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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,”!
whether the optical emission is mainly powered by the

'Interacting 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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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 ~1073 to ~1M yr~! 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
arich 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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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 2010j1 [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 =10*Q, in
CGS units.

II. PHYSICAL MODEL

A. Dynamics

Let us consider SN ejecta with an ejecta mass of
M = 10MoM,;;, which interact with a CCSM (that
can also be an extended stellar envelope) with a density

profile of
-w
OQcs = DR(?SZ <L) s
RCS

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

(1)

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

M,

D=5x10% gem™'D, = ¥
gem 4zfoV,,

(2)

where M,, is the wind mass-loss rate, V,, is the wind
velocity, and fo = AQ/(4x) 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, ~ 1072 and R, ~
4 x 10" cm [5]. Modeling of SN 2020tlf (II-P) suggests
D, ~0.6and R, ~ 10" cm [73] (see also Ref. [19]). As an
example of SNe IIn, observations of SN 2010jl infer D, ~ 6
and R, ~10'® cm [74,75]. Reference [6] shows that
interacting SNe have a range of parameters from
D, ~ 1072 — 1. The number density of nucleons is ny =
0cs/my and that in the shocked region n)y is larger by the
compression ratio. The total CSM mass (M) 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 (R,) and
velocity (V) of the shell are determined by [41,78]

dv

— = 47Tf§zR? [er(vej -

M
5odt

VS)2 - ch(Vs - Vw)2]7 (3)
where @ o< 173(r/t)™° (where &> 6.67) is the outer
ejecta profile, M, is mass of the shell consisting of the
shocked SN and CSM, and V,; is the ejecta velocity. We
adopt 6 = 12 (6 = 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 g = 103! erg and M = 10M , respectively.

Class D, M, [Mgyr™'] V, [kms™!] R [cm] R, [ecm] & tymax 18]
I (CCSM) 1072 -1 10731071 100 (0.4-1.0) x 10 6x 108 12 108-1003
IIn 1072-1 1073-10"! 100 10 1013 10 1038107
1I-P 1.34 x 107 2x107° 15 6x 101 12 1034
[I-L/IIb 1073 3x 1073 30 6x 102 12 10*6
Ibc 1073 1073 1000 3x 101 10 1038
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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 V; =
R/t and V>V, is valid until the shock radius reaches
Ry =V, where V,=[10(6-5)E;/3/(6—3)/M,]'">
[78]. The deceleration of the whole ejecta would happen

if Mgj < M.
While the solution of Eq. (3) is used in our numerical
calculations [45], analytical estimates would be useful for
|

6.9 x 108 cms~'D;")°
V, ~ '
4.6 x 103 ecms~'D;'/8¢

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

(for6=12)

4 ~1/10 £9/20 y ~7/20 9/10
. N{2.4x101 emD;  Ed Mt

17x 10" emDT S/ 0MP " E (for5=10)

(4)
and the corresponding velocity V, = dR,/dt is
9/20 5 ~7/20 ~1/10
gej/,SIMej.l/ 15,5/ (fOI' 6= 12) (5)
7/16 5 ,~5/16 ,~1/8 :
ej/,SlMej,l/ 15.5/ (for 6 = 10)

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, L, = 27fq0.V>RZ, is estimated to be

31 % 109 ergs! DY XM 15 2

For the demonstrative purpose of this work, it is sufficient
to assume fo = 1. In reality, the observed flux is related to
L, and uncertainty in fq 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 ~10°~10* 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

27/20 3 4=21/20 ~3/10

L { 1.0 x 10* erg s‘lfQDZ(_lgﬁej_SI g1 fss

(for 6 = 12)

(for 6 = 10) ‘ ©)

I

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, = R(t,) for Vi < V . (Where V .. is the
maximum velocity [79]), and we have

t 6.8 x 10* s D2, MY P IRI o (for 6 = 12)
13 % 10* sDY MYV EIRYL (for 6= 10)
(7)

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
Tr & 070 R/ (Homy) S c/V,, where 7; is the optical
depth to the Thomson scattering with the cross section,
67 ~6.7x 1072 cm?. This coincides with the photon
breakout time [88], which is

Tho = 6.0 x 103 SD*’_zﬂg_l. (8)

Considering these two necessary criteria, the onset time of
CR acceleration is estimated by [45]
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tonset = max[tbov t*]‘ (9)

For D, < 0.1, which is the case for most SNe II, we expect
fonset ~ 1, although 7, ~ t,, when the CSM is denser.
The CSM interaction ends when the shock reaches the edge
of the CCSM, and its timescale is given by

el “ejs1fes, 15 (for 6 = 12)

5/14 o—1/2 1,8/7
ej{l 5ej,5/1 Rcs/,16 (for 6 =10)
(10)

1.5 10° s D2, MY Pe PRI
Tend ®

3.4x107 sDY "M

The CR acceleration time is given by t,.. ~ 77¢,/(eBc),
where 5 = (20/3)(c?/V?) for a nonrelativistic shock
whose normal is parallel to the magnetic field in the
Bohm limit [82]. The magnetic field is parametrized as

B? 3L

U = — =€ 7S
B 8 B47erRfVS

, (11)
where Up is the magnetic energy density. Observations of
SNe and numerical simulations suggest 5 ~ 1073-1072

[89,90], and we adopt 5 = 1072 as a fiducial value. The
magnetic field strength is estimated to be

3 39 Geg/iz Di{_zztg_g (for 6 = 12) (12)
380G eY2, DL (for 5= 10)

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 ¢,, the maximum energy is

9.7 x 10°GeV (I / Rs)eia/,zzDi,/-lg

9/10 5 ,~7/10 ~1/5
£AX-esc XECJ{SIMCJ' ! tS.S/ (f0r5: 12)
P 4.4x107 GCV(lesc/Rs)egfszi/4 )
<€ My (for 5=10)
(13)

where [ 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 (py — pe~e™) can play roles. In our
setup, the inelastic pp interaction is the most relevant
cooling process, and we obtain

1.2 x 107 GeVey2,D.%)°

9/5 1 ,=7/53/5
max—pp _ Xgej/.,SlMej / ts,/s (fOI‘ o= 12)
° B 5 1/2 et .
2.5 x 10” GeVey -, Dy
ngj/,glMe_jmt;./sz (for 6 = 10)
(14)

For CR injections, we assume a CR spectrum to be a
power law, i.e.,

dng,
dpe

X p(?rsc‘e_pcr/pg;ax’ (15)

where s, is the CR spectral index and p. is the CR
momentum. We assume proton CRs, and the spectrum is
normalized via the CR energy density U, as

dn 1
U, = /dp g,———=¢€ _QCS‘/%’ (16)
P pdpp 172

where €, is the energy fraction carried by CRs and ¢, ~ 0.1
is consistent with observations of Galactic CRs [92] and
fast nova shocks from RS Ophiuchi [93]. Although €., may
be as low as ¢, ~ 0.01 for radiative shocks, as inferred from
observations of classical novae [94] and constraints from
SN 201051 [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 ¢, = 0.1, which
is sufficient for the purpose of this work. Although we
assume s, = 2.0-2.2, we present the results for s, = 2.2
throughout this work because Galactic CR data prefer
Ser ~ 2.2-2.4 rather than s, = 2.0 [92]. However, we note
that our results are largely insensitive to s. thanks to
electromagnetic cascades that make photon energy spectra
“flat.” See also M 18 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 7* - ytv, > v,0,v,e" and gamma rays via 7° — 2y.
The typical neutrino energy is &, ~ (0.03-0.05)e, [95].
The approximate cross section and proton inelasticity of pp
collisions are 6,, ~ 3 x 1072° cm* and «,, ~ 0.5, respec-
tively. Using Eqs. (4) and (5), the effective optical depth to
inelastic pp interactions, f,, X K, ,6,,(0cs/mu)Rs(c/ V),
is estimated to be [45]

[om o womre),
ol mopt MYt (for 5= 10).

This gives the transition time, at which the system becomes
effectively optically thin for confined CR ions,
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t 24x105sD)2,MISESLY (for §=12) )
.)p:] ~ B
g 3.1 x 108 s DY MYESLY  (for §=10).

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 yy — e™e™. 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 (M < M.;) considered
in this work (but see, e.g., Ref. [43] for reverse shock
contributions). Then, the postshock temperature 7 is

3
kT = 16 mupVs

{ 57 keVD.'OM

(19)

~7/10 29/10 ~1/5
ej,l/ gej<51t5.5/ (for 6 = 12)

’

(for 5§ = 10)
(20)

—1/4,,—5/8 57/8 ,—1/4
26 keV D"/ Mej,l/ 5ej/,51’5.5/

which is typically in the hard x-ray range, and y is the mean
molecular weight and my 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

Ly = 47R*AR' (Agenl,nly)
(21)

where Ay is the cooling function. For moderate values of
D, <0.03, including SN 2013 fs-like cases, the shock is
expected to be adiabatic. If L, > L, where the shock would
be radiative, we limit the bremsstrahlung luminosity by L.

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 M 18, we implement a
gray body spectrum with thermal luminosity Ly, = €,qL,
for a component originating from the interaction with CSM.
The photon temperature is set by 7, = max[7 yp, 7 e,
where 7T, is the black body temperature and 7 ., = 10* K,
and €,,qg = 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,

~2.9 x 10* ergs™ up'u;'D? 5L,

'2 T T T T T T T T T

3l Il (CCSM) —— |
lIn ----

-4 . I-P 7

=5 ; N l-LIb ———= 4

o &

o

£ -7 1

o

o 8 iy

Ko S - | N | B S, -

ut10 .

W11 B

()]

512 i
13 F .
14 (R
15 L1 L L i . . . U,y

102 10" 10° 10" 10> 10% 10* 10° 10° 107 108
E[eV]
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 = 10 kpc is considered,
and D, = 0.01 is used for a SN II (CCSM).

and resulting cooling envelope emission. We also add this
external component with luminosity L, 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, and we evaluate £)}**. The SN module of AMES can
be used for arbitrary R, V, 0, Ly, CR distributions, and the
magnetic field as a function of time. Although AMES includes
various processes for particle production, p p interactions, py
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 p p 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 M 18 for details)
via the implicit method,

. inj

0
flge :I;lgy)—a [(PIC+Psyn+Pad+PbI‘e+PC0u)nge]+n£€

4
. %y ng, . (IC . (syn . (bre . inj
o=t T +n§, )+n£~,y )+n§~, )l

v
tmatter

(22)
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where n. = dn'/de; and ¢; is particle energy for a particle
species with i. Energy loss rates of electrons/positrons for
the IC radiation (Pyc), synchrotron radiation (Py,), adia-
batic cooling (P,q), relativistic bremsstrahlung (Py,.), and
Coulomb collisions (Pc,), respectively, are [100,101]

d 9 d
Pic = /a’e € /de, ng,/ cos GIC

o ore P pe
syn — . _©OT
4 67r m2c?

z? 1\ 3aen 1
Py = < i A_iXi+/’£_e> o orcny <ln[27e] _§>£e’

3
PCou = ZGTmecjn;V:u;l (743 + ln[ye,ue/njv])’ (23)

BZ

where ¢ = (1 —cos#)c (where 6 is the angle between
two particles), doyc/de, is the differential IC cross section
for target photon energy ¢, [100], Z; is the nuclear charge,
A; is the nuclear mass number, x; is the nuclear mass
fraction, and ! 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 yy — e*e™, and we take into account the
gamma-ray attenuation and subsequent regeneration. The
two-photon annihilation rate and cross section are

t;l /de,n&,/dcosa

ﬁcm)[zﬂcm< cm — )
(3 - ﬁém) ln[(l + ﬂcm)/(l - ﬂcm)“v (24)

respectively, where ., = /(1 —4m2c*/S), S is the
Mandelstam variable, and f.. = R,/c is the photon escape
time. Differential particle generation rate densities are

d 9 d

nge / de ng / de, ng, / cos Orr
d 9 d

/de ne /det ngt/ cos JIC

1dpP
ng‘jyn) —/dge 6( e d;yna
14 14

T 1 P e
’;lgb e) _ /dee né, _d_b’ (25)
£

14
y de,

Oy = E"T(

where do,,/de, = 26,,6(e, — €,/2) is the simplified differ-
ential two-photon annihilation cross section with &, = ¢,/2
as used as in Ref. [64], and dPgy,/de, and dPy./de,

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
fmater = (KBHOBH + KCompOcomp)nC 1S the energy loss
time, and ny is the average nucleon density. The attenu-
ation cross section of the Bethe-Heitler pair production
process can be approximated by

KBHOBH — udBH’ (26)
where x =¢,/(m,c?). Ignoring the contribution from
electron-positron annihilation, we use inelasticity kg
and cross section opy obtained with the Born approxima-
tion [103]. The attenuation cross section of the Compton
scattering process is [64]

3 [2(1+x)?  1+3x
K _ — —
Comp@Comp = L 7T |\2(1 4 2x) ~ (1 + 2x)?
(1+x)(2x* =2x—1) 4x2
x?(1 + 2x)? 3(1 +2x)°
I+x 1 1
——+— | In(1+2x)|, (27
( x3 2x+2x3> n(l + x)} (27)

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

nlnj daﬂpél' CMCS(< RS) / d o dncr

o de, myV dp
Al — do,,&, cM (< Ry) / 4 dng,
’ de, myV “Tdp,,
inj d e Mcs Rs d cr
fl:cgj = Gppé ¢ (< ) / d cr . s (28)
¢ de, myV dpe

where &, £, and &, are multiplicities of neutrinos, gamma
rays and electrons/positrons, respectively, ) is the volume,
and M (< R;) 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

eL,  (¢’n,)V
dads  tee

EF; = (29)

where E = ¢/(1 + z) is particle energy on Earth, and d; 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 75! (1 — e7™=), where

Tsa = Rs / dye n;gasa (30)

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

1 0 { dPSyn} ’ a1)

7 Sﬂmeyzyepe aye Tebe dv
where v = ¢,/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, f{i," = ™. 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

mae — max[em, £, (32)
where 7., consists of all processes, Bethe-Heitler pair
production, Compton, photoelectric absorption, and free-
free absorption. We also introduce f. 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

— 72.(P) (r) ;
nucleus scales as ogy = Z“oyy, Where ogy is the cross

section on a proton. Taking into account contributions from
both nuclei and electrons, we have

Z; 1 ) DKBHGI(S!;—%
KBHTBH = SNt
(zl: Ai ' He mHRs

= (Z+ Drgroin,R,. (33)
where Z = X;(Z2/A;)x;u,, which depends on chemical
composition of the ejecta. We consider xy = 0.7 and xp, =
0.25 and xcno = 0.05, leading to Z ~0.97 and p, ~ 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

o D KComp®Comp
KcompTComp =
HeMp R s

, (34)
where KcompCcomp- In addition, in the x-ray band, we imple-
ment photoelectric absorption with its optical depth,
Tpe = KpeOQcsRy, Where we use K, = 0.024 g~' cm?

(¢/1 keV)™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]

1 7?
= dRajy~—— ) 8.4 x 1078ZLy,
Ter /?.\ Agr Qw—1) Z X A Xi

X ’Z'C‘Sffsyl_oz'lnenNRS, (35)
where 7 . is the upstream CSM temperature and Z 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 gt = 2ecn,/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
0 = 12. Throughout this work, the total SN kinetic
energy (i.e., integrated over velocities) and SN ejecta mass
are set to ge] = 1051 ergfejjl and MCJ = IOMO Mej,l’
respectively.

A. Neutrinos

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

1 €. L € 25,
L ~— . ’1 crs 14
eule, mminfyp. 13— (0.4 Gev>

~5.0 x 10 ergs™" min[f,,, 1]fq

. e, 2-s,
X €cr—1Reri0,1 04 GV

7/10 027/20 5 7~21/20 ,~3/10
XD/ &5 My s

(36)
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. We also introduce
Rerio = €L/ (€3dN/de )] 1o gey that is a  spectrum
dependent factor that converts the bolometric luminosity
to the differential luminosity, and s ~ s, for f,, 2 1 and
s S — 0.1 for f,, < 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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(37)

2_~Vcr —U.
Ey $ t 03 (f S tf,,/)zl)
EI/FE X s
v ‘Cft»_l.l

8511_“ (l > tfpp:])

where f,, 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 It =1> which gives a characteristic time scale of

high-energy neutrino emission.

In Fig. 2 left, we show neutrino light curves at
g, =1 TeV. Thick curves represent CCSN-interacting
SNe, while thin curves do SNe II-P without CCSM. We
use R, = 4 x 10" c¢m for D, = 0.01 and D, = 0.1 as in
M18, while we consider R, = 10> cm and D, =1 to
cover the most optimistic cases (see also Ref. [110]). Our
model predicts that the neutrino luminosity typically ranges
from L, ~ 10°°-10% ergs~! with durations of ~1-30 d.
With CCSM, the system is nearly calorimetric so that the
neutrino luminosity scales as D7/!°. The temporal slope
changes at the time when f,, becomes less than unity,
which is consistent with Eq. (37). The onset time is
significantly longer for D, = 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, f,,.; 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 £, ., 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 #, ., 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 7° — 2y) are approximately related as [116]

2
E}/Lgf ~ g [ngsb}gbzgy/zfsup’ (38)
where f,, = fap(€,) 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

Son . €L e 2-s
L”ON—p ’1 crs Y
&L, A3 minlfpp 12— 0.8 Gev

~ 33 x ]039 erg s_l min[fppv l]fsupr
-1 & o
X €cr—1 R0, 0.8 GeV

7/10 22720 5 ;~21/20 ,~3/10
XD, & 5 My, " ts5

(39)

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

2 o —— - ' A i cesm) ——
a1 i . g rd=10kpe T p— ]
P —— [ T 1P weeeeee ]
OF b ——- a4l S IHUID —— = ]
39+ Abe o SR
] ~
©38 - h °2¢p
g, > 1
I.IJ>37 B (.2. 0
- - <
gSG = o
s | R
34 'i '
33 r T -5 F
32 M | R | MR | M | 6 L
10° 10 10° 10° 10’

t[s]

FIG. 2. Left panel: light curves of high-energy neutrinos (at €, = 1 TeV) for various types of SNe. Right panel: energy fluences of
Ve + Ve + v, + U, + v, + U, (thick) and generated gamma rays (thin) integrated over 7, .. A Galactic SN at d = 10 kpc is considered
and D, = 0.01 is used for a SN II (CCSM). In both panels, s., = 2.2 is assumed.
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FIG. 3. Light curves of high-energy gamma rays at ¢, = 1 GeV (left panel), MeV gamma rays at ¢, = 1 MeV (middle panel), and

radio waves at v = 100 GHz (right panel) for various types of SNe. Note that radio emission without external matter attenuation is

shown. In all three panels, s, = 2.2 is assumed.

gamma rays (see Fig. 2 right) are shown at ¢, ,,,, in Fig. 4,
where electromagnetic cascades are included.

The suppression factor for gamma rays mainly consists of
two parts, fon<* and f7™. For analytical estimates on the
Bethe-Heitler suppression, one may use a simpler formula,

(40)

5 3em {28 218}
A or

“Pin2x) = 222
8z 07 |9 (20— 5

where a., is the fine structure constant, and we see
opy ~ Z2107% cm? at GeV energies. Then, the Bethe-
Heitler optical depth for gamma rays with e, = 1 GeV is
estimated to be

o ~ 0.031[(Z + 1)/2)zr

~0.025(Z + V' D0 SMYT Y0, (a1)

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

2T T T T T T 1
ey II(CCSM) —— |
lIn -=--
e
-Lilb ——-—
DG werveesreeens |

' ' '
o O A
T T T

m——

'
~

log(E Fe [erg cm? s'1])
o b &

10%  10®  10° 10®° 10® 10°
E [eV]

FIG. 4. Energy fluxes of nonthermal electromagnetic emission
from a SN at d = 10 kpc, corresponding to Fig. 2. Spectra with/
without external matter attenuation (thick/thin) are shown. For a
SN II (CCSM), D, = 0.01 is used.

—10/9 11/9 o—1/2 3 ,7/18
1)10/9”6 /D*,—/Z ej,S/l MC_]{] .

(42)

1253 x10° s(Z+

TBH

Asinferred in Fig. 3 left, we see the rising of GeV light curves
until ~¢, . for D, 2 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 7 < ¢/V, th
Bethe-Heitler pair production can be important only at
earlier times, and it is negligible for high-velocity shocks
with V> 10* kms™!

Note that only sufficiently high-energy gamma rays
interact with SN photons, and the two-photon annihilation
becomes important at

m2c*

—= ~260 GeV (e4,/1 eV)™!, (43)

sn

Epp-sn A
where &g, ~3kT,. The optical depth to yy — ete™ is
estimated to be

3
— 0, R ~ 8200 maX[I,TT]Lan42.5(8m/1 CV)_I

Tyy ™ 16"

D/10=9/104 47/20 =9/10
/ 2E¢i51 e]/l ts.s/ ; (44)

where 7, is the photon number density. The interaction
time, 7,,, is shown in Fig. 5. The ratio of the light crossing
time to the interaction time has a local maximum around
&,.sn» and the corresponding break/cutoff energy is
expected to be ~10-100 GeV below &, ,. The transition
time for the system to be optically thin for TeV gamma rays
would occur much later around

4

9/10 1/9 o—1/2, ,47/18
t, 12705 10° SLYY ((e/1eV) /D2, e Ml ¥,

(45)

which suggests that gamma rays at TeV and higher energies
are effectively absorbed inside and outside the system.
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FIG. 5. Timescales relevant for electromagnetic cascades for CCSM-interacting SNe II without L, (left panel), CCSM-interacting
SNe II with L, (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 (yy) and the light crossing time

(Ic) are shown.

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 I 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 of D, 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 yy — e*e™ as well
as photomeson production, as shown in Ref. [47].

Analytically, the pionic gamma-ray flux at GeV energies
obeys the following scaling:

2_‘cr —0.
g 0 (1<t )

, (46
(t>tr —1) 4e)

E,F% o ¢l
Tk 8}%~1—Sc1~t—l.l

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

my
~—" ~68.
ye,h 4m

e

(47)

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

~ gyy»sn

Ve ™5 ~25x%x 10°

m,c?

(e/1 V)7L (48)

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

42 ,
Il CCSM; _

Hin (D.=0.01
lin (D-=0.1) -
40 in (D=t —

hin

il (CCSM] ——

Hiin ( .=vo1§

LI (D.=0.1) v
IIn (D.=1) —mmme

‘ ‘ L o

!
10° 108

10° 10* 10° 108 107
t[s] t[s]

FIG. 6. Left panel: light curves of high-energy gammarays at e, = 1 GeV (thick) and ¢, = 100 GeV (thin). Middle panel: light curves
of soft gamma rays at ¢, = 1 MeV (thick) and hard x rays at &, = 10 keV (thin). Right panel: light curves of radio waves at
v = 100 GHz with (thick) and without (thin) external matter attenuation. In all three panels, we include L, for CCSM-interacting SNe

II, in which D, = 0.01 is used.
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CR spectra on Earth suggest €, ~ 10741073, and it has
been shown that the hadronic component is dominant when
€, $0.2¢.,_; 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

 bam.c
Vere ¥ G B (1 + V)t

~ 1.6e5,D; 1, 155(1+ 7)1, (49)
where Y is the Compton Y parameter,
- + G (1 G2+ Bminl 1] %
- 2
US]’]
- (for €p,q > €¢r) (50)

B

in the Thomson limit, where Uy, 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

—1 —1/10 £9/20 5 ,~7/20 —1/10
Y ~0.57 maX[l,TT}(:'md’_O.G&'By_ZD ) gej,ﬁlMej,l t545 N

(51)
while for Ly, ~ Ly, we have

max[1, 77] LV
LTS 79 max(l, o)L -
epLc X[ 7rlLpn 4255,

—4/5 0-9/10 5 47/10 ,1/5
XD, 2585 M, tss.

(52)
Cooling timescales of electrons and positrons at 7, ,,, are
shown in Fig. 5. One finds v, <Vep.7cyy» 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 ~1.3x 107 S€B$_2D*._2(1 + Y) (53)
Thus, we may expect the fast cooling in most of the
interaction duration f,,yq especially if Y > 1. In the
Thomson limit, the ratio of synchrotron to IC cooling
timescales is f,/tic ® Ug,/Up, 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
210-100 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 y, .
By comparing Coulomb losses with radiative losses, the
“Coulomb break™ Lorentz factor in the fast-cooling regime
can be introduced as

270zm,c’n,\ /2
7e,C0u 32(1 +Y)

~1/2 ~1/2 1/10 0=9/20 5 /7/20 ,1/10 _
z8453,—/2,“6 / D*,/—dej,S/l Me_]<1 t54/5 (1+Y)"2
(54)

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

t

Yexre=Ve.Cou

~2.6 x 107 sez{gzye_s/gDi}_@

—9/18 3 47/18
x Sej.S/l MC_]{] (1 + Y)S/g'

(55)

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

—2+As

e -q Ve
x
My, X Ve & —§—1+As
Ve

(ye < Ye.h) ’ (56)

(Yen <7e)

where § is the effective injection index, which is § = s for
secondary injection from pp interactions. If there is an
additional contribution from electromagnetic cascades
through yy — e™e™, the energy spectrum is flatter, which
may lead to § ~ 2. Here As represents the possible spectral
hardening effect due to Coulomb losses. If the Coulomb
cooling is more important than the radiative cooling, i.e.,
Ye < Yecou W€ have As =~ 2. As aresult, most of the energy
comes from leptons with y,, = max|y,;,7..cos), and their
characteristic energy of IC emission from secondaries
injected through pp interactions is

E?C ~ Zyg,besn ~9.2 kev(gsn/l GV) (ye.b/ye,h)z’ (57)
which is expected in the hard x-ray range. For the
Yy — eTe” injection component, we obtain
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A 2y§,ﬂesn ~ 130 GeV (gg,/1 eV)™!, (58)

which is expected in the gamma-ray range.
Assuming the fast-cooling regime, the resulting IC
luminosity from CR-induced electrons and positrons is

Y oy €L e, \ 2
L, ~————"——min | L
e, 2(] + Y) 6 [fpp ]RcrlogCou 8{7(:

~ 8.4 x 10% ergs™! (Y/[1 + Y])gcou

&

. ' g 2-pic
xmin(f,,. 1]fo€c1Rei0.1 | -
€
1C
7/10 £27/20 5 (=21/20 =3/10 70—z
XD, €51 My, tss e Tom e, (59)

where fic =3/2 or §/2 or 2/3 for e < el and
Pic = (3+2)/2 for eb. < e, respectively, and geo, =
(e6/€l)>=9)/2 Here fma 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 E, Fp especially above E%., 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 L. 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 y,coy ~ 7., In
our cases the effects of Coulomb losses are hardly seen in

I.Og(.E ITE [erg cm™ s'1])

%
:
I

10%  10®  10° 10® 10® 10° 10" 10"®

FIG. 7. Energy fluxes of nonthermal electromagnetic emission
from a Galactic SN II (CCSM) for D, = 0.01 at d = 10 kpc.
Thick/thin curves represent spectra with/without external matter
attenuation, and s, = 2.2 is used. One sees that synchrotron
emission is suppressed in the presence of ordinary SN emission
with Ly, from the photosphere.

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 z° 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

5 —1311/10 2=9/20 5 ,7/20 —9/10
TComp = 0-025(Z + l)ﬂe ID*,—/ 5ej,5/1 Mej{l tS.S/ ’ (60)
and the transition time for the system to be optically thin is

ooyt 2 53X 103 $(Z + 1)1 P p e 1Ml ®.

TComp ej )1

(61)

Given that hadronic components from pp interactions
are dominant, the CR-induced IC energy flux follows

E;/FII:% o e Tem Y (£) (14 (1))~
{ g0 (1<, )

. (62)

gg—ﬂlcgfsirllc—zt—l.l (l‘ > tfm,:l)
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

3 , eB

b~ —
Van By leb e
e

~ 760 GHz 8};{32Di(_22t§15 (ye,b/Ye,h)27 (63)
and

y 3 , heB
el —yr  ——
A mye

~ 44 keV(eg/1 eV) 262, D258, (64)

respectively. Reference [65] pointed out that secondary
synchrotron emission peaks in the high-frequency radio
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(submillimter or millimeter) 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

1 f sup

€L v\ 2P
L" % ————Lmin[f,,, 1] —

~84x10% ergs (1 +Y) ' geou

. 1 U 2_/}syn
X mln[fppa l}fﬁecr,—chrIO,l l/T

syn

i
7/10 o27/20 4 .~21/20 ~3/10 €
XD/ &5 My tss 1 ;
+Tsa

(65)
where S, = 3/2 or §/2 or or 2/3 for vy, < b, and
Psyn = (5 +2)/2 for vy, > yfyn, respectively, and f,, 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 SNe with L, ~ L, because of Y < 1. However, for
SNe with Ly, ~ Ly, > L, 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 f3f are shown in the right panels of Figs. 3
and 6. The spectra without f{i are also shown in Figs. 4
and 7 with the thin curves. The hadronic scenario predicts
that the synchrotron emission below ufyb has a hard
spectrum with S, < 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]

7L —(g+4)/2
3f,L.e (1/) (66)

Tsa(’/) = Tsa 4erXVSm,,cszf, Z

where f,~(1/6) min[1.f,,]ec/Rerio/ (5—1)=0.045f, .
for the hadronic scenario, y,,~minfy,;.vec, vy =
3y2,eB/(4xm,c), and 5, is

; m2ET(E+@IE+PrE+3
3 IG+2) ’

Nsa = (67)

where &, = (g — 1). Although the SSA optical depth can
be affected by Coulomb losses, as noted above, Eq. (54)
suggests that y, ¢, is not too far from y, , and considering
Yere < Ve <7Yen would give a conservative result. With
q = 2, the SSA optical depth at yé’yn is approximated to be

T (V) 20,0207, &5 3D R €M 20(1 + v)
(68)

where we note that fe,* depends on ¢. Then, for v, < yfyn,
we obtain

71/3 12 3 -7/60 ,— _
v =210 GHzf 12 DY ey 20M T (1 1 )13,
(69)

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

ey 2 17 % 108 s F2 DY e Mg

- -10/7

x (14 ¥)71021 197, (70)

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

5 —20/21,7-9/14 ~23/21 0=9/14 5 ,1/2,-9/7
v 2.2 THz Z'9 g / Texl,/S D*.—/z 5ej,5/1 Mej/.ltS.S/ ]

(71)

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

fooy & 1.4 x 100 5 Z10/27, 20771/

cs,5
23/27 o=1/2 4 ,7/18. =7/9
x D55 gej,SlMej.l Vs -

(72)
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

E,F" o e~ nO[(1 4 Y(1))(1 + 70(1)]"

2—[& n ﬁs n72~3
X{y o (tStfpp=1)

(73
e (S P )

which agrees with the numerical curves shown in Fig. 6
right. The cases without 7y 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 7,4 unless the escape fraction is

mat
larger than f&.

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:

e LY 41+ YWLIC 4(1+Y)LY" )
£ Z_SN Y £ 2—-fic ~ v 2_/jsyn ’ ( )

08 Gev e Von
which essentially reflects the ratio between z* and z°

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
EF g were presented for a SNe at d = 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~! [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, Iy, 1>

which corresponds to the peak time of 7L, 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 v = 10>° GHz. In addition, the range from f,,. tO fepq
for SNe II with CCSM is depicted. For x rays and gamma
rays, we find that If, =1 is longer than the breakout
timescales in the range of D, 2 0.01. This implies that
the characteristic time windows are essentially governed by
Iy, =1- For radio waves, if the free-free absorption process

108
teng (Res =10¢ cm
107 4
tend (Res =10 cm
106 1
@
-~
5
10 tonset (R« = 6X104%"cm)
— e 1 (V& Y)
4 — tr=1 (V)
109 — trg=1 (X &Y)
tonset (Re X102 cm) = fro=1 (radio)
tr,=1 (radi
103 ‘ : : . rf,fyl (radio) |
10° 10 102 102 107! 10° 10
D *
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 f,,; to f.,q. See text for details.

is critical, 7, _; 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 Iy, =1 OF Iy .

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 for D, ~ 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 yy — ete™ 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 10° s

103020-14



INTERACTING SUPERNOVAE AS HIGH-ENERGY ... PHYS. REV. D 109, 103020 (2024)
10 10 T T 10°
Il (CCSM) —— ) Il (CCSM) —— " Il (CCSM) ——
5 [ 5 [ 10° E lin 1
107 F I-P E 107 K I-P 1 3 1P weoeeee
_ L E I-Lllb ——— _ o \\ D I-Ullp ——— 10° F I-/lp ——— 1
T 10° F log e o o 10 r_..v \ log e o 10? | lbg oo
o o - 1
e 107k ] € ] = 10'F 4
> 2 N > E 1w0of E
g ok 4 & 7 w0tk ALMA - 1
] - N\ N w CTA : =
b ook N ] W ] 10? 1
NN 10°F  ngvLA 4
-0 [ N ] 10 [ ]
10 AN 10 1wt b S
10! L L n RIS 1o L o N N 108 L L L L
102 107 10° 10 102 10° 102 107! 10° 10’ 102 10° 102 107 10° 10! 102 10°
d [Mpc] d [Mpc] d [Mpc]

FIG.9. Detection horizons of hadronic gamma rays at £, = 1 GeV with Fermi-LAT sensitivities (left panel) and £, = 50 GeV with
the CTA sensitivity (middle panel). The right panel shows detection horizons of hadronic radio emission at 100 GHz with ALMA and
ng VLA 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, = 0.01 is used without L.

is ~107'"" ergem™s~! 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 =6.9 Mpc [34] provided unique opportunities to

investigate the interaction with CCSM. Early spectroscopic
observations suggest M,, ~ 1073 — 1072Mg yr~! and R, ~
(0.5-1) x 10'5 ¢cm [34-36]. Although modeling of light
curves may favor large values of M,, [37], we adopt D, =
0.1 and R, = 5 x 10'* 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 R ~ a few x 10'* 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, = 0.003
and R, = 10" 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 R. For D, = 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. 10.

-10 ‘ 0
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Left panel: light curves of high-energy neutrinos at £, = 1 TeV, high-energy gamma rays at £, = 1 GeV, soft gamma rays
at £, = 1 MeV, and radio waves at 100 GHz, for SN 2023ixf with D, = 0.003 and R, = 10" cm (thick) and D, = 0.1 and R,

5 x 10" cm (thin). Middle panel: energy fluences of v, + 7, + v, + U, + v, + I, and cascaded gamma rays, integrated over ~30 d,
from SN 2023ixf, where D, = 0.003 and R, = 105 cm (thick) and D, = 0.1 and R, = 5 x 10" cm (thin) are considered. Right
panel: energy fluxes of nonthermal electromagnetic emission (at # = 10° 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 = 6.9 Mpc and s, = 2.2 are used, and L, is
included based on Ref. [37].
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For D, = 0.003, the light curves decline more rapidly
because of f,, <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 for D, = 0.1, but it will break out at  ~ 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 s, = 2.0 are approximately
0.0007 and 0.02 events for D, = 0.003 and D, = 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 e, ~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, ¢, < 0.2-200, reflecting the
range of D,. This limit is complementary to that of SN
201051, €., < 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) at d ~ 7 Mpc would 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~! 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 S, < 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 unique multimessenger
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. TeV or
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. Itis 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-e Gozen, and ZTF) are necessary.

The method used in AMES for calculating multimessen-
ger spectra of interacting SNe can be applied to arbitrary
evolution of R, and V 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.
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