of ∼3–5. We also note that thermal brems-
strahlung emission is dominant in the 1–100 keV band
(cf. Fig. 1), so higher energies especially in the MeV–GeV
bands are better to detect the IC cascade component.
At MeV energies, where the nonthermal component is

likely to be dominant, photons lose their energies mainly
via Compton downscatterings, and the Compton optical
depth is estimated to be

τComp ≃ 0.025ðZ̃ þ 1Þμ−1e D11=10
�;−2 E−9=20

ej;51 M7=20
ej;1 t−9=105.5 ; ð60Þ

and the transition time for the system to be optically thin is

tτComp¼1 ≃ 5.3 × 103 sðZ̃ þ 1Þ10=9μ−10=9e D11=9
�;−2E

−1=2
ej;51M

7=18
ej;1 :

ð61Þ
Given that hadronic components from pp interactions

are dominant, the CR-induced IC energy flux follows

EγFIC
Eγ

∝ e−τCompðtÞYðtÞð1þ YðtÞÞ−1

×

(
ε2−βICγ εβIC−2sn t−0.3 ðt ≤ tfpp¼1Þ
ε2−βICγ εβIC−2sn t−1.1 ðt > tfpp¼1Þ

; ð62Þ

which agrees with the numerical curves shown in the
middle panels of Figs. 3 and 6.

D. Synchrotron (cascade) emission

Primary electrons and secondary electron-positron pairs
emit synchrotron emission while they are advected in the
shock downstream. Sufficiently high-energy pionic gamma
rays create electron-positron pairs, which also contribute to
additional synchrotron emission though cascades. When
the hadronuclear component is dominant, their character-
istic frequencies are given by

νbsyn ≈
3

4π
γ2e;b

eB
mec

≃ 760 GHz ε1=2B;−2D
1=2
�;−2t

−1
5.5ðγe;b=γe;hÞ2; ð63Þ

and

εγγsyn ≈
3

4π
γ2e;γγ

heB
mec

≃ 44 keVðεsn=1 eVÞ−2ε1=2B;−2D
1=2
�;−2t

−1
5.5; ð64Þ

respectively. Reference [65] pointed out that secondary
synchrotron emission peaks in the high-frequency radio

FIG. 7. Energy fluxes of nonthermal electromagnetic emission
from a Galactic SN II (CCSM) for D� ¼ 0.01 at d ¼ 10 kpc.
Thick/thin curves represent spectra with/without external matter
attenuation, and scr ¼ 2.2 is used. One sees that synchrotron
emission is suppressed in the presence of ordinary SN emission
with Lph from the photosphere.
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(submillimter ormillimeter) band,which provides a smoking
gun of ion acceleration in interaction-powered SNe or
Type IIn SNe (see also Refs. [118,119]). However, for more
ordinary SNe, we find that the CR-induced synchrotron
emission can be suppressed by two effects. First, as discussed
in the previous subsection, IC cooling can be more efficient
due to external SN photons, which is especially the case for
Type II-P SNe. The second is Coulomb scattering with
electrons, through which energy of nonthermal leptons can
rather be used for plasma heating.
Assuming the fast-cooling regime, the differential syn-

chrotron luminosity is analytically expressed as

νLsyn
ν ≈

1

2ð1þ YÞ
fsup
6

min½fpp; 1�
ϵcrLs

Rcr10
gCou

�
ν

νb

�
2−βsyn

≃ 8.4 × 1038 erg s−1ð1þ YÞ−1gCou
× min½fpp; 1�fΩϵcr;−1R−1

cr10;1

�
ν

νbsyn

�
2−βsyn

×D7=10
�;−2E

27=20
ej;51 M−21=20

ej;1 t−3=105.5
e−τff

1þ τsa
; ð65Þ

where βsyn ¼ 3=2 or s̃=2 or or 2=3 for νsyn < νbsyn and
βsyn ¼ ðs̃þ 2Þ=2 for νsyn ≥ νbsyn, respectively, and fsup is
the suppression factor that mainly consists of SSA and
free-free absorption. In Figs. 4 and 7, low-energy spectra
originate from CR-induced synchrotron emission. Energy
fluxes of radio emission from secondary pairs are compa-
rable to those of CR-induced IC emission for interaction-
powered SNewith Lsn ∼ Ls because of Y ≲ 1. However, for
SNe with Lsn ∼ Lph ≫ Ls, we find that radio emission can
be strongly suppressed by IC cooling, as clearly indicated
in Fig. 7. Note that in the last expression of Eq. (65) we
have assumed that the emission region is completely
screened or embedded by the CSM. In reality, the
CCSM is clumpy or aspherical, in which a significant
fraction of radio emission may escape. The radio light
curves without fmat

sup are shown in the right panels of Figs. 3
and 6. The spectra without fmat

sup are also shown in Figs. 4
and 7 with the thin curves. The hadronic scenario predicts
that the synchrotron emission below νbsyb has a hard
spectrum with βsyn ≲ 3=2, which is rather robust thanks
to Coulomb losses that make the spectra harder. If a softer
spectrum is observed in the radio band, the existence of
primary electrons or additional processes such as reaccel-
eration via turbulence may be inferred.
The SSA optical depth is analytically estimated by [65]

τsaðνÞ ¼ ηsa
3f̃eLse

4πRsVsmpc2Bγ5n

�
ν

νn

�
−ðqþ4Þ=2

; ð66Þ

where f̃e≈ð1=6Þ min½1;fpp�ϵcr=Rcr10=ðs̃−1Þ≡0.045f̃e;�
for the hadronic scenario, γe;n ≈min½γe;h; γe;c�, νn ¼
3γ2e;neB=ð4πmecÞ, and ηsa is

ηsa ¼ ξ̃q
π

3
22

q
2

3
3
2

Γðq
4
þ 11

6
ÞΓðq

4
þ 1

6
ÞΓðq

4
þ 3

2
Þ

Γðq
4
þ 2Þ ; ð67Þ

where ξ̃q ¼ ðq − 1Þ. Although the SSA optical depth can
be affected by Coulomb losses, as noted above, Eq. (54)
suggests that γe;Cou is not too far from γe;h and considering
γe;rc < γe < γe;h would give a conservative result. With
q ¼ 2, the SSA optical depth at νhsyn is approximated to be

τsaðνhsynÞ ≃ 0.020f̃e;�ε
−3=2
B;−2D

−3=5
�;−2 E

9=20
ej;51M

−7=20
ej;1 t9=105.5 ð1þ YÞ−1;

ð68Þ
where we note that f̃e;� depends on t. Then, for νsa < νhsyn,
we obtain

νsa ≃ 210 GHzf̃1=3e;�D
3=10
�;−2E

3=20
ej;51M

−7=60
ej;1 t−7=105.5 ð1þ YÞ−1=3;

ð69Þ
and the transition time when the emission region is
optically thin to SSA is

tτsa¼1 ≃ 1.7 × 105 s f̃10=21e;� D3=7
�;−2E

3=14
ej;51M

−1=6
ej;1

× ð1þ YÞ−10=21ν−10=711.5 : ð70Þ

On the other hand, the free-free optical depth in the
unshocked CSM is approximated to be

νff ≃ 2.2 THz Z̃10=21μ−20=21e T −9=14
ext;5 D23=21

�;−2 E−9=14
ej;51 M1=2

ej;1t
−9=7
5.5 ;

ð71Þ
in the fully ionized limit. This gives the radio breakout time
against the free-free absorption process,

tτff¼1 ≃ 1.4 × 106 s Z̃10=27μ−20=27e T −1=2
cs;5

×D23=27
�;−2 E−1=2

ej;51M
7=18
ej;1 ν−7=911.5 : ð72Þ

These results imply that the free-free absorption is more
severe than the SSA absorption in cases of the simplest
spherical CSM. However, we note that the radio escape
fraction can be readily larger if the CSM is aspherical or
clumpy, and/or if the ionization fraction is lower in the
unshocked CSM.
Finally, the CR-induced synchrotron flux from secon-

daries produced via inelastic pp interactions follows

EγF
syn
Eγ

∝ e−τffðtÞ½ð1þ YðtÞÞð1þ τsaðtÞÞ�−1

×

(
ν2−βsyntβsyn−2.3 ðt ≤ tfpp¼1Þ
ν2−βsyntβsyn−3.1 ðt > tfpp¼1Þ

; ð73Þ

which agrees with the numerical curves shown in Fig. 6
right. The cases without τff are also shown in the right
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panels of Figs. 3 and 6. The results imply that submillim-
eter or millimeter emission from CCSM-interacting SNe II
is promising only around tend unless the escape fraction is
larger than fmat

sup .

IV. IMPLICATIONS

A. Multiwavelength (gamma-x-radio) relation
and testability of the hadronic scenario

AMES allows us to consistently calculate gamma-ray,
x-ray, and radio emissions, considering electromagnetic
cascades. In addition to the “multimessenger” connection
shown in Eq. (39), one may expect the following “multi-
wavelength” relation among nonthermal luminosities:

εγLπ0
εγ�

εγ
0.8 GeV

�
2−s ∼

4ð1þ YÞνLIC
ν

Y
�

εγ
εbIC

�
2−βIC

∼
4ð1þ YÞνLsyn

ν�
ν

νbsyn

�
2−βsyn

; ð74Þ

which essentially reflects the ratio between π� and π0

produced via inelastic pp interactions. Observationally,
deviations from Eq. (74) can be caused by contributions
from other components by, e.g., thermal bremsstrahlung
and nonthermal emission from primary electrons.
Simultaneous observations are important for testing the

above relation. The next Galactic SN would be ideal for
detailed studies, and in the previous sections the results on
EFE were presented for a SNe at d ¼ 10 kpc. On the other
hand, Galactic SNe are rare, and the core-collapse SN rate
in the Milky Way is estimated to be ∼3 century−1 [120].
The rates of Type II-P, II-L/IIb and IIn SNe are ∼50%
and ∼15–20%, and ∼10%, respectively [121,122]. Thus,
searching for extragalactic SNe is relevant especially for
rarer types of SNe including Type IIn SNe. Then, it would
be useful to clarify characteristic time windows, e.g., for
neutrino-triggered optical followup observations that have
been suggested for extragalactic SNe [123–125].
In Fig. 8, we show several timescales that may represent

characteristic observational time windows. For neutrinos
which can leave the system without attenuation, tfpp¼1,
which corresponds to the peak time of tLν or neutrino
fluences, is shown [see Eq. (18)]. For electromagnetic
emission, we also consider various breakout times when the
system is optically thin to relevant attenuation or scattering
processes. For pionic gamma-ray and IC cascade compo-
nents, the Bethe-Heitler pair production [Eq. (18)] and
Compton [Eq. (18)] processes are relevant as an effective
attenuation process, respectively. For radio waves, the SSA
[Eq. (70)] and free-free [Eq. (72)] absorption are considered
at ν ¼ 102.5 GHz. In addition, the range from tonset to tend
for SNe II with CCSM is depicted. For x rays and gamma
rays, we find that tfpp¼1 is longer than the breakout
timescales in the range of D� ≳ 0.01. This implies that
the characteristic time windows are essentially governed by
tfpp¼1. For radio waves, if the free-free absorption process

is critical, tτff¼1 is the most relevant timescale for radio
followup observations. However, if the free-free attenuation
is reduced by, e.g., aspherical or clumpy CSM, the
characteristic time for hadronic radio emission may be
either tfpp¼1 or tτsa¼1.
The detectability of high-energy neutrinos and gamma

rays from extragalactic interacting SNe has been studied
(see Refs. [48,118] for the earliest works). In Fig. 9 we
presented detection horizons for GeV gamma rays (left),
sub-TeV gamma rays (middle), and radio emission (right).
For the detectability of GeV gamma rays by Fermi, both the
energy flux and Fermi sensitivity for each SN type are
shown for the optimized observation time, which is found
by maximizing the ratio of the signal flux to the sensitivity.
One sees that detection of pionic gamma rays is promising
for not only Galactic SNe but also SNe at the Small
Megellanic Cloud at 60 kpc and the Large Magellanic
Cloud at 50 kpc. In particular, SNe II with CCSM are
detectable up to d ∼ 5 Mpc forD� ∼ 0.01 (SN 2013fs-like).
See also Fig. 1 of Ref. [110] for the list of nearby galaxies
(see also Ref. [126]). For the detectability of 50 GeV
gamma rays by imaging atmospheric Cherenkov telescopes
(IACTs), we assume the Cherenkov Telescope Array
(CTA) north array with an integration time of 50 hr
[127]. The energy flux for each SN type is shown for
the optimized observational time that is often the peak time
caused by gamma-ray suppression via the two-photon
annihilation process. Even for SNe II with CCSM and
IIn, the detection is possible up to d ∼ 3–10 Mpc because
the suppression due to γγ → eþe− is more important for
brighter SNe including SNe with stronger interaction with
CCSM. We also note that future MeV gamma-ray satellites
such as AMEGO-X [128] and e-ASTROGAM [129] can play
important roles in detecting CR-induced IC cascade emis-
sion. For example, the e-ASTROGAM sensitivity for 106 s

FIG. 8. Characteristic time windows for observations of neu-
trinos, gamma rays, x rays, and radio waves for Type II SNe
interacting with CCSM. Strong CSM interaction accompanied by
CR acceleration occurs from tonset to tend. See text for details.
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is ∼10−11 erg cm−2 s−1 at 1 MeV, which allows us to
hadronic MeV gamma-ray emission from SNe II with
CCSM at d ≲ 2–3 Mpc. The detectability of radio emission
is strongly affected by free-free absorption even in the
high-frequency band at ∼100 GHz. For CCSM-interacting
SNe II and IIn, we indicate the cases without the free-
free absorption as upper limits, and the integration
time is assumed to be 300 s for ALMA (Atacama Large
Millimeter/submillimeter Array) [130] and 1 hr for ngVLA
(next-generation Very Large Array) [131], respectively.
One sees that CR-induced synchrotron emission can be
detected more easily than pionic gamma rays, although
nondetection of radio signals is not surprising for SNe
with dense CSM. Note that for SNe with ordinary CSM
(i.e., SNe II-P, II-L/IIb, and Ibc without CCSM) the radio
detectability is even conservative because it is enhanced by
synchrotron emission from primary electrons.

B. Application to SN 2023ixf

A nearby Type II SN observed in the galaxy M101
at d ¼ 6.9 Mpc [34] provided unique opportunities to

investigate the interaction with CCSM. Early spectroscopic
observations suggest Ṁw ∼ 10−3 − 10−2M⊙ yr−1 and Rcs ∼
ð0.5–1Þ × 1015 cm [34–36]. Although modeling of light
curves may favor large values of Ṁw [37], we adopt D� ¼
0.1 and Rcs ¼ 5 × 1014 cm [34] as the case motivated by
optical observations. Detailed observations indicate that the
CSM structure is complex, and the CSM profile may be
steeper around Rcs ∼ a few × 1014 cm [40,41]. This is sup-
ported by x-ray observations, whose spectrum is consistent
with thermal bremsstrahlung emission with a photoelectric
absorption feature [38,39], and we also adopt D� ¼ 0.003
and Rcs ¼ 1015 cm. The apparent discrepancies among
different observations may suggest that the CCSM is not
spherical, which has been inferred by high-resolution spec-
troscopy and polarization measurements [132,133].
In Fig. 10 left, we show neutrino and photon light curves

for these two parameter sets of D� and Rcs. For D� ¼ 0.1,
the system is mostly calorimetric during the interac-
tion with CCSM, and the light curves of neutrinos and
gamma rays are nearly flat although gamma rays at early
times are subject to Compton or Bethe-Heitler attenuation.

FIG. 9. Detection horizons of hadronic gamma rays at Eγ ¼ 1 GeV with Fermi-LAT sensitivities (left panel) and Eγ ¼ 50 GeV with
the CTA sensitivity (middle panel). The right panel shows detection horizons of hadronic radio emission at 100 GHz with ALMA and
ngVLA sensitivities, where upper limits are shown for SNe II (CCSM) and SNe IIn by ignoring external matter attenuation. Note that for
CCSM SNe II D� ¼ 0.01 is used without Lph.
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FIG. 10. Left panel: light curves of high-energy neutrinos at Eν ¼ 1 TeV, high-energy gamma rays at Eγ ¼ 1 GeV, soft gamma rays
at Eγ ¼ 1 MeV, and radio waves at 100 GHz, for SN 2023ixf with D� ¼ 0.003 and Rcs ¼ 1015 cm (thick) and D� ¼ 0.1 and Rcs ¼
5 × 1014 cm (thin). Middle panel: energy fluences of νe þ ν̄e þ νμ þ ν̄μ þ ντ þ ν̄τ and cascaded gamma rays, integrated over ≈30 d,
from SN 2023ixf, where D� ¼ 0.003 and Rcs ¼ 1015 cm (thick) and D� ¼ 0.1 and Rcs ¼ 5 × 1014 cm (thin) are considered. Right
panel: energy fluxes of nonthermal electromagnetic emission (at t ¼ 106 s) with (thick) and without (thin) external matter attenuation.
The preliminary gamma-ray upper limit by Fermi-LAT is overlaid. In all three panels, d ¼ 6.9 Mpc and scr ¼ 2.2 are used, and Lph is
included based on Ref. [37].
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For D� ¼ 0.003, the light curves decline more rapidly
because of fpp < 1, and the gamma-ray attenuation is
negligible from MeV to GeV energies. Radio emission is
suppressed mainly due to the free-free absorption process
especially forD� ¼ 0.1, but it will break out at t ∼ 10–20 d
when the shock reaches the CSM edge. The resulting
synchrotron emission may explain the VLA detection of
radio waves around that time [134]. We also expect that the
primary leptonic component (not shown in Fig. 10) domi-
nates late-time radio emission.
Neutrino and gamma-ray fluences are presented in Fig. 10

middle. As shown in Ref. [110], the predicted numbers of
throughgoing muon events for scr ¼ 2.0 are approximately
0.0007 and 0.02 events for D� ¼ 0.003 and D� ¼ 0.1,
respectively. Thus, the CCSM-interaction scenario is con-
sistent with the null results reported by the IceCube fast
response analysis [135] (see also Ref. [136]). Neutrino and
photon fluxes at 30 d after the explosion are also shown in
Fig. 10 right, where one sees that CR-induced synchrotron
emission is strongly suppressed due to optical SN emission
from the photosphere. Instead, IC (cascade) emission is
enhanced especially in the MeV range although in the x-ray
range it is still below the thermal bremsstrahlung flux.
Furthermore, one sees that the predicted gamma-ray fluxes
for ϵcr ∼ 0.01–0.1 are consistent with the preliminary upper
limit reported by Fermi [137], which leads to the constraint
on the CR energy fraction, ϵcr ≲ 0.2–200, reflecting the
range of D�. This limit is complementary to that of SN
2010jl, ϵcr ≲ 0.05–0.1 [48], in that the results are obtained for
Type II SNe that are more ordinary than SNe IIn. Because
ordinary SNe II (not SNe IIn) atd ∼ 7 Mpcwould still be too
far to detect neutrino and gamma-ray signals, these results
strengthen the importance of not missing nearby SNe at
d≲ 1–5 Mpc. The core-collapse SN rate in local galaxies is
higher than in the rate estimated from the star-formation rate
in the continuum limit [138,139], and it can be as high as
∼0.8 yr−1 for SNe within ∼4–5 Mpc. Such nearby SNe are
promising targets for not only gamma-ray detectors such as
Fermi and IACTs but also the high-energy neutrino detector
network [110] and Hyper-Kamiokande [140].

V. SUMMARY

We investigated high-energy multimessenger emission
from interacting SNe for different classes of SNe.
Considering the velocity distribution of SNe ejecta, we
presented detailed results on broadband multimessenger
emission, including light curves and spectra. The system
can be nearly calorimetric for inelastic pp collisions,
leading to promising GeV-TeV signals of high-energy
neutrinos and pionic gamma rays although TeV or
higher-energy gamma rays may be significantly affected
by the two-photon annihilation process. Electromagnetic
cascades are developed in the presence of Coulomb losses,
in which both IC and synchrotron components are relevant
in the x-ray/soft gamma-ray and radio range, respectively.

We also derived the analytical expressions that describe
electromagnetic fluxes from the interacting SNe, which are
consistent with the results of numerical calculations. The
overall energy spectrum is expected to be flat over wide
energy ranges, especially from MeV to ∼10 GeV energies
(although the low-energy break from neutral pion decay
would still be visible). Hadronic synchrotron emission
predicts hard spectra with βsyn ≲ 3=2 in the radio band,
and Coulomb losses can make the spectra harder. The
synchrotron fluxes may also be significantly suppressed
by efficient IC cooling due to SN photons, and various
absorption processes affect the spectra in the radio band.
The hadronic scenario predicts the uniquemultimessenger

relationship, which can be tested with simultaneous obser-
vations of nearby SNe. The next Galactic SN would be the
most promising event that would enable us to confront the
theory with observational data. However, detection of non-
thermal signals from extragalactic SNe may be challenging,
and we discussed characteristic time windows. For high-
energy neutrinos and gamma rays, the time at which the
system is effectively transparent to inelastic pp interactions
is typically the most important. The gamma-ray signal is
detectable up to a few Mpc for ordinary SNe II, although
Type IIn SNe may be observed up to dozens of Mpc. TeVor
higher-energy gamma rays would be significantly absorbed
by SN photons, and detection with ∼10–50 GeV energies is
relevant for IACTs such as HESS, MAGIC, VERITAS, and
CTA. For radio waves and soft x rays, attenuation or
scattering processes affect the detectability of interacting
signatures. Hadronic radio emission is predicted to be
dominate over leptonic radio emission during the interaction
with dense CCSM, but the radio signal at early times is
suppressed by SSA and free-free absorption so that the
detectability depends on details of the CSM structure. If the
escape fraction is ∼1% due to clumpy or aspherical geom-
etry, high-frequency radio emission from SNe with CCSM
may be detectable up to dozens of Mpc. We also discussed
SN 2023ixf as an example of interest. Nondetection of
neutrinos and gamma rays is consistent with our theoretical
predictions. While CR-induced IC emission in the x-ray
range is overwhelmed by thermal bremsstrahlung emission,
CR-induced synchrotron emission may significantly con-
tribute to the observed radio emission. It is very important not
to miss future nearby SNe within ∼3–5 Mpc, and all-sky
monitoring of the brightest SNe with followup observations
(by, e.g., ASAS-SN, Tomo-eGozen, and ZTF) are necessary.
The method used in AMES for calculating multimessen-

ger spectra of interacting SNe can be applied to arbitrary
evolution of Rs and Vs as well as energy distributions of
CRs and external SN radiation fields. Given that AMES

includes the photomeson production and photodisintegra-
tion processes [99], the SN module can be used for not
only the SN reverse shock but also other transients
powered by shock interactions such as winds from compact
binary mergers [141] and tidal disruption events [142]. The
results with a combination of the Complete History of
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Interaction-Powered Supernovae (CHIPS) [143] will be
presented in the forthcoming paper.

The multimessenger spectral templates presented in this
work and M18 are available on Github [144]. The public
version of the SN module in AMES will be available upon
request.

ACKNOWLEDGMENTS

K.M. thanks Kunihito Ioka, Daichi Tsuna, and B.
Theodore Zhang for useful discussions. The work of
K.M. is supported by the NSF Grants No. AST-
1908689, No. AST-2108466, and No. AST-2108467,
and KAKENHI No. 20H01901 and No. 20H05852.

[1] Nathan Smith, Interacting supernovae: Types IIn and IBn,
in Handbook of Supernovae, edited by Athem W. Alsabti
and Paul Murdin (Springer, Singapore, 2017), p. 403,
10.1007/978-3-319-21846-5_38.

[2] Keiichi Maeda, Stellar evolution, SN explosion, and
nucleosynthesis, in Handbook of X-ray and Gamma-Ray
Astrophysics (Springer, Singapore, 2022), p. 75, 10.1007/
978-981-16-4544-0_85-1.

[3] Nathan Smith, Mass loss: Its effect on the evolution and
fate of high-mass stars, Annu. Rev. Astron. Astrophys. 52,
487 (2014).

[4] D. Khazov et al., Flash spectroscopy: Emission lines from
the ionized circumstellar material around < 10-day-old
Type II supernovae, Astrophys. J. 818, 3 (2016).

[5] O. Yaron et al., Confined dense circumstellar material
surrounding a regular Type II supernova: The unique flash-
spectroscopy event of SN 2013 fs, Nat. Phys. 13, 510
(2017).

[6] Ioana Boian and Jose H. Groh, Progenitors of early-time
interacting supernovae, Mon. Not. R. Astron. Soc. 496,
1325 (2020).

[7] G. Terreran et al., The early phases of supernova 2020pni:
Shock ionization of the nitrogen-enriched circumstellar
material, Astrophys. J. 926, 20 (2022).

[8] Rachel J. Bruch et al., A large fraction of hydrogen-rich
supernova progenitors experience elevated mass loss
shortly prior to explosion, Astrophys. J. 912, 46 (2021).

[9] Rachel J. Bruch et al., The prevalence and influence of
circumstellar material around hydrogen-rich supernova
progenitors, Astrophys. J. 952, 119 (2023).

[10] Viktoriya Morozova, Anthony L. Piro, and Stefano Valenti,
Unifying Type II supernova light curves with dense
circumstellar material, Astrophys. J. 838, 28 (2017).

[11] Sanskriti Das and Alak Ray, Modeling Type II-P/II-L
supernovae interacting with recent episodic mass ejections
from their presupernova stars with MESA and SNEC,
Astrophys. J. 851, 138 (2017).

[12] F. Förster et al., The delay of shock breakout due
to circumstellar material evident in most Type II super-
novae, Nat. Astron. 2, 808 (2018); Nat. Astron. 3, 107(E)
(2019).

[13] Nathan Smith and Richard McCray, Shell-shocked diffu-
sion model for the light curve of SN2006gy, Astrophys. J.
Lett. 671, L17 (2007).

[14] S. Immler et al., Swift and Chandra detections of super-
nova 2006jc: Evidence for interaction of the supernova

shock with a circumstellar shell, Astrophys. J. 674, L85
(2008).

[15] A. A. Miller et al., The exceptionally luminous Type II-L
SN 2008es, Astrophys. J. 690, 1303 (2009).

[16] E. O. Ofek et al., An outburst from a massive star 40 days
before a supernova explosion, Nature (London) 494, 65
(2013).

[17] Eran O. Ofek et al., Precursors prior to Type IIn supernova
explosions are common: Precursor rates, properties, and
correlations, Astrophys. J. 789, 104 (2014).

[18] R. Margutti et al., A panchromatic view of the restless
SN2009ip reveals the explosive ejection of a massive star
envelope, Astrophys. J. 780, 21 (2014).

[19] Wynn Jacobson-Galán et al., Final moments. I. Precursor
emission, envelope inflation, and enhanced mass loss
preceding the luminous Type II supernova 2020tlf,
Astrophys. J. 924, 15 (2022).

[20] S. Campana et al., The shock break-out of GRB 060218/
SN 2006aj, Nature (London) 442, 1008 (2006).

[21] Ehud Nakar and Re’em Sari, Relativistic shock
breakouts—a variety of gamma-ray flares: From low
luminosity gamma-ray bursts to Type Ia supernovae,
Astrophys. J. 747, 88 (2012).

[22] R. Margutti et al., An embedded x-ray source shines
through the aspherical AT 2018cow: Revealing the inner
workings of the most luminous fast-evolving optical
transients, Astrophys. J. 872, 18 (2019).

[23] Ori D. Fox and Nathan Smith, Signatures of circumstellar
interaction in the unusual transient AT 2018cow, Mon.
Not. R. Astron. Soc. 488, 3772 (2019).

[24] Raffaella Margutti et al., Ejection of the massive hydrogen-
rich envelope time with the collapse of the stripped SN
2014C, Astrophys. J. 835, 140 (2017).

[25] Stanford Earl Woosley, S. Blinnikov, and Alexander Heger,
Pulsational pair instability as an explanation for the most
luminous supernovae, Nature (London) 450, 390 (2007).

[26] Takashi J. Moriya and Nozomu Tominaga, Diversity
of luminous supernovae from non-steady mass loss,
Astrophys. J. 747, 118 (2012).

[27] Eliot Quataert and Josh Shiode, Wave-driven mass loss in
the last year of stellar evolution: Setting the stage for the
most luminous core-collapse supernovae, Mon. Not. R.
Astron. Soc. 423, L92 (2012).

[28] Roger A. Chevalier, Common envelope evolution leading
to supernovae with dense interaction, Astrophys. J. Lett.
752, L2 (2012).

INTERACTING SUPERNOVAE AS HIGH-ENERGY … PHYS. REV. D 109, 103020 (2024)

103020-17

https://doi.org/10.1007/978-3-319-21846-5_38
https://doi.org/10.1007/978-981-16-4544-0_85-1
https://doi.org/10.1007/978-981-16-4544-0_85-1
https://doi.org/10.1146/annurev-astro-081913-040025
https://doi.org/10.1146/annurev-astro-081913-040025
https://doi.org/10.3847/0004-637X/818/1/3
https://doi.org/10.1038/nphys4025
https://doi.org/10.1038/nphys4025
https://doi.org/10.1093/mnras/staa1540
https://doi.org/10.1093/mnras/staa1540
https://doi.org/10.3847/1538-4357/ac3820
https://doi.org/10.3847/1538-4357/abef05
https://doi.org/10.3847/1538-4357/acd8be
https://doi.org/10.3847/1538-4357/aa6251
https://doi.org/10.3847/1538-4357/aa97e1
https://doi.org/10.1038/s41550-018-0563-4
https://doi.org/10.1038/s41550-018-0641-7
https://doi.org/10.1038/s41550-018-0641-7
https://doi.org/10.1086/524681
https://doi.org/10.1086/524681
https://doi.org/10.1086/529373
https://doi.org/10.1086/529373
https://doi.org/10.1088/0004-637X/690/2/1303
https://doi.org/10.1038/nature11877
https://doi.org/10.1038/nature11877
https://doi.org/10.1088/0004-637X/789/2/104
https://doi.org/10.1088/0004-637X/780/1/21
https://doi.org/10.3847/1538-4357/ac3f3a
https://doi.org/10.1038/nature04892
https://doi.org/10.1088/0004-637X/747/2/88
https://doi.org/10.3847/1538-4357/aafa01
https://doi.org/10.1093/mnras/stz1925
https://doi.org/10.1093/mnras/stz1925
https://doi.org/10.3847/1538-4357/835/2/140
https://doi.org/10.1038/nature06333
https://doi.org/10.1088/0004-637X/747/2/118
https://doi.org/10.1111/j.1745-3933.2012.01264.x
https://doi.org/10.1111/j.1745-3933.2012.01264.x
https://doi.org/10.1088/2041-8205/752/1/L2
https://doi.org/10.1088/2041-8205/752/1/L2


[29] Jim Fuller, Pre-supernova outbursts via wave heating in
massive stars—I. Red supergiants, Mon. Not. R. Astron.
Soc. 470, 1642 (2017).

[30] Takashi J. Moriya, Keiichi Maeda, Francesco Taddia,
Jesper Sollerman, Sergei I. Blinnikov, and Elena I.
Sorokina, Mass-loss histories of Type IIn supernova
progenitors within decades before their explosion, Mon.
Not. R. Astron. Soc. 439, 2917 (2014).

[31] Daichi Tsuna, Kazumi Kashiyama, and Toshikazu
Shigeyama, Multiwavelength view of the Type IIn zoo:
Optical to x-ray emission model of interaction-powered
supernovae, Astrophys. J. 914, 64 (2021).

[32] Michael C. Stroh et al., Luminous late-time radio emission
from supernovae detected by the Karl G. Jansky very large
array sky survey (VLASS), Astrophys. J. Lett. 923, L24
(2021).

[33] Masayuki Yamanaka, Mitsugu Fujii, and Takahiro
Nagayama, Bright Type II supernova 2023ixf in M 101:
A quick analysis of the early-stage spectra and near-
infrared light curves, Publ. Astron. Soc. Jpn. 75, L27
(2023).

[34] W. V. Jacobson-Galan et al., SN 2023ixf in messier 101:
Photo-ionization of dense, close-in circumstellar material
in a nearby Type II supernova, Astrophys. J. Lett. 954, L42
(2023).

[35] K. Azalee Bostroem et al., Early spectroscopy and dense
circumstellar medium interaction in SN 2023ixf, Astro-
phys. J. Lett. 956, L5 (2023).

[36] Rishabh Singh Teja et al., Far-ultraviolet to near-infrared
observations of SN 2023ixf: A high-energy explosion
engulfed in complex circumstellar material, Astrophys.
J. Lett. 954, L12 (2023).

[37] Daichi Hiramatsu et al., From discovery to the first month
of the Type II supernova 2023ixf: High and variable mass
loss in the final year before explosion, Astrophys. J. Lett.
955, L8 (2023).

[38] Brian W. Grefenstette, Murray Brightman, Hannah P.
Earnshaw, Fiona A. Harrison, and Raffaella Margutti,
Early hard x-rays from the nearby core-collapse supernova
SN 2023ixf, Astrophys. J. Lett. 952, L3 (2023).

[39] Poonam Chandra, Roger A. Chevalier, Keiichi Maeda,
Alak K. Ray, and A. J. Nayana, Chandra’s insight into SN
2023ixf, arXiv:2311.04384.

[40] E. A. Zimmerman et al., Resolving the explosion of
supernova 2023ixf in Messier 101 within its complex
circumstellar environment, arXiv:2310.10727.

[41] Gaici Li et al., A shock flash breaking out of a dusty red
supergiant, 10.1038/s41586-023-06843-6 (2023).

[42] Roger A. Chevalier and Claes Fransson, Thermal and non-
thermal emission from circumstellar interaction, in Hand-
book of Supernovae, edited by Athem W. Alsabti and Paul
Murdin (Springer, Singapore, 2017), p. 875, 10.1007/978-
3-319-21846-5_34.

[43] Kohta Murase, Todd A. Thompson, Brian C. Lacki, and
John F. Beacom, New class of high-energy transients from
crashes of supernova ejecta with massive circumstellar
material shells, Phys. Rev. D 84, 043003 (2011).

[44] Boaz Katz, Nir Sapir, and Eli Waxman, X-rays, γ-rays and
neutrinos from collisionless shocks in supernova wind
breakouts, IAU Symp. 279, 274 (2012).

[45] Kohta Murase, New prospects for detecting high-energy
neutrinos from nearby supernovae, Phys. Rev. D 97,
081301 (2018).

[46] Alex Y. Wen, Carlos A. Argüelles, Ali Kheirandish, and
Kohta Murase, Detecting high-energy neutrinos from
galactic supernovae with ATLAS, Phys. Rev. Lett. 132,
061001 (2024).

[47] Kazumi Kashiyama, Kohta Murase, Shunsaku Horiuchi,
Shan Gao, and Peter Mészáros, High energy neutrino and
gamma ray transients from relativistic supernova shock
breakouts, Astrophys. J. 769, L6 (2013).

[48] Kohta Murase, Anna Franckowiak, Keiichi Maeda,
Raffaella Margutti, and John F. Beacom, High-energy
emission from interacting supernovae: New constraints
on cosmic-ray acceleration in dense circumstellar envi-
ronments, Astrophys. J. 874, 80 (2019).

[49] P. Cristofari, M. Renaud, A. Marcowith, V. V. Dwarkadas,
and V. Tatischeff, Time-dependent high-energy gamma-ray
signal from accelerated particles in core-collapse super-
novae: The case of SN 1993J, Mon. Not. R. Astron. Soc.
494, 2760 (2020).

[50] P. Cristofari, A. Marcowith, M. Renaud, V. V. Dwarkadas,
V. Tatischeff, G. Giacinti, E. Peretti, and H. Sol, The
first days of Type II-P core collapse supernovae in the
gamma-ray range, Mon. Not. R. Astron. Soc. 511, 3321
(2022).

[51] Prantik Sarmah, Sovan Chakraborty, Irene Tamborra, and
Katie Auchettl, High energy particles from young super-
novae: Gamma-ray and neutrino connections, J. Cosmol.
Astropart. Phys. 08 (2022) 011.

[52] Robert Brose, Iurii Sushch, and Jonathan Mackey, Core-
collapse supernovae in dense environments—particle ac-
celeration and non-thermal emission, Mon. Not. R. Astron.
Soc. 516, 492 (2022).

[53] Prantik Sarmah, Sovan Chakraborty, Irene Tamborra, and
Katie Auchettl, Gamma rays and neutrinos from super-
novae of Type Ib and Ic with late time emission, Phys. Rev.
D 108, 103033 (2023).

[54] Ersilia Guarini, Irene Tamborra, Raffaella Margutti, and
Enrico Ramirez-Ruiz, Transients stemming from collaps-
ing massive stars: The missing pieces to advance joint
observations of photons and high-energy neutrinos, Phys.
Rev. D 108, 083035 (2023).

[55] Prantik Sarmah, New constraints on the gamma-ray and
high energy neutrino fluxes from the circumstellar inter-
action of SN 2023ixf, arXiv:2307.08744.

[56] M. Ackermann et al. (Fermi-LAT Collaboration), Search
for early gamma-ray production in supernovae located
in a dense circumstellar medium with the Fermi LAT,
Astrophys. J. 807, 169 (2015).

[57] Qiang Yuan, Neng-Hui Liao, Yu-Liang Xin, Ye Li, Yi-
Zhong Fan, Bing Zhang, Hong-Bo Hu, and Xiao-Jun
Bi, Fermi large area telescope detection of gamma-ray
emission from the direction of supernova iPTF14hls,
Astrophys. J. Lett. 854, L18 (2018).

[58] Shao-Qiang Xi, Ruo-Yu Liu, Xiang-Yu Wang, Rui-Zhi
Yang, Qiang Yuan, and Bing Zhang, A serendipitous
discovery of GeV gamma-ray emission from supernova
2004dj in a survey of nearby star-forming galaxies with
Fermi-LAT, Astrophys. J. Lett. 896, L33 (2020).

KOHTA MURASE PHYS. REV. D 109, 103020 (2024)

103020-18

https://doi.org/10.1093/mnras/stx1314
https://doi.org/10.1093/mnras/stx1314
https://doi.org/10.1093/mnras/stu163
https://doi.org/10.1093/mnras/stu163
https://doi.org/10.3847/1538-4357/abfaf8
https://doi.org/10.3847/2041-8213/ac375e
https://doi.org/10.3847/2041-8213/ac375e
https://doi.org/10.1093/pasj/psad051
https://doi.org/10.1093/pasj/psad051
https://doi.org/10.3847/2041-8213/acf2ec
https://doi.org/10.3847/2041-8213/acf2ec
https://doi.org/10.3847/2041-8213/acf9a4
https://doi.org/10.3847/2041-8213/acf9a4
https://doi.org/10.3847/2041-8213/acef20
https://doi.org/10.3847/2041-8213/acef20
https://doi.org/10.3847/2041-8213/acf299
https://doi.org/10.3847/2041-8213/acf299
https://doi.org/10.3847/2041-8213/acdf4e
https://arXiv.org/abs/2311.04384
https://arXiv.org/abs/2310.10727
https://doi.org/10.1038/s41586-023-06843-6
https://doi.org/10.1007/978-3-319-21846-5_34
https://doi.org/10.1007/978-3-319-21846-5_34
https://doi.org/10.1103/PhysRevD.84.043003
https://doi.org/10.1017/S174392131201304X
https://doi.org/10.1103/PhysRevD.97.081301
https://doi.org/10.1103/PhysRevD.97.081301
https://doi.org/10.1103/PhysRevLett.132.061001
https://doi.org/10.1103/PhysRevLett.132.061001
https://doi.org/10.1088/2041-8205/769/1/L6
https://doi.org/10.3847/1538-4357/ab0422
https://doi.org/10.1093/mnras/staa984
https://doi.org/10.1093/mnras/staa984
https://doi.org/10.1093/mnras/stac217
https://doi.org/10.1093/mnras/stac217
https://doi.org/10.1088/1475-7516/2022/08/011
https://doi.org/10.1088/1475-7516/2022/08/011
https://doi.org/10.1093/mnras/stac2234
https://doi.org/10.1093/mnras/stac2234
https://doi.org/10.1103/PhysRevD.108.103033
https://doi.org/10.1103/PhysRevD.108.103033
https://doi.org/10.1103/PhysRevD.108.083035
https://doi.org/10.1103/PhysRevD.108.083035
https://arXiv.org/abs/2307.08744
https://doi.org/10.1088/0004-637X/807/2/169
https://doi.org/10.3847/2041-8213/aaacc9
https://doi.org/10.3847/2041-8213/ab982c


[59] Ping Chen et al., A 12.4-day periodicity in a close binary
system after a supernova, Nature (London) 625, 253
(2024).

[60] V. S. Berezinskii and V. L. Ginzburg, Cosmic rays and
gamma radiation from the shell of SN1987A, Nature
(London) 329, 807 (1987).

[61] T. K. Gaisser and Todor Stanev, Energetic (>GeV) neu-
trinos as a probe of acceleration in the new supernova,
Phys. Rev. Lett. 58, 1695 (1987); Phys. Rev. Lett. 59, 844
(E) (1987).

[62] Kohta Murase, Peter Mészáros, and Bing Zhang, Probing
the birth of fast rotating magnetars through high-energy
neutrinos, Phys. Rev. D 79, 103001 (2009).

[63] Kumiko Kotera, E. Sterl Phinney, and Angela V. Olinto,
Signatures of pulsars in the light curves of newly formed
supernova remnants, Mon. Not. R. Astron. Soc. 432, 3228
(2013).

[64] Kohta Murase, Kazumi Kashiyama, Kenta Kiuchi, and
Imre Bartos, Gamma-ray and hard x-ray emission from
pulsar-aided supernovae as a probe of particle acceleration
in embryonic pulsar wind nebulae, Astrophys. J. 805, 82
(2015).

[65] Kohta Murase, Todd A. Thompson, and Eran O.
Ofek, Probing cosmic-ray ion acceleration with radio-
submm and gamma-ray emission from interaction-
powered supernovae, Mon. Not. R. Astron. Soc. 440,
2528 (2014).

[66] Alexandre Marcowith, Vikram Dwarkadas, Matthieu
Renaud, Vincent Tatischeff, and Gwenael Giacinti, Core
collapse supernovae as cosmic ray sources, Mon. Not. R.
Astron. Soc. 479, 4470 (2018).

[67] Tsuyoshi Inoue, Alexandre Marcowith, Gwenael Giacinti,
Allard Jan van Marle, and Shogo Nishino, Direct
numerical simulations of cosmic-ray acceleration at
dense circumstellar medium: Magnetic-field amplification
and maximum energy, Astrophys. J. 922, 7 (2021).

[68] Rebecca Diesing, The maximum energy of shock-
accelerated cosmic rays, Astrophys. J. 958, 3 (2023).

[69] Lyubov G. Sveshnikova, The knee in galactic cosmic ray
spectrum and variety in supernovae, Astron. Astrophys.
409, 799 (2003).

[70] V. N. Zirakashvili and V. S. Ptuskin, Type IIn supernovae
as sources of high energy astrophysical neutrinos, Astro-
part. Phys. 78, 28 (2016).

[71] Norita Kawanaka and Shiu-Hang Lee, Origin of spectral
hardening of secondary cosmic-ray nuclei, Astrophys. J.
917, 61 (2021).

[72] Daichi Tsuna, Yuki Takei, Naoto Kuriyama, and Toshikazu
Shigeyama, An analytical density profile of dense circum-
stellar medium in Type II supernovae, Publ. Astron. Soc.
Jpn. 73, 1128 (2021).

[73] Nikolai Chugai and Victor Utrobin, Circumstellar shell and
emission of the SN 2020tlf progenitor, Astron. Lett. 48,
275 (2022).

[74] Eran O. Ofek et al., SN 2010jl: Optical to hard x-ray
observations reveal an explosion embedded in a ten solar
mass cocoon, Astrophys. J. 781, 42 (2014).

[75] Claes Fransson et al., High density circumstellar inter-
action in the luminous Type IIn SN 2010jl: The first
1100 days, Astrophys. J. 797, 118 (2014).

[76] Roger A. Chevalier, Self-similar solutions for the inter-
action of stellar ejecta with an external medium,
Astrophys. J. 258, 790 (1982).

[77] Dmitrij K. Nadezhin, On the initial phase of interaction
between expanding stellar envelopes and surrounding
medium, Astrophys. Space Sci. 112, 225 (1985).

[78] Takashi J. Moriya, Keiichi Maeda, Francesco Taddia,
Jesper Sollerman, Sergei I. Blinnikov, and Elena I.
Sorokina, An analytic bolometric light curve model of
interaction-powered supernovae and its application to Type
IIn supernovae,Mon.Not. R.Astron. Soc. 435, 1520 (2013).

[79] Christopher D. Matzner and Christopher F. McKee, The
expulsion of stellar envelopes in core-collapse supernovae,
Astrophys. J. 510, 379 (1999).

[80] A. M. Bykov, D. C. Ellison, P. E. Gladilin, and S. M.
Osipov, Supernovae in compact star clusters as sources
of high-energy cosmic rays and neutrinos, Adv. Space Res.
62, 2764 (2018).

[81] Stefan Funk, Ground- and space-based gamma-ray
astronomy, Annu. Rev. Nucl. Part. Sci. 65, 245 (2015).

[82] L. Oc. Drury, An introduction to the theory of diffusive
shock acceleration of energetic particles in tenuous plas-
mas, Rep. Prog. Phys. 46, 973 (1983).

[83] Damiano Caprioli, Particle acceleration at shocks: An
introduction, in International School “Enrico Fermi”
2022: Foundations of Cosmic Ray Astrophysics (IOS
Press, Amsterdam, 2023), https://www.iospress.com/
catalog/books/foundations-of-cosmic-ray-astrophysics.

[84] Enrico Fermi, On the origin of the cosmic radiation, Phys.
Rev. 75, 1169 (1949).

[85] Thomas A. Weaver, The structure of supernova shock
waves, Astrophys. J. Suppl. Ser. 32, 233 (1976).

[86] Eli Waxman and Abraham Loeb, TeV neutrinos and GeV
photons from shock breakout in supernovae, Phys. Rev.
Lett. 87, 071101 (2001).

[87] Daichi Tsuna, Kohta Murase, and Takashi J. Moriya,
Radiative acceleration of dense circumstellar material in
interacting supernovae, Astrophys. J. 952, 115 (2023).

[88] Roger A. Chevalier and Christopher M. Irwin, Shock
breakout in dense mass loss: Luminous supernovae,
Astrophys. J. 729, L6 (2011).

[89] Keiichi Maeda, Injection and acceleration of electrons at a
strong shock: Radio and x-ray study of young supernova
2011dh, Astrophys. J. 758, 81 (2012).

[90] Damiano Caprioli and Anatoly Spitkovsky, Simulations of
ion acceleration at non-relativistic shocks. II. Magnetic
field amplification, Astrophys. J. 794, 46 (2014).

[91] Yutaka Ohira, Kohta Murase, and Ryo Yamazaki, Escape-
limited model of cosmic-ray acceleration revisited, Astron.
Astrophys. 513, A17 (2010).

[92] Kohta Murase and Masataka Fukugita, Energetics of
high-energy cosmic radiations, Phys. Rev. D 99, 063012
(2019).

[93] Stefaan De Wolf et al. (H.E.S.S. Collaboration), Time-
resolved hadronic particle acceleration in the recurrent
nova RS Ophiuchi, Science 376, abn0567 (2022).

[94] Kwan-Lok Li et al., A nova outburst powered by shocks,
Nat. Astron. 1, 697 (2017).

[95] S. R. Kelner, Felex A. Aharonian, and V. V. Bugayov,
Energy spectra of gamma-rays, electrons and neutrinos

INTERACTING SUPERNOVAE AS HIGH-ENERGY … PHYS. REV. D 109, 103020 (2024)

103020-19

https://doi.org/10.1038/s41586-023-06787-x
https://doi.org/10.1038/s41586-023-06787-x
https://doi.org/10.1038/329807a0
https://doi.org/10.1038/329807a0
https://doi.org/10.1103/PhysRevLett.58.1695
https://doi.org/10.1103/PhysRevLett.59.844
https://doi.org/10.1103/PhysRevLett.59.844
https://doi.org/10.1103/PhysRevD.79.103001
https://doi.org/10.1093/mnras/stt680
https://doi.org/10.1093/mnras/stt680
https://doi.org/10.1088/0004-637X/805/1/82
https://doi.org/10.1088/0004-637X/805/1/82
https://doi.org/10.1093/mnras/stu384
https://doi.org/10.1093/mnras/stu384
https://doi.org/10.1093/mnras/sty1743
https://doi.org/10.1093/mnras/sty1743
https://doi.org/10.3847/1538-4357/ac21ce
https://doi.org/10.3847/1538-4357/ad00b1
https://doi.org/10.1051/0004-6361:20030909
https://doi.org/10.1051/0004-6361:20030909
https://doi.org/10.1016/j.astropartphys.2016.02.004
https://doi.org/10.1016/j.astropartphys.2016.02.004
https://doi.org/10.3847/1538-4357/ac0a71
https://doi.org/10.3847/1538-4357/ac0a71
https://doi.org/10.1093/pasj/psab063
https://doi.org/10.1093/pasj/psab063
https://doi.org/10.1134/S1063773722060020
https://doi.org/10.1134/S1063773722060020
https://doi.org/10.1088/0004-637X/781/1/42
https://doi.org/10.1088/0004-637X/797/2/118
https://doi.org/10.1086/160126
https://doi.org/10.1007/BF00653506
https://doi.org/10.1093/mnras/stt1392
https://doi.org/10.1086/306571
https://doi.org/10.1016/j.asr.2017.05.043
https://doi.org/10.1016/j.asr.2017.05.043
https://doi.org/10.1146/annurev-nucl-102014-022036
https://doi.org/10.1088/0034-4885/46/8/002
https://www.iospress.com/catalog/books/foundations-of-cosmic-ray-astrophysics
https://www.iospress.com/catalog/books/foundations-of-cosmic-ray-astrophysics
https://www.iospress.com/catalog/books/foundations-of-cosmic-ray-astrophysics
https://www.iospress.com/catalog/books/foundations-of-cosmic-ray-astrophysics
https://doi.org/10.1103/PhysRev.75.1169
https://doi.org/10.1103/PhysRev.75.1169
https://doi.org/10.1086/190398
https://doi.org/10.1103/PhysRevLett.87.071101
https://doi.org/10.1103/PhysRevLett.87.071101
https://doi.org/10.3847/1538-4357/acdb71
https://doi.org/10.1088/2041-8205/729/1/L6
https://doi.org/10.1088/0004-637X/758/2/81
https://doi.org/10.1088/0004-637X/794/1/46
https://doi.org/10.1051/0004-6361/200913495
https://doi.org/10.1051/0004-6361/200913495
https://doi.org/10.1103/PhysRevD.99.063012
https://doi.org/10.1103/PhysRevD.99.063012
https://doi.org/10.1126/science.abn0567
https://doi.org/10.1038/s41550-017-0222-1


produced at proton-proton interactions in the very high
energy regime, Phys. Rev. D 74, 034018 (2006); Phys.
Rev. D 79, 039901(E) (2009).

[96] Roger A. Chevalier and Christopher M. Irwin, X-rays from
supernova shocks in dense mass loss, Astrophys. J. 747,
L17 (2012).

[97] Melina C. Bersten and Mario Hamuy, Bolometric light
curves for 33 Type II plateau supernovae, Astrophys. J.
701, 200 (2009).

[98] P. A. Mazzali, D. N. Sauer, E. Pian, J. Deng, S. Prentice, S.
Ben Ami, S. Taubenberger, and K. Nomoto, Modelling the
Type Ic SN 2004aw: A moderately energetic explosion of a
massive Cþ O star without a GRB, Mon. Not. R. Astron.
Soc. 469, 2498 (2017).

[99] B. Theodore Zhang and Kohta Murase, Nuclear and
electromagnetic cascades induced by ultra-high-energy
cosmic rays in radio galaxies: Implications for Centaurus
A, Mon. Not. R. Astron. Soc. 524, 76 (2023).

[100] G. R. Blumenthal and R. J. Gould, Bremsstrahlung, syn-
chrotron radiation, and compton scattering of high-energy
electrons traversing dilute gases, Rev. Mod. Phys. 42, 237
(1970).

[101] R. Schlickeiser, Cosmic Ray Astrophysics (Springer, Ber-
lin, Germany, 2002).

[102] B. Theodore Zhang, Kohta Murase, P. éter Veres, and P.
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