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Collapsing massive stars lead to a broad range of astrophysical transients, whose multiwavelength
emission is powered by a variety of processes including radioactive decay, activity of the central engine,
and interaction of the outflows with a dense circumstellar medium. These transients are also candidate
factories of neutrinos with energy up to hundreds of PeV. We review the energy released by such
astrophysical objects across the electromagnetic wavebands as well as neutrinos, in order to outline a
strategy to optimize multimessenger follow-up programs. We find that, while a significant fraction of the
explosion energy can be emitted in the infrared-optical-ultraviolet (UVOIR) band, the optical signal alone
is not optimal for neutrino searches. Rather, the neutrino emission is strongly correlated with the one in the
radio band, if a dense circumstellar medium surrounds the transient, and with x-rays tracking the activity of
the central engine. Joint observations of transients in radio, x-rays, and neutrinos will crucially complement
those in the UVOIR band, breaking degeneracies in the transient parameter space. Our findings call for
heightened surveys in the radio and x-ray bands to warrant multimessenger detections.
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I. INTRODUCTION

A number of transients may be linked to the aftermath
of collapsing massive stars, ranging from supernovae (SNe)
and gamma-ray bursts (GRBs) [1-6] to exotic transients
with puzzling properties, e.g. fast blue optical transients
(FBOTs) [7-11], superluminous supernovae (SLSNe)
[12,13] or chameleon SNe [14,15] among the ones detected
electromagnetically. These objects are characterized by a
range of time scales and peak luminosities [16,17], albeit
the mechanisms powering their emission remain uncertain.

In the near future, the theory behind such sources will
progress through the exponential growth of the number
of astrophysical transients detected across different wave-
bands with wide-field, high-cadence surveys, such as
the Zwiky Transient Facility (ZTF) [18], the All-Sky
Automated Survey for SuperNovae (ASAS-SN) [19],
as well as the Panoramic Survey Telescope and Rapid
Response System 1 (Pan-STARRS1) [20], and the Young
Supernova Experiment [21]. In addition, while our under-
standing of the UV emission from explosive transients
has already been transformed thanks to Swift-UVOT [22],
our ability to explore the hot and transient universe will
soon be revolutionized by the upcoming Vera C. Rubin
Observatory [23] and ULTRASAT [24].
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Such transients are also expected to emit neutrinos
with energy between O(1) TeV and O(100) PeV, as a
result of particle acceleration [25-28], as well as gravi-
tational waves [29,30]. The operating IceCube Neutrino
Observatory [31], the Baikal Deep Underwater Neutrino
Telescope [32] and the ANTARES neutrino telescope [33]
routinely search for high-energy neutrinos from transient
sources. In particular, neutrinos have been possibly
observed in coincidence with a candidate hydrogen-rich
SLSN [27,28] as well as an FBOT [34,35]. Our potential
to explore the transient universe through nonthermal
neutrinos will be further enhanced with upcoming neu-
trino telescopes such as IceCube-Gen2 [36], the Cubic
Kilometre Neutrino Telescope [37], the Giant Radio Array
for Neutrino Detection [38], the orbiting Probe of Extreme
Multi-Messenger Astrophysics [39], and the Pacific
Ocean Neutrino Experiment [40].

In order to address fundamental questions concerning the
physics linked to high-energy particle emission, the effi-
ciency of particle acceleration, as well as the mechanisms
powering these transients, it is key to exploit multimes-
senger observations to break degeneracies in the parameter
space of the transient properties otherwise hindering our
understanding [35,41-44].

© 2023 American Physical Society


https://orcid.org/0000-0002-3744-8592
https://orcid.org/0000-0001-7449-104X
https://orcid.org/0000-0003-4768-7586
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.083035&domain=pdf&date_stamp=2023-10-24
https://doi.org/10.1103/PhysRevD.108.083035
https://doi.org/10.1103/PhysRevD.108.083035
https://doi.org/10.1103/PhysRevD.108.083035
https://doi.org/10.1103/PhysRevD.108.083035

ERSILIA GUARINI et al.

PHYS. REV. D 108, 083035 (2023)

A number of programs are in place to explore transients
through multiple messengers and across energy bands; for
example, ASAS-SN, ZTF and Pan-STARRSI carry out
target-of-opportunity searches for optical counterparts
of high-energy neutrino events [45-47], and in turn the
IceCube Neutrino Observatory looks for neutrinos in the
direction of the sources discovered by optical surveys; see
e.g. Refs. [48,49]. Follow-up searches of (very high
energy) gamma-ray counterparts of the high-energy neu-
trinos observed at the IceCube Neutrino Observatory are
also carried out with Fermi-LAT [50,51] and the Imaging
Atmospheric Cherenkov Telescopes [52].

To capitalize on the promising multimessenger detection
prospects, it is necessary and timely to define a strategy
to carry out informed follow-up searches of high-energy
neutrinos and electromagnetic emission from transients.
What electromagnetic waveband is better correlated with
high-energy neutrinos? What fraction of the bulk of energy
released in the collapse of massive stars is deposited across
the different electromagnetic wavebands and neutrinos?
In this paper, we address these questions by performing
computations of the energy budget of astrophysical tran-
sients stemming from collapsing stars. In our analysis, we
consider both thermal and nonthermal processes that may
power the electromagnetic emission and define a criterion
for correlating electromagnetic observations at different
wavelengths with the neutrino signal.

This paper is organized as follows. In Sec. II, we outline
the theoretical framework for calculating the energy budget
in each electromagnetic waveband for nonrelativistic out-
flows, while we focus on jetted relativistic outflows in
Sec. III. In Sec. IV, after introducing the distribution of
accelerated protons, we outline the channels for neutrino
production. Section V presents the energy budget across
electromagnetic wavebands and in neutrinos of the astro-
physical transients linked to collapsing massive stars.
In Sec. VI, we investigate the most promising strategies
to correlate electromagnetic and neutrino observations
depending on the transient properties and the related
detection prospects. Finally, we summarize our findings
in Sec. VIII. In addition, the cooling rates of protons
accelerated in the magnetar wind, at circumstellar medium
(CSM) interactions as well as in a jetted outflow are
discussed in Appendix A, while Appendix B focuses on
radiative shocks.

II. MODELING OF THE ELECTROMAGNETIC
EMISSION: NONRELATIVISTIC OUTFLOWS

After introducing the one-zone model adopted to com-
pute the bolometric luminosity, in this section we outline
the contribution to the electromagnetic emission, across
wavebands, from different heating sources. For illustrative
purposes we present the results for a benchmark transient in
this section, whereas our findings for different transient
classes are discussed in Sec. V.

A. Luminosity

We rely on the one-zone model of Refs. [16,53,54] to
compute the output bolometric luminosity from collapsing
stars. This model only holds for spherical outflows and,
since we are interested in the bulk of the emitted radiation,
we focus on the properties of the bolometric light curve
around its peak.

Our model is based on the following assumptions: (1) the
ejecta are spherically symmetric and expand homologously;
(2) the outflow is radiation dominated, namely the radiation
pressure is larger than the electron and gas pressure (note that
we do not consider radiation-dominated outflows for the
production of radio photons and neutrinos when the shock
interacts with the CSM; see Secs. IIB and IV); and (3) a
central heating source is presentl; (4) the ejecta propagate
with a bulk constant velocity v,;, i.e. the injected energy is
smaller than the kinetic energy of the ejecta.

Because of the hypothesis of homologous expansion,
the radius of the ejecta evolves as R(f) =~ v;t. During the
photospheric phase, which can last up to several weeks
after the explosion depending on the ejecta mass [55], the
ejecta are optically thick, i.e. their optical depth is 7; > 1.
When and where Tej =2 /3, radiation begins to diffuse from
the outflow [54]. Since no significant kinetic energy is
added to the outflow, one can assume that the photosphere
expands with velocity vy, 2 vg;.

The first law of thermodynamics can be written as
(unless otherwise specified, we carry out our calculations
in the reference frame of the expanding outflow)

aE AP _ oL 0
dr dr . I T G

where E = aT*V and P = aT*V /3 are the specific internal
energy and pressure, respectively, L is the output lumi-
nosity and m is the mass of the fluid element, V = p~! is
the specific volume with p being the density and 7 is the
temperature. The specific energy injection rate is gip;.

For a photosphere which homologously expands, the
solution of Eq. (1) is [54]
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"The assumption of a central heating source does not hold for all
the heating processes, in particular for interactions of the ejecta
with a dense CSM surrounding the progenitor. Thus, this sim-
plified model has several limitations; see Ref. [54] for a discussion.
By comparing the analytical model with numerical simulations,
Ref. [54] found that the approximation of a central heating source
reproduces the peak time of the bolometric light curve and its
normalization within a factor ~2 with respect to numerical
simulations, which is acceptable for the purpose of this paper.
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where Ljy; is the luminosity injected by the central compact
source [linked to gj,; in Eq. (1)], Ry is the initial radius of

the source, and t; = /2kM.;/fcv is the time needed for
the radiation to diffuse through the ejecta (assumed to be
longer than the duration of the energy injection in our
model) of mass M,; and opacity «; the latter is considered
time independent and independent of the ejecta composi-
tion; the geometrical factor is f~ 13.7 for a variety of
diffusion density profiles [2], and HS is the homogeneous
solution of Eq. (1) obtained requiring g;,j = 0.

The homogeneous solution is only relevant when the
outflow expands adiabatically, with no energy source
heating the ejecta. Assuming adiabatic expansion, the
emitted luminosity is [16]

Ek,ej _

[lk/t +(2RUI)/(U€J d)] (3)
g

Lad(t) =

where Ej . is the Kinetic energy content of the ejecta.
When a dense CSM shell surrounds the transient, the
outflow crashing with the nearly stationary CSM drives two
shocks: one that propagates back in the ejecta and another
one which propagates in the CSM. Both these shocks act
as heating sources for the ejecta as their kinetic energy is
converted into radiation. In this scenario, we assume
that the shock efficiently radiates (i.e. t; = 0), implying
L(t) = Liyi(t) [56]. This solution holds as long as the shock
deceleration during the interaction with the CSM is
negligible. The full self-similar solution including diffusion
through the CSM has been calculated in Ref. [54].
However, since we are mostly interested in linking the
electromagnetic emission to the neutrino one, with the
production of the latter taking place in the optically thin
part of the CSM, the simple model outlined in Ref. [56] is a
fair approximation for our purposes. Note that we treat Ey
and M, as free parameters, and the ejecta velocity depends

vV 2Ek,cj/Mej-

B. Heating sources

on these two quantities through v =~

For the purposes of this paper, we select the following
heating processes [16]:

(1) fallback of matter on the black hole (BH);

(i1) magnetar spin down;

(iii) *®Ni and %Co decay;

(iv) hydrogen recombination;

(v) shock breakout from the stellar surface; and

(vi) interaction of the outflows with a dense CSM.
A sketch of the outflow evolution—including a jetted
component—and the heating sources is provided in
Fig. 1. Each process heats the ejecta for a duration f#g4,.
Unless otherwise specified, we assume that 74, is the time
scale such that the bolometric light curve luminosity has
declined by 90% relative to its peak luminosity.

The duration of each heating process is shown in Fig. 2
for our benchmark transient, whose parameters are listed in
Table I. We assume that the progenitor star of our bench-
mark transient is a red supergiant. However, it is unlikely
that all considered heating processes simultaneously power
the outflow of a collapsing red supergiant. The parameters
in Table I should be interpreted as representative of each
process rather than of a specific transient source.

The total energy radiated by each heating source over the
duration of its activity, f4,, in a specific waveband
[Eminv Emax] is

Em
E. — A dE,En,(E,). ()

where n, is the photon distribution resulting from the
heating process under consideration. Note that we refer to
the total energy radiated after photons diffuse through
the ejecta mass. Throughout the paper, we consider the
following wavebands:

(i) Radio: [ERadio pRadio] 145 10715 4x 10713 GeV =

min

[1,100] GHz.

(ii) Infrared: [ER ER 1=[4x10713,1.7x107°]GeV =
[0.75,300] .

(iii) Optical: [EOP, Epby] =[1.7x107°,3.3x107%] GeV =
[320,750] nm.

(iv) Ultraviolet: [EVY EQY] =[33x107%,1.2 x
10~7] GeV = [10,320] nm.

(v) X-ray: [ELY, Emax | =[3%1077,200x 107%] GeV =
[0.3,200] keV.

(vi) Gamma-ray: [E" - EL*1=[200x107°,10°] GeV.

Following Ref. [16], we assume that radiation quickly
thermalizes and relaxes to a blackbody distribution

2

Tdur E
BB — v
ny (E}’) - A th}’(t) eEy/kBT?BO)_] ’ (5)

with kg being the Boltzmann constant, A,(7) = L(t)/
[[s° dE,E,n2B(E,,1)] the normalization constant and L
the emitted lumlnosuy given by Eq. (2), which depends on
the type of heating source.

The blackbody temperature is

(6)

0= ]

477,'GSBRph

where ogp is the Stefan-Boltzmann constant and R, ~ R,
is the photospheric radius in our approximation. Care
should be taken for the photon spectrum resulting from
CSM interactions; see Sec. II B 6.

The blackbody assumption holds as long as the outflow
is optically thick. Since the bulk of energy is emitted near
the light curve peak with temperature ~T58, this is a fair
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FIG. 1.

Sketch (not to scale) of the outflow (orange/yellow region) launched by the collapsing star and powered by a central heating

source (red region), moving at velocity ve;. The heating can be due to fallback material on the BH, spin-down of the magnetar, and/or
Ni decay, and hydrogen recombination. A jetted outflow can be harbored (gray region). The outflow expands and interacts with a dense
CSM (blue region), forming a forward shock and a reverse shock. The former propagates outwards and it shocks the CSM (red
outermost shell), and the latter propagates inwards and it shocks the ejecta (light gray shell). The two shocked regions are separated by a
contact discontinuity (black dotted line). The forward shock (moving at velocity v,) breaks out from the CSM at the breakout radius
(Ry,, dotted red line), where nonthermal production of particles starts. Neutrino production can take place at the forward shock
propagating in the CSM and eventually in the magnetar wind and/or in the jet.

approximation. Note that the total radiated energy in Eq. (4)
is calculated in the reference frame of the star, without
considering redshift corrections. For a source at redshift z,
the observed energy is Ey, = Epq/(1 + 2).

1. Fallback

When a massive star undergoes gravitational collapse its
core collapses into a Kerr BH [3], as predicted by the
collapsar model. Due to fast rotation, the outer layers of the
collapsing star carry too much angular momentum to fall
freely into the last stable orbit. Thus, an accretion disk
forms, from which both gravitational and rotational energy
can be extracted. Energy may also be released through
neutrino cooling [57].

Besides the unbound mass ejected during the collapse, a
comparable mass (e.g., from tidal tails) could remain bound
to the central compact object and fallback onto it. The rate
at which mass falls back onto the BH is [58-62]

. oMy 1
M bt L B S
w(?) 3 i (1 +L>5/3’ (7)

I

where My, is the total accreted mass, 3, = (37/32Gp)'/? is
the free-fall time scale [63], G is the gravitational constant,
and p is the mean density of the collapsing layer contri-
buting to My,. The injected luminosity from this heating
process is [61]

L

inj

(1) = €jthcz, (8)

where ¢; is a constant factor representing the fraction
of accreted energy which is used to power the disk wind
(or jetted outflow), namely its efficiency. The heating of
the spherical ejecta occurs either because of a jet which
becomes unstable and loses power [64] or a mildly
relativistic wind which is launched by the inner accretion
disk and collides with the more massive outflow emitted at
the explosion [65]. In both cases, the energy available to
heat the collapsar outflow is given by Eq. (8); see also the
discussion in Ref. [61].

For a red supergiant progenitor (Table 1), the collapsing
layer has mean density p ~ 10~ gcm™, corresponding to
the fallback time g, ~ 107 s [59]. The total mass accreted in

this case is My, ~ 1072M, [66], resulting in a fallback rate
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FIG. 2. Duration of the bolometric light curve powered by different heating processes [Eq. (2)]. From top to bottom the observed
luminosity is powered by: fallback of material onto a BH, magnetar spin down, *Ni and Co decay, hydrogen recombination, shock
breakout from the progenitor star, CSM interactions in the optically thick and thin regimes, and jet. The vertical line marks the time of
breakout from the dense CSM shell [Eq. (19)]. The time intervals over which neutrino production occurs are displayed for the magnetar
scenario, CSM interactions and the jet. We mark each heating process with a different symbol. Black symbols denote photons, white

ones denote neutrinos.

TABLE L. Characteristic parameters for our benchmark transient.
Each parameter is defined in the main text for the corresponding
heating source. We consider a red supergiant progenitor. These
parameters are meant to represent individual heating processes;
only a subset of them is expected to be at play for a specific
transient source class.

Parameter Symbol Value
Ejecta energy Epe 10°! erg
Ejecta mass M, Mg
Fallback time i 107 s
Fallback mass My, 1072M, °
Jet efficiency € 1072
Density contributing to My, p 1077 ¢cm™3
Spin-down period Ppin 10 ms
Magnetar magnetic field B 10" G
Fraction of ejecta mass in *’Ni i 0.1
Progenitor radius Ry 500Rg
Progenitor mass M, 15M 4
Mass-loss rate M, 5x 1073Mg yr!
Wind velocity v, 100 kms™!
CSM radius Resum 2 % 20! cm
Jet isotropic energy Ei 3.7 x 10°* erg
Jet lifetime 1 100 s

Jet Lorentz factor r 300

Jet opening angle 0; 3°

Mg/t ~10M s~'. Figure 3 (top left panel) shows the
energy radiated across the electromagnetic wavebands
[Eq. (4)] through fallback of matter on the BH, relative
to the kinetic energy of the ejecta Ey ;. For our benchmark
transient, the bulk of radiation powered by fallback onto the
BH is emitted in the infrared-optical-ultraviolet (UVOIR)
band due to the opacity of the outflow. X-rays may become
observable at later times, yet we do not consider this signal
in our treatment as it would become relevant at larger times
than the ones considered in this work; see [65] for details.

2. Magnetar spin down

Assuming a dipole configuration for the magnetic field,
the injected luminosity from the spin down of the compact
object is

€qE
qu[(llj(t) — sdtsd

— 3 9)
fea (1 + i)

where E = IQ?/2 is the initial rotational energy of the
magnetar, which depends on the moment of inertia (/) and
angular velocity of the neutron star (). The spin-down
time scale 74 is related to the neutron star magnetic field
By = B/(10™G) and the spin period Py, = 27/Q ~
10[Eq/(2 x 10% erg)]="3 ms through [67]
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FIG. 3. Ratio between the energy radiated across electromagnetic wavebands as well as neutrinos and the kinetic energy of the ejecta (or
the energy of the jet for the bottom panels). The results are shown for our benchmark transient (see Table I). The color code as well as the
symbols denoting each heating process are the same as in Fig. 2 for each heating process. Heating from fallback material on the BH,
magnetar spin down, *°Ni, and *°Co decay and hydrogen recombination lead to emission of radiation in the UVOIR band. The shock
breakout produces a flash of light in the UV band. CSM interactions in the optically thin regime mostly radiate in the radio and x-ray bands,
with a substantial energy fraction released in gamma rays and neutrinos. A successful jet radiates in the x-ray and gamma-ray bands,
whereas the only electromagnetic signature of unsuccessful jets is the flash of light from the shock breakout emitted in the x-ray/gamma-ray
band, depending on the outflow and progenitor properties. The jet radiates energy in neutrinos in both the optically thin and thick regimes,
the former component only existing for successful jets.
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P2
fq = 4 x 107 2010 g (10)
14

We consider the spin-down injection efficiency to be
€, = 10%, relying on observations of the Crab Nebula
[68]. Furthermore, we carry out our calculations for a
neutron star with / = 10 gecm™2 gem™ [69].

Figure 3 (top right panel) shows the energy radiated
[Eq. (4)] through the magnetar spin down. The bulk of
radiation powered by the spin down of the magnetar is
emitted in the UVOIR band. Note that, during the time
interval that we consider, the outflow is optically thick, and
hence the nonthermal x-rays produced by the compact
object are reprocessed in the optical/UV bands [70].

3. Radioactive decay of nickel and cobalt
The diffusion of radioactive energy produced by newly
synthesized *°Ni and subsequently °Co was investigated in
Refs. [53,71,72] analytically. The injected luminosity in
Eq. (2) can be parametrized as
LN

inj

(1) = Myslecoe™" + (eni — €co)e™/™ ], (11)

where My; = fniM, is the fraction of the ejecta mass
that goes into °Ni, ey; = 3.9 x 1010 ergs™' g7! (eco=
6.8 x10%ergs~'g~!) and 7y; = 8.8 days (r¢, = 111.3 days)
are the energy generation rates and the decay rates of
SNi (3%Co), respectively.

Figure 3 (second row, left panel) displays the energy
radiated across different wavebands [Eq. (4)] through
radioactive decay of °Ni and ®Co. The bulk of radiation
powered by these processes is emitted in the UVOIR band;
also in this case, the resulting bulk of radiation depends on
the assumption of optically thick ejecta.

4. Hydrogen recombination

When the collapsing massive star retains its hydrogen
layer, the latter can be ionized by the SN shock. Hydrogen
recombination takes place as the outflow cools to #5000 K,
which is the ionization temperature of neutral hydrogen
and it has been invoked to explain the plateau observed
in the light curve of some SNe [73-76]. An analytical
model for hydrogen recombination was presented in
Refs. [2,16,75,77-79].

The luminosity L, and duration 7, of the plateau are [2]

RY3 pS/6
L,=1.64x 1042% ergs™!, (12)
M
ej,10
1/2 pl/6
1015 500
t, = 99”El—/6* days, (13)
kS1

where R, 500 = R,/ (500R,), Ey 51 = Ey/(10°! erg) and
Mg 10 = M¢;/(10M ) are the kinetic energy and the mass
of the ejecta, respectively, with R and M being the solar
radius and mass.

The injected luminosity from hydrogen recombination
is [75]

L
Lii(1) :e—(ngMMp)t (14)
where M, is the peak magnitude, linked to the peak
luminosity (L ).

The energy radiated across different wavebands through
hydrogen recombination is shown in Fig. 3 (second row,
right panel). The bulk of radiation powered by hydrogen
recombination is emitted in the UVOIR band.

5. Shock breakout

A flash of light is expected when the forward shock
driven by the outflow breaks out from the progenitor star.
When the CSM surrounding the collapsing star is very
dense, the shock breakout may however take place when
the shock crosses the CSM.

The shock breakout theory has been developed in
Refs. [80-82] for nonrelativistic and (mildly) relativistic
shocks. The former is the regime expected for standard
core-collapse SNe, while the latter is relevant for engine-
driven SNe. The models of Refs. [80,81] are challenged by
observations, as they cannot reproduce the duration and
luminosity of the candidate SNe possibly displaying shock
breakout; see e.g. Refs. [83—85]. Yet, an advanced shock
breakout theory does not exist to date. In light of these
uncertainties, we do not adopt any spectral energy distri-
bution for the shock breakout emission. Rather, we assume
that photons with temperature T3, are emitted over the
time #,,, with total energy release E,,. These quantities
depend on the stellar progenitor radius (R,) and mass
(M), as well as on the energy of the ejecta. For instance, in
the case of a nonrelativistic shock breakout from a red
supergiant one has [80]

Tho 225V MUIRZUSSESS o), (15)
b 300 s MOZLR2IG EL079) (16)
Eyo =9 x 107 erg MGPRUTOERDs,,  (17)

where M*,IS = M*/<15Mo), R*,SOO = R*/(SOORO) and
Epejs1 = Epe/(10°" erg). The analytical expressions of
these parameters for other stellar progenitors are listed in
Appendix A of Ref. [80] for nonrelativistic shocks and
Eq. (29) of Ref. [81] for (mildly) relativistic shocks. Note
that the flash of light produced at the breakout from the
stellar surface should be followed by the cooling of the

083035-7



ERSILIA GUARINI et al.

PHYS. REV. D 108, 083035 (2023)

envelope [80,81]. However, we neglect this contribution, as
it is not correlated with neutrino emission and thus not of
relevance for the purposes of this work.

Figure 3 (third row, left panel) shows the energy radiated
across different wavebands E,.4 [Eq. (4)] through shock
breakout. For our benchmark transient, the nonrelativistic
shock breakout produces a burst of photons in the UV band.

6. Interaction with the circumstellar medium

Towards the end of their life, massive stars can undergo
eruptive episodes, polluting the surrounding environment.
As a consequence, the collapsing star could have a dense
CSM shell. We assume that the CSM density follows a
wind profile

M,

- Tw 18
47TR2UWfQ ’ ( )

pcsm(R)

where M,, is the mass-loss rate of the star, v,, is the wind
speed, and fq is the fraction of the solid angle with dense
CSM. Unless otherwise specified, we assume a spherically
symmetric CSM (fg = 1), extended up to the external
radius Rcgy, Where its density is assumed to drop sharply.
As the outflow expands in the CSM, two shocks form: the
forward shock, propagating outward and shocking the
CSM material, and the reverse shock propagating backward
and shocking the ejecta (in mass coordinates) [86]. The
forward shock is the main site of dissipation of kinetic
energy, whereas the contribution of the reverse shock is
expected to be subleading at the epochs considered in this
work and for nonrelativistic shocks [87-92]. The slow
deceleration of the forward shock during its interaction
with the CSM is not relevant to our purposes, as it would
not substantially affect the neutrino emission; we assume
that the interaction with the CSM has a total duration
Lqur = Resm/Ven, Where vy, is the velocity of the for-
ward shock.

The forward shock breaks out from the CSM at the
breakout radius Ry,,, defined through the following relation:

Resm c
Tesm(Rpo) = A dRpcsm(R)kcsm = v (19)
bo S|

As the forward shock interacts with the CSM, its kinetic
energy is converted into radiation. Within the approxima-
tion of constant shock velocity and efficient shock radia-
tion, the injected and emitted luminosity coincide [56]:
LEM = L(1) = 2zeepesm () R (1) 03, (20)
where €. is the efficiency conversion factor of kinetic
energy into radiation, Ry, = vyt is the shock radius, and

pesm 18 given by Eq. (18) and evaluated at R, (7). As the
bulk of radiation from CSM interactions is radiated

around Ry, [44], we assume that the total luminosity
emitted in the range Ry < R < Ry, is L >~ Ly,.

Within our simple framework, the effective temperature
of the blackbody distribution emerging at Ry, is [56,93]

18

1/4
T;]?B = (%pCSM(Rbo)U§h> . (21)

Once the forward shock breaks out from the dense CSM,
namely when Eq. (19) is fulfilled, it becomes collisionless.
In this regime, photons are mainly produced through
bremsstrahlung and emitted in the x-ray band for vy, 2
10* kms~! [94]. The total emitted luminosity produced by
the forward shock for Ry, < R < Rcgy 1S given by [41,94]

t
Lbrem (RCSM) — min (03 ?yn s 1>Lshv (22)
ff

where 74y, and #g are the dynamical and free-free electron
cooling times defined as in Appendix B. The shock kinetic
power Ly, is also defined in Appendix B. Note that Eq. (22)
is estimated at the edge of the CSM shell (Rcgym)-

After shock breakout from the CSM, the radiation due to
CSM interactions no longer relaxes to a blackbody dis-
tribution, and hence the nonthermal photon spectrum is

):Lbrem EY e—E,/kBTK’ (23)

brem
n E
( ks,

14 14

where LP™®™ is the total emitted luminosity given by
Eq. (22) and T, is the post-shock temperature of electrons,
defined in Appendix B.

In the optically thin region of the CSM, particle accel-
eration leads to the production of relativistic electrons. This
case is particularly relevant when shocks are not radiative.
As the forward shock expands in the CSM, it converts
the kinetic energy of the blastwave into internal energy. The
internal energy density is

9
Ui (R) = 3 UghpCSMv (24)

where pcgv 1s given by Eq. (18). A fraction ep of the
internal energy density is stored in the post-shock magnetic
field BCSM = \/87T€Blztim.

A fraction €, of Eq. (24) is given to accelerated electrons.
The latter mostly cool through synchrotron radiation [95],
whose spectrum for the nonrelativistic and mildly relativ-
istic blastwave is provided in Ref. [94].

In Fig. 3 (third row, right panel) we show the total energy
radiated through CSM interactions. We also display the
relative energy emitted in gamma rays (see Sec. V). The
bulk of energy is radiated in the UVOIR band, whereas
bremsstrahlung and synchrotron processes radiate energy
mostly in the radio and x-ray bands.
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7. Multiple heating sources

If more than one source contributes to heat the outflow as
it expands, the total radiated luminosity is given by the sum
of all contributions: L' = Y. Li(t), where L' corresponds
to the luminosity radiated from the ith heating source.

If the outflow propagates in a dense CSM, then the
radiation produced by other heating sources (e.g., °Ni
decay) has to propagate through the total mass M, =

M + Mcsm . Where Mesyn = f}ffo dRAZRpesy(R) is
the mass of the optically thick CSM.

III. MODELING OF THE ELECTROMAGNETIC
EMISSION: JETTED RELATIVISTIC OUTFLOWS

In this section, we focus on the modeling of the
electromagnetic emission in jetted relativistic outflows,
which differs from the treatment outlined in Sec. II for
the nonrelativistic outflows. A bipolar jet may be harbored
in the collapsing star and launched a few ms after the
collapse. Given the jet luminosity L; (assumed to be
constant) and lifetime 7;, its injected energy is E;=L;t;.
The jet dynamics only depends on the jet isotropic
equivalent energy Ej,; = E j/(H? /4) and Lorentz factor
I' [96,97], where 0; is the jet opening angle. We para-
metrize the energy budget of the jet in terms of its energy
E; [6], rather than E; . as we have considered for the
nonrelativistic outflows (see Fig. 3). Furthermore, our
results refer to a jet observed on-axis (for a discussion
on jets observed off-axis see, e.g., Ref. [98]).

Short-living engines or progenitor stars which retain
the hydrogen envelope, such as partially stripped SNe, are
likely to produce unsuccessful jets [58,99-102]. In this
case, the jetted outflow does not break out from the stellar
mantle or it is choked. If the jet is instead powered for a
sufficiently long time and is energetic enough, it breaks out
from the star and produces a GRB.

A. Successful jets

The mechanism responsible for energy dissipation and
shaping the observed nonthermal emission is still under
debate, with particle acceleration possibly due to internal
shocks [103-105] or magnetic reconnection [106—109].
In both cases, the observed electromagnetic signal may
originate in both the optically thick and thin regions of
the jet. Following Ref. [110],” Fig. 3 (bottom left panel)
shows the total energy radiated by a successful jet across
the electromagnetic wavebands, assuming f4, = 100 s
[111,112]. We show the largest energy radiated among
the GRB models considered in Ref. [110], in order to obtain

Note that the calculations of Ref. [110] are carried out relying
on isotropic equivalent quantities. In order to connect isotropic
quantities with the observed ones, we correct the total isotropic
energy by the beaming factor of the jet (9? /4).

an upper limit for the energy budget. Note that the
relativistic component of the outflow moves with constant
Lorentz factor I', and hence the observed energy is
Eobs = Eradl—‘/(1 + Z)'

We do not consider the deceleration phase of the
relativistic jetted component of the outflow. This is moti-
vated by the fact that the neutrino emission during the
afterglow is negligible with respect to the prompt one [113].

B. Unsuccessful jets

As the jet propagates through the stellar envelope, it
inflates a high-pressure region of shocked jet and stellar
material: the cocoon [114—117]. The jet dynamics is highly
nonlinear due to the mixing with the cocoon, which slows
down the jet while increasing its baryon density [118] (see
Ref. [114] for the analytical modeling of the propagation
of a relativistic jet in the stellar mantle). Independently of
the fate of the jet, the cocoon always breaks out from the
star [114,116].

If the jet is smothered within the stellar mantle, the
only observable electromagnetic counterpart would be the
shock breakout of the cocoon from the collapsing star.
The breakout is expected to occur with mildly relativistic
velocities, with signatures of asymmetries in the outflow
[119,120]. The fraction of energy radiated from an unsuc-
cessful jet is shown in Fig. 3 (bottom right panel), for the
parameters used in Ref. [121].

IV. NEUTRINO EMISSION

In this section, we summarize the processes leading to
neutrino production, namely photohadronic (py) and had-
ronic (p p) interactions. Furthermore, we outline the meth-
ods adopted to calculate the neutrino signal.

A. Proton spectral energy distribution

The regions of the outflow where protons can be
coaccelerated with electrons are the magnetar wind, the
forward shock resulting from CSM interactions and the jet.
We now introduce the resulting spectral energy distribu-
tions of protons.

1. Magnetar wind

The injected proton energy distribution is (in units of
GeV~!lcm™) [70]

P — A E;! (25)

where the normalization constant is

A, =1.08x

S p—1,-37243/2 .
10 5Bl41t5435Mej/._2P3pm’_3, with t55 =1/10°3 s, and the
other quantities are defined as in Sec. II B. Note that the
spectrum of protons accelerated in the magnetar wind is

expected to be hard [n,(E,) « E,'].
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2. CSM interactions

Protons can be accelerated at the forward shock as the
SN ejecta cross the CSM. Efficient acceleration starts at
R ~ Ry, [110,122—125] and it proceeds over a wide range
of radii, up to the outer radius R, = min [Regy, Ryec)-
Here, Ry = Mjv,,/ M, is the deceleration radius, corre-
sponding to the distance from the center of the explosion
where the outflow has swept up a CSM mass comparable
to M ¢

The injected proton energy distribution at the forward
shock is (in units of GeV cm™):

—k
L—A Ep pG(Ep_Ep,min)G(Ep,max_Ep)7

(26)

where k, =2 is the proton index for nonrelativistic
collisionless shocks [126]. The minimum proton energy
for nonrelativistic shocks is E, i, = mpc2 [for mildly

relativistic shocks, the minimum proton energy is
E,min = Lgwm,c?, where Ty, = 1/4/1— (vg/c)? is the

shock Lorentz factor; since for mildly relativistic shocks
Iy, < 2, the correction to the minimum proton energy does
not affect our results for the neutrino signal substantially],
while the maximum energy E, ., is obtained by the

condition 7, e = 1,1,,» Where £} is the proton acce-

leration rate and t;,]cool is the proton total cooling rate; see
Appendix A for the proton cooling rates.

The normalization constant is A, =9¢,n,, csm(R)m,c*/
[8In(E, snax/E p.min)] (vsn/¢)?. Here, €, is the fraction of
the blastwave internal energy expressed by Eq. (24) which
is stored into accelerated protons. Finally, n,csq =

pcsm/m,, is the CSM proton number density.

3. Jetted outflows

Protons accelerated in the jet follow a power-law
spectrum [127]. The proton distribution in the comoving
frame of the jet (we denote quantities in this frame as
primed: X’) reads (in units of GeV cm™3)

d>N!,
n/ ( E ) — p
PP dEL Y

1 /=kp E/P % / /
:APEP exp |— E G(EP_Ep,min)’
p,max
(27)

where @, mimics an exponential cutoff [128] and © is the
Heaviside function. The minimum energy of accelerated
protons is E), ., = m »¢2, while their maximum energy is
obtained by equating the proton acceleration rate with the

proton cooling rate, namely 73 = 7, ;s see Appendix A

for the proton cooling rates in the jet. A), =

d€jpEi / (4nR5ct;) is the normalization constant,
where €; , is the fraction of the dissipated isotropic energy
of the jet €; 4E,, which is stored in accelerated electrons;
R; is the position along the jet where proton acceleration
takes place, while #; = #,I" is the comoving jet lifetime.

The microphysical parameters €; ; and €; , depend on the
process assumed to be responsible for energy dissipation
along the jet. The spectral index is k,, = 2.2, if acceleration
occurs at relativistic collisionless internal shocks or sub-
shocks [127,129], while it depends on the magnetization
of the jet if protons are accelerated through magnetic
reconnection [130].

B. Neutrino production channels

1. Proton-photon (py) interactions

Electrons coaccelerated with protons cool producing a
photon distribution which serves as a target for accelerated
protons. Neutrinos are mainly produced through the A™
resonance [131,132]:

n+nt

p+7r0

1/3 of all cases,

(28)
2/3 of all cases.

Subsequently, neutral pions decay into gamma rays
7° — 2y, while charged pions decay producing neutrinos
at - pu"+v, -0, +v,+e". Unless otherwise speci-
fied, we do not distinguish between neutrinos and anti-
neutrinos in the following.

2. Proton-proton (pp) interactions

Accelerated protons can interact with a target of
nonrelativistic protons, producing neutral and charged
pions [133]. Subsequently, pions decay as detailed above
for py interactions. Throughout the paper, we consider
the energy radiated in gamma rays both through the
electromagnetic processes discussed in Sec. II and through
pp interactions.

C. Expected neutrino emission

Both py and pp interactions can take place in the
magnetar wind, at the external shock driven by the outflow
in the CSM and in the jet. The duration of the expected
neutrino signals in the wind of a central magnetar and at
CSM interactions is summarized in Fig. 2 for our bench-
mark transient, whose parameters are listed in Table I.
Along the jet, neutrino production takes place throughout
the whole jet lifetime ;.

Both neutrinos and photons at CSM interactions are
produced through the dissipation of kinetic energy of
the blastwave as the forward shock expands within the
optically thin CSM. Consequently, the duration of the
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electromagnetic and neutrino signals in Fig. 2 is similar. On
the contrary, neutrino production in the magnetar wind
starts when photopion production becomes efficient and it
ceases when pion production freezes out [70]; these times
are defined in Appendix A. As the processes producing
photons and neutrinos in the magnetar wind are not
correlated, their duration in Fig. 2 is different.

1. Magnetar wind

Protons accelerated in the wind of the magnetar can
undergo both py and pp interactions. The injected proton
energy distribution is given by Eq. (25), while thermal
optical photons and nonthermal x-ray photons produced in
the wind nebula serve as targets for py interactions.

We calculate the total energy emitted in neutrinos in the
magnetar wind following Ref. [70]:

Elt/ot ~1.7x% 1041’73/1331_;/3M_1/4P_1/2

ej,—2" spin,—3
-1/6
X €maé,—2 5llpf g[upf étup erg, (29)
where 7_, = /107! is the acceleration efficiency in the

magnetar wind nebula normalized to its nominal value,
and €pyg 2 = €mag/ 1072 is the nebula magnetization
parameter, whose nominal value is motivated by obser-
vations of the Crab Nebula [134]. Finally, fé’up is the
suppression factor for pion creation, while f§,, and féap
are the suppression factors for neutrino creation from z*
and u* decays, respectively (see Appendix B). The
fraction of the ejecta kinetic energy emitted in neutrinos
in the magnetar wind is shown in Fig. 3 (top right panel)
for our benchmark transient.

2. CSM interactions

Accelerated protons follow the input energy distribution
in Eq. (26) and can interact with the photon spectrum
produced at the forward shock. Furthermore, accelerated
protons undergo pp interactions with the nonrelativistic
CSM protons.

In most cases, py interactions at the forward shock are
subleading for nonrelativistic and mildly relativistic shocks
[28,35,113,122,123,125]. This result also holds when the
shocks are radiative, as the energy threshold for py
interactions can be reached only when the CSM covers
a small fraction of the solid angle (fqo < 1), which is not
the case for SNe [41,135]. Therefore, we only consider
pp interactions as a viable neutrino production channel
at the forward shock. We calculate the total energy
emitted in neutrinos through pp interactions following
Refs. [123,133]. The fraction of the ejecta kinetic energy
radiated in neutrinos from CSM interactions for our bench-
mark transient is shown in Fig. 3 (third row, right panel).

3. Jetted outflows

In a magnetized jet, neutrino production begins in the
optically thick part of the outflow [121,136]. Hereafter we
rely on the results of Ref. [121] for the expected neutrino
signal. In particular, we consider the case with initial jet
magnetization ¢, = 200 of Ref. [121].

In the absence of jet magnetization, neutrino production
below the jet photosphere may take place only if the jet is
smothered in an extended envelope surrounding the pro-
genitor core. We refer the interested reader to Refs. [35,137]
for the neutrino signal expected in this scenario, and we
explicitly include it in our calculations in Sec. V. However, in
Fig. 3 (bottom right panel) we only show the case of a jet
smothered in a Wolf-Rayet progenitor star.

In the optically thin region of the jet, the input proton
distribution is given by Eq. (27). The nonthermal photon
distribution that serves as target for py interactions depends
on the mechanism assumed for energy dissipation. We rely
on Ref. [28] and take the maximum energy radiated in
neutrinos across the different GRB models considered in
the aforementioned reference. In the optically thin part
of the jet, the baryon density is not large enough for pp
interactions to be efficient [28]. Therefore, we only con-
sider py interactions as the viable channel for neutrino
production.

In the bottom left panel of Fig. 3 we show the energy
radiated by a successful jet in neutrinos in both the optically
thick and thin regimes. However, we warn the reader that
the results for the optically thick regime outlined in
Ref. [121] were obtained for a jet with isotropic luminosity
larger than the one assumed for the optically thin compo-
nent in Ref. [110]; the comparison in the bottom left panel
of Fig. 3 is intended to be representative.

V. TRANSIENTS FROM COLLAPSING
MASSIVE STARS

In this section, we present the energy radiated through
the mechanisms outlined in Sec. II across the electro-
magnetic wavebands as well as in neutrinos, for the
transients originating from collapsing stars: SNe Ib/c as
well as SNe Ib/c broad line (BL) and GRBs, SNe IIP,
SNe IIn, SLSNe, and luminous FBOTs (LFBOTS).
The considered transient categories together with the
characteristic parameters adopted for each of the heating
processes are listed in Table II. While a range of
parameters should be considered [16], we aim to compute
ballpark figures for the source energetics to gauge the best
multimessenger detection strategies.

One should also consider neutrinos from the shock
breakout from the progenitor star. A calculation of the
neutrino signal arising from the breakout of a (quasi)
spherical outflow has been attempted in Ref. [136], which
concluded that other dissipation mechanisms taking place
within the outflow dominate the time-integrated neutrino
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TABLE II. Characteristic parameters for each class of transients originating from the collapse of massive stars
considered throughout this work.

Parameter SNe Ib/c SNe Ib/c BL with jet SNe I1P SNe IIn SLSNe LFBOTs
Ep . lerg] 10°! 10°2 10! 10°! 10°2 10°2
M [My] 1 1 5 2 5 107!
My /tg, [Mgs™'] 5% 107 1.5x 1078
€; 0.01 0.01

p [em™] 100 1077
Pspin [ms] 5 1

B [G] 1015 1015
Ii 0.1 0.15 1073 0.01 0.01 0.01
R, [Rp] 4 4 500 434 434 434
M, [Mg yr™'] 1073 1073 1073 1072 1072 1073
v, [km s7'] 1000 1000 15 100 100 1000
€eff 0.1 0.1 0.1 0.1 0.1 0.1

€, 107! 107! 107! 107! 107! 107!
€p 107! 1072 1072 1072 1072 1072
€ 10! 10! 107! 107! 107! 107!
Eigo,j lerg] 3.7 x 103 2.5x10%
r 300 100

0; 3° 6°
€ja 0.2 0.2

€ p 0.1 0.1

signal. Furthermore, the photon spectrum emerging from
shock breakout is highly uncertain and it is challenging to
reproduce observations. In light of such uncertainties, we
neglect neutrinos in the energy budget of shock breakout
and leave this task to future work.

A. Supernovae of type Ib/c, Ib/c broad line
and gamma-ray bursts

Type Ib/c SNe and GRBs are thought to be linked
to massive and compact hydrogen-depleted stars, which
experience reduced mass loss (M,, ~ 1077 — 107 M yr™")
[138-140]. The wind velocities are typically v, ~
10® kms~! [15]. For type Ib/c SNe, *’Ni decay, CSM
interactions and shock breakout of a nonrelativistic outflow
from a Wolf-Rayet star can contribute to heat the outflow.

Figure 4 (top left panel) shows the fraction of energy
radiated across different electromagnetic wavebands
and in neutrinos for SNe Ib/c. Radioactive decay of *°Ni
is the most relevant heating source for SNe Ib/c and it
radiates the bulk of energy in the UVOIR band, with
EUVOIR/Ek.ej ~ 10—4‘

The forward shock mediating CSM interactions is the
only site of neutrino production for SNe Ib/c, as detailed
in Sec. I'V. Due to the small mass-loss rates of Wolf-Rayet
stars [141], this class of SNe is not expected to radiate a
bright neutrino signal (E*/Ey ¢; < 107'1), consistently with
the findings of Ref. [125]. However, about 10% of SNe Ib/c
show signs of late-time interaction with a dense CSM [15],

starting 21 year after the explosion [SNe Ib/c late time
(LT)]. SNe Ib/c LT can release an amount of energy in
neutrinos larger than standard SNe Ib/c. An investigation of
the neutrino production due to CSM interactions for this
class of SNe can be found in Refs. [125,142].

The number of SNe observed with broad spectral features
similar to the ones of SN 1998bw—dubbed SNe Ib/c BL—is
growing [143-145]. Many of these SNe are not observa-
tionally linked to GRBs [143], even though their ejecta move
with mildly relativistic velocity (ve; 2 0.1c¢), hinting that the
explosion mechanism may be different from the one of
standard core-collapse SNe. It has been suggested that the
explosion of SNe Ib/c BL is not spherical, but accompanied
by either an off-axis GRB [146] or a jet that barely fails to
break out from the stellar mantle [147]. Due to the very high
energies, SNe Ib/c BL and GRBs are usually modeled
by considering a spinning BH [97,148,149] or a magnetar
[150-152] that powers the outflow.

For the class of SNe Ib/c BL, the contribution of fallback
material onto the central compact object should be included
as an energy source. The fraction of energy radiated across
different electromagnetic wavebands and in neutrinos for
SNe Ib/c BL is shown in Fig. 4 (top right panel). Fallback
of matter on the BH constitutes the most important heating
source for SNe Ib/c BL, with EVVOR/E, .. ~2 x 1074, If
the central engine is not efficient then radiation is powered
by *Ni decay only. Similarly to SNe Ib/c, CSM interactions
are not an efficient neutrino production mechanism for SNe
Ib/c BL (E¥/Ey ¢ < 10710),
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FIG. 4. Ratio of the energy radiated across electromagnetic wavebands and in neutrinos [Eq. (4)] and the kinetic energy of the ejecta
(or energy of the jet) for SNe Ib/c, SNe Ib/c BL with jet, SNe II-P, SNe IIn, SLSNe and LFBOTs (from top left to bottom right,
respectively). The color code as well as the symbols denoting each heating process are the same as in Fig. 2. For each transient, we
assume the fiducial parameters in Table II. If the transient is engine driven, then the bulk of radiation is emitted in the UVOIR band
through either fallback of matter onto the BH or the magnetar spin down. In the case of a successful jet (GRB), most of the energy is
emitted in the x-ray/gamma-ray bands, whereas a dimmer flash of light in the same bands resulting from shock breakout is expected for
unsuccessful jets. If a dense CSM surrounds the collapsing star, then a significant fraction of energy is radiated in the UVOIR, radio and
x-ray bands. In this case, bright gamma-ray and neutrino signals are also expected. Finally, when the heating source is either radioactive
*Ni decay or H recombination, the outflow radiates energy in the UVOIR band.
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Assuming that SNe Ib/c BL harbor an unsuccessful jet,
shock breakout of the cocoon from a Wolf-Rayet star
produces a burst of radiation in the x-ray band, with
EXY/E; ~ 1075, A bright neutrino signal (E'/E; ~ 1071
is expected only if the unsuccessful jet is magnetized and
points towards Earth, as detailed in Sec. IV. If the jet is
successful, as in the case of GRBs, the bulk of energy is
emitted in the x-ray/gamma-ray band [(E*™ + EV—™)/
E;~5x107%], as shown in Fig. 4 (bottom left panel). In
this case, the expected neutrino (EY/E; ~5 x 1073) and
electromagnetic signals are observable on Earth only if the
jet is on-axis.

B. Supernovae of type IIP

Type IIP SNe originate from red supergiants, massive
stars which retain the extended hydrogen envelope. The
abundance of hydrogen in their progenitor may cause the
plateau of variable duration observed in the light curve of
these SNe due to hydrogen recombination [73-76].

Typical values for the mass-loss rates of red supergiant
stars are M,, ~ 1076 — 10> My yr~!, with wind velocity
v, ~ 10 kms~! [15]. Nevertheless, larger CSM densities
are inferred from the observation of SNe IIP, with M,, ~
O(1073)My yr~! [153-155]. Such large densities can be
explained invoking eruptive mass loss of the progenitor
star ~O(1) year before the SN explosion [153,156,157].
Besides hydrogen recombination, *°Ni decay can heat the
SN outflow, together with CSM interactions. Recent work
shows that fy; = My;/M <0.05 [158], and thus the
contribution from the radioactive decay of 3®Ni is expected
to be subleading.

The total energy radiated across all electromagnetic
wavebands and the neutrino energy budget are shown in
Fig. 4 (middle left panel) for the parameters in Table II. The
bulk of energy radiated in the UVOIR band is produced
through CSM interactions (EVYOR /E; . ~ 10~*) and hydro-
gen recombination (EVYOR/E .~ 6 x 107). Significant
x-ray emission is also expected due to bremsstrahlung as the
ejecta propagate in the optically thin CSM (EX™/E} o ~
7 x 1073). These results depend on the assumption of
eruptive mass-loss episodes prior to the stellar collapse. If
typical mass-loss rates of red supergiants were adopted, the
energy in the UVOIR band would be radiated through
hydrogen recombination and the x-ray energy would be a
negligible fraction of the explosion energy. This may be the
case for most of the SNe IIP, as suggested by the lack of
x-ray bright SNe IIP [159]. Due to the large CSM density,
neutrinos are produced with EY/Ej o ~ 1074,

C. Supernovae of type IIn

Type IIn SNe show clear signs of strong CSM inter-
actions and some of them may be linked to luminous
blue variables, red supergiants or yellow hypergiant

stars [160,161]. The mass-loss rate of the surrounding
CSM ranges between M = 107*-10M yr!' [138,162],
with wind velocity v,, ~30-600 kms~'. As a result of
the dense CSM, this class of SNe exhibits signs of strong
CSM interactions.

We consider CSM interactions and “°Ni decay as the
main processes contributing to the heating of the outflow.
The results are shown in Fig. 4 (middle left panel) for the
parameters in Table II. The bulk of energy is emitted in
the UVOIR band and it is produced by CSM interactions,
with EVYOR/E, . ~4 x 1072, A significant amount of
energy is also emitted through nonthermal processes in
the radio ER°/E,; .. ~ 1073 and x-ray bands EX™ /E; ,~
5x1073. Due to the CSM
EY/Epe~3.3 %1073

large density,

D. Superluminous supernovae

SLSNe are an emerging class of SN explosions whose
optical luminosity is 10 or more times larger than standard
core-collapse SNe [13]. They can be broadly classified as
H-poor (type I) and H-rich (type II) SLSNe; the light curve
of many H-rich SLSNe is consistent with the interaction of
the SN outflow with a dense CSM [163], similarly to the
case of SNe IIn. The mechanism powering type I SLSNe is
not clear, even though observations suggest that these
transients may be powered by a magnetar [65,68], which
would explain the observed large kinetic energy of the
outflow and radiation output [12,164]. On the contrary,
type II SLSNe exhibit signs of strong CSM interactions,
like SNe IIn, and they are thought to be powered by CSM
interactions [165]. Since hybrid mechanisms invoking
magnetar spin down, CSM interactions and *Ni decay
can also be considered for this class of transients, we
include all these heating sources [166,167].

The energy radiated across the electromagnetic wave-
bands and neutrinos is displayed in Fig. 4 (bottom left
panel) for the parameters in Table II. Most of the energy is
radiated in the UVOIR band, thanks to interactions with the
CSM (EVYOR/E; i ~ 107") and spin down of the magnetar
(EVVOR/E; ;~24x107%). A significant amount of
energy is also emitted in x-rays through bremsstrahlung
(E*™ /Ey;~1072). Due to the large CSM density, a
bright neutrino counterpart is expected. Furthermore, neu-
trinos can be produced in the magnetar wind. The fraction
of energy radiated in neutrinos is E/Ej.j~2 X 1073
(EY/Ejej~4 X 10~*) for CSM interactions (for the mag-
netar wind).

E. Luminous fast blue optical transients

LFBOTs (namely FBOTs with optical luminosity
Loy 2 10% ergs™") are an emerging SN-like class reaching
peak luminosity in less than 10 days [7-10], whose
observed outflow asymmetry and variability of the x-ray
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light curve hint towards the presence of a compact
object [168-170]. The latter should be responsible
for the ejection of the observed asymmetric and fast
outflow [169,171].

One of the scenarios proposed to explain LFBOT obser-
vations invokes the collapse of a massive star, followed by
the launch of a jet which inflates the cocoon [170]. The star
may not be completely depleted of hydrogen, and thus the jet
may fail in breaking out and be choked in the stellar mantle.
This scenario would explain the lack of direct association
between gamma rays and LFBOTs [172], as well as the
asymmetric outflow and the hydrogen lines observed in the
spectra of some LFBOTSs [169,173,174].

Radio observations suggest that a fast blastwave drives
the shock moving with vy 2 0.1c in the dense CSM,
extended up to Ry = 10! cm. Even though observations
reveal an asymmetric CSM, using the normalization in
Eq. (18), M,,~10~* — 10~ M yr~! is inferred, for a
wind velocity v,, ~ 1000 kms~! [168,169,174].

The energy radiated across the electromagnetic wave-
bands and in neutrinos is shown in Fig. 4 (bottom right
panel). We rely on the benchmark parameters in Table II
and consider CSM interactions, *Ni decay, magnetar spin
down, matter fallback, and shock breakout from a
massive star that is not completely hydrogen stripped
star. Additionally, we consider the possibility that radi-
ation is emitted through the adiabatic expansion of the
ejecta [170], whose output luminosity is described by the
homogeneous solution in Eq. (3). However, we warn
the reader that the mechanism powering LFBOTs is still
uncertain and that they may not be linked to collapsing
massive stars; see e.g. Ref. [175].

Following Ref. [35], we consider CSM interactions and a
jet choked in an extended envelope surrounding the
progenitor core as sites of neutrino production. We show
the most optimistic scenario considered in Ref. [35] as a
representative case; however the results are model depen-
dent. The assumed total energy of the explosion only holds
if LFBOTs originate from the core collapse of a massive
star, whereas different origins (e.g. cf. Ref. [175]) may
affect the energy budget considered in this work.

From Fig. 4, we deduce that most of the energy is
emitted in the UVOIR band, with EVVOR/E .~
1.6 x 1072 (EVVOR/E, . ~5x107*), through adiabatic
expansion of the outflow (magnetar spin down).
Radioactive decay of 3Ni does not contribute significantly
to the emitted radiation in the UVOIR band [173]. This is
consistent with the model outlined in Ref. [136], where
most of the energy is radiated through the cooling of
the cocoon inflated as the jet propagates in the stellar
envelope. Consistently with observations, synchrotron
radiation from accelerated electrons is responsible for
the observed radio emission [168,169,174], with
ERadie /.~ 1077, Neutrinos can be produced through
CSM interactions and in the magnetar wind, with

EY/E;e~2x 107" and E/E; ¢ ~5 x 107>, respectively.
For the assumed choked jet scenario, neutrinos are pro-
duced Wlth Ey/Ek,ej >~ 10_5.

VI. CONNECTION BETWEEN
ELECTROMAGNETIC EMISSION
AND NEUTRINOS

In this section, we investigate the correlation between
electromagnetic radiation and neutrinos from transient
sources resulting from massive stars. Since neutrino emis-
sion is expected for sources powered by the magnetar spin
down, CSM interactions or sources harboring a jet, we
focus on these scenarios. The magnetar spin down could be
applied to the case of SLSNe and LFBOTs. On the other
hand, SNe IIn, IIP, SLSNe as well as LFBOTs may have
efficient CSM interactions. Efficient neutrino production is
also expected in GRB jets and in jets smothered in an
extended envelope, which may be the case for LFBOTs.

If the CSM is not very dense, a small fraction of the
ejecta kinetic energy is radiated in neutrinos and the
neutrino counterpart is not bright enough to be detected.
This may be the case for nonjetted SNe Ib/c or SNe IIP
which do not show signs of strong CSM interactions.
Therefore, if the observed transient is only powered by Ni
decay or hydrogen recombination and does not show
any signs of engine or CSM interactions, we expect the
corresponding neutrino signal to be negligible and do not
discuss this case further.

A. Magnetar spin down: Superluminous supernovae
and fast blue optical transients

A magnetar could power the emission of SLSNe and
LFBOTs (see Fig. 4). As the spin down of the magnetar
powers bright UVOIR radiation, we can correlate the
neutrino signal with the electromagnetic signal. Figure 5
shows contours for the total energy radiated in neutrinos
from the magnetar wind [Eq. (29)], in the plane spanned by
the magnetar spin Py, and the magnetic field B. The black
solid lines mark the values of the peak bolometric lumi-
nosity in the UVOIR band for each (Pgy,, B) pair. The
results are shown for Ejo =107 erg and My = Mg;
however Eq. (29) should be used for a given kinetic
energy and mass of the ejecta. These parameters can be
inferred from the bolometric light curve, which gives
information on the photospheric velocity and the rise time;
the former scales as vy, o \/Ej i/ vej, While the latter goes
like Trise X Tq X 4 /Mej'

The peak luminosity (L;Y'™®) is degenerate with respect
to the (Pgpiy, B) pairs. The only way to break this degen-
eracy is to complement the information from the UVOIR
band with the nonthermal signal produced by the compact
object observable in the x-ray band. To a first approxima-
tion, the total energy of nonthermal photons is proportional
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Magnetar spin down
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FIG. 5. Isocontours of the total energy radiated in neutrinos Et;

[Eq. (29)] for transients whose UVOIR light curve is powered by
the magnetar spin down, in the plane spanned by the magnetar
spin Py, and magnetic field B. The brown dashed isocontours
are displayed to guide the eye. The solid black isocontours mark
benchmark values for the peak of the UVOIR luminosity, which
is degenerate with respect to (Pgyy, B). For a transient whose
UVOIR light curve is powered by the magnetar spin down, the
expected energy radiated in neutrinos can be inferred by
localizing the transient in this plane.

to the magnetic field E,_y, < B~2, whereas it is independent
of the spin Py, [70]. Note that we have not considered the
nonthermal signal in Sec. II, as its modeling is affected by
large theoretical uncertainties (see Ref. [70] for details).

The total energy radiated in neutrinos (E},) from a
transient powered by the magnetar spin down can be
obtained from Eq. (29), with the characteristic parameters
inferred by combining observations in the UVOIR and
x-ray bands. From Fig. 5 we conclude that sources with a
bright UVOIR signal consistent with the spin down of a
magnetar are expected to produce a very bright neutrino
counterpart. Intriguingly, if neutrinos should be detected in
coincidence with the UVOIR signal, the total energy
emitted in neutrinos can be combined with the peak of
the bolometric UVOIR light curve to break the degeneracy
between Py, and B, as shown in Fig. 5.

Note that we consider time-integrated quantities,
yet neutrino production in the magnetar wind starts

later than the UVOIR radiation, at ¢,;, ~1.4X
105;151/12531_41 8/ ZSM;{ E%Pgﬁf_fg 352 s. The neutrino flux is

expected to be maximum at 7, . ~ 9.3 x 105" B;*
M;ﬂ A—'zpi;{ii,—fg/, fz s. This time does not correspond to
the peak of the UVOIR light curve, which is expected
around 10-100 days [16]. For example, for the bench-
mark transient in Fig. 2, the neutrino signal peaks at
t ~34 days when the production of thermal UVOIR
radiation already stopped. Therefore, the search for

neutrinos from a magnetar-powered transient should be
performed for 7,;, <t <ty max-

B. Circumstellar interactions: Supernovae IIP,
IIn, superluminous supernovae, and luminous
fast blue optical transients

When the observed transient exhibits strong signs of
CSM interactions in the UVOIR light curve, bright radio
and x-ray counterparts are expected—modulo absorption
processes taking place in the CSM—together with high-
energy neutrinos; see also Refs. [122,124]. Here, we focus
on the relation existing between the synchrotron radio and
neutrino signals produced by the decelerating blastwave.
This case is of relevance for SNe IIP and IIn, SLSNe, and
LFBOTs (see Fig. 4).

For these transients a direct temporal correlation between
the synchrotron radio and neutrino signals can be estab-
lished, since both signals are produced through nonthermal
processes in the proximity of the same blastwave. As the
outflow propagates in the dense CSM, the forward shock
converts its kinetic energy into internal energy, whose
density at each time 7 is given by Eq. (24). The energy
density stored in protons is

dN U;
u,(r) ~ E3 P_~e = . (30)
P P dEpdV P ln(Ep,max/Ep.min)

where we assume the injection spectrum given by Eq. (26).
Neutrinos are produced at the forward shock through p p

interactions (Sec. IV). The neutrino energy density in the

blastwave at each radius R can be approximated as [41]

1

u,(R) ~>

u,(1—er), (31)
where u,, is given in Eq. (30) and 7,,, is the optical depth
of relativistic protons. The latter is given by 7, ~
OppltpcsmBan for E, = E, ., while 7, = t4,/1,, for
E, < E, na- Here, Ej, s Layn and £, are the maximum
energy, and the dynamical and pp interaction time scales
of protons accelerated at the external shock, respectively;
see Appendix A. Finally, the cross section for pp
interactions is assumed to be independent of energy
(6,, =5 x107% cm?).

The total energy emitted in neutrinos from the transient
during its interaction with the CSM is

Rmax
B — A dR4zRu,(R), (32)
bo

where Ry, is the breakout radius [Eq. (19)] and R, is the
outer edge of the neutrino production region defined as
indicated in Sec. IV. From Eq. (32), we deduce that the total
energy emitted by the blastwave in neutrinos is related to
the upstream CSM density and the blastwave velocity at the
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considered time. The same dependence holds for the flux
radiated in the radio band, which is produced through
synchrotron losses [94].

While the total energy radiated in neutrinos scales with
€, the radio signal strongly depends on €. Thus, the ratio
Et,/ER° « ¢, /ep. Typical values inferred from obser-
vations are ez ~ 1073 — 1072 [176], while the fraction of
energy stored in protons accelerated at the forward shock is
expected to be €, <0.1 [177,178]. Therefore, when a
bright radio source whose signal is consistent with syn-
chrotron radiation is detected, its radio flux sets a lower
limit on the total energy emitted in neutrinos by the
expanding blastwave.

Figure 6 shows the contour plot of the total energy
radiated in neutrinos, in the plane spanned by the upstream
CSM density ncgy and the blastwave dimensionless
velocity fgq, = vq,/c, both measured at t = 100 days. We
use €, =€, =10"" and ez = 1072 in our calculations.
Radio data allow to measure the CSM density at the time ¢,
while the velocity of the fastest component of the ejecta S,
can be inferred from radio data of the transient [95,179].
A transient whose radio signal is produced through
interactions of the outflow with the CSM can be located

CSM interactions
=100 days

10 46
44
142
<)
o - {40 28
&£ 10 &)
=
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ncsm [em™3]

FIG. 6. Isocontours of the total energy radiated in neutrinos
[Eq. (32)] through CSM interactions, in the plane spanned by the
upstream density ncgy and the shock adimensional velocity
P = vgn/c, both measured at + = 100 days after the explosion.
The solid black (dashed purple) lines mark the peak of the radio
flux L (peak frequency vy ) for €5 = 0.01 and e, = 0.1. We
exclude the region of the parameter space producing neutrinos
with energy E, .« < 100 TeV throughout the duration of CSM
interactions; see main text for details. When a transient that is
bright in the radio band is detected and its light curve is consistent
with synchrotron radiation, the (ncsy, fqn) pair can be inferred
and the expected energy radiated in neutrinos at a fixed time can
be estimated from Eq. (32).

in the (ncsms fan) plane. Once the (negy, fon) pair is fixed,

the observed peak radio luminosity L4 and peak

frequency vy can be obtained simultaneously only for a
specific (ep, €,) pair and vice versa [180].

The minimum luminosity radiated in neutrinos can be
inferred from radio observation as LY = Li°v,. The

min
total energy in neutrinos Ef, can be estimated by locating
the transient in the plane in Fig. 6. Otherwise, once the
(ncsm» Pen) pair is inferred from radio observations, the
corresponding E}, can be estimated from Eq. (32).

In summary, transients detected with a bright radio
counterpart are expected to produce a bright neutrino
signal. As neutrinos and radio photons are produced over
the same time interval during CSM interactions (see Fig. 2),
it is fundamental to identify radio sources at early times, in
order to quickly initiate follow-up neutrino observations.
However, we stress that the neutrino curve is expected to
peak at a time likely shifted with respect to the one when
the radio and optical light curves peak [44,110]. The
procedure outlined here can be performed at different
times of radio observations.

We exclude in Fig. 6 the region of the parameter space
leading to the production of neutrinos with maximum
energy E, . ~0.05E, .« < 100 TeV  throughout the
duration of CSM interactions. In fact, the neutrino events
detected below 100 TeV are contaminated by the atmos-
pheric background and astrophysical neutrino detection
would be challenging [181].

If neutrinos are produced as a result of CSM interactions,
then a gamma-ray counterpart should also be expected
[125,142]. However, gamma rays undergo y —y and
Bethe-Heitler processes before reaching Earth, making
the correlation with the corresponding neutrino signal less
straightforward.

C. Jetted transients

The neutrino signal produced in the optically thin part of
GRBs is strictly correlated with x-ray/gamma-ray radiation
and its detectability has been extensively discussed in
Ref. [28]. We refer the reader to the criterion outlined in
Ref. [42] for the detectability of neutrinos from GRBs
whether the bolometric x-ray/gamma-ray light curve is
powered by internal shocks. The criterion does not hold if
energy is dissipated through magnetic reconnection along
the jet, and the correlation between neutrinos and photons
is no longer trivial.

When a GRB is detected electromagnetically, correlated
neutrino searches should also be carried out at energies
107" < E, £10° GeV, since neutrinos may be produced in
this energy range in the optically thick part of the jet [121].
Subphotospheric neutrinos could be easily differentiated
from the prompt signal, as the latter peaks at energies
E, ~10°-10° GeV [110]. We note that neutrinos produced
in the optically thick part of the jetted outflow do not have

083035-17



ERSILIA GUARINI et al.

PHYS. REV. D 108, 083035 (2023)

any direct electromagnetic counterpart, yet their detection
in the direction of a GRB could be the smoking gun of the
jet magnetization.

The only electromagnetic counterpart of unsuccessful
jets would be the flash of light in the hard x-ray/soft
gamma-ray band [81,100] due to the shock breakout of the
cocoon, as discussed in Sec. III. Neutrinos with energy
107" < E, <10° GeV [121] can be produced below the
photosphere, if the jet is magnetized, while a neutrino
signal peaking at E, ~ 10° GeV may exist if the jet is
smothered in an extended envelope [35].

VII. DETECTION PROSPECTS

In this section, we explore the detection prospects
of neutrinos emitted from the transients considered
throughout this paper (all of them already observed
electromagnetically). Finally, we discuss the best strategy
for follow-up searches of single transient sources and
stacking searches.

A. Expected number of neutrino events

In order to compute the expected number of neutrino
events, where suitable, we consider IceCube-Gen2 [36] for
representative purposes because of its large expected rate.
The number of muon neutrino events expected at IceCube-
Gen2 [36,182] for a source at redshift z is N,,”(z) =

ff dE,®)(E,, 2) Au(E,, 5), where A.q(E,,8) is the

v,min

detector effective area for a source at declination 6 [183],
and E, i, and E, .« are the minimum and maximum
neutrino energy, respectively. We fix E, ;, = 100 TeV, in
order to avoid the background of atmospheric neutrinos,
and choose 6 = 0° to maximize the effective area of the
detector. The observed fluence of muon neutrinos is
®3ES(EU,z) (in units of GeV~! cm™?), calculated as out-

lined in Sec. IV for the model parameters in Table II and
including neutrino flavor conversion [184,185].

Figure 7 shows the number of muon neutrino events
expected at IceCube-Gen?2 as a function of the luminosity
distance for SNe Ib/c BL harboring a jet, SNe IIP and IIn,
SLSNe, as well as LFBOTs. For all source classes, we
consider neutrino production through CSM interactions.
For our fiducial parameters, CSM interactions produce
neutrinos with £, .« < 10® GeV, in agreement with pre-
vious work [28,35,44,122,123,125,186,187].

For SLSNe and LFBOTSs, we also calculate the number
of neutrino events expected from the magnetar wind. These
neutrinos have energies larger than the ones produced
through CSM interactions, with their signal expected to
peak at E, ~ 108-10° GeV [70]. In this energy range the
sensitivity of the radio extension of IceCube-Gen?2 is better
than its optical component [36], and thus we estimate the
detection perspectives of neutrinos from the magnetar wind
at the IceCube-Gen?2 radio array. In our simplified model,

) IceCube-Gen2

10 events

—— SNe Ib/c BL+jet

= LFBOTs

10’5 | == SNe IIP ==+ Magnetar wind
= SNe IIn = CSM interactions
SLSNe ~  =eeee Unsuccessful jet ]
—6
10 -1 ) 0 ) 1 2
10 10 10 10
dr (Mpc)

FIG. 7. Expected number of muon neutrino and antineutrino
events at IceCube-Gen?2 as a function of the luminosity distance
for SNe Ib/c BL harboring jets, SNe IIP, SNe IIn, SLSNe and
LFBOTs. The gray horizontal line marks N, = 10. We consider
neutrinos from CSM interactions (solid lines), from the magnetar
wind (dashed lines) and from jets (dotted lines). For SNe Ib/c BL
harboring a jet, we display the total number of neutrinos given by
CSM interactions and the jet; CSM interactions alone produce a
number of neutrinos which falls below the plotted range. CSM
interactions can produce N, ~O(10) at IceCube-Gen2 for
SLSNe (SNe IIn) located at d; <4 Mpc (d; < 0.6 Mpc). The
magnetar wind can produce N, =~ O(10) at IceCube-Gen2 radio
for SLSNe (LFBOTSs) located at d; <5 Mpc (d; <2 Mpc).
N,, = O(10) is expected at IceCube-Gen2 from LFBOTS harbor-
ing unsuccessful jets and placed at d; < 1 Mpc. Note that the
number of neutrino events from jets, both successful and
unsuccessful, is model dependent; see main text for details.

we assume that N, = E;q™/10%5 GeV.A (1087 GeV),
where A(108° GeV) is the effective area of the radio
extension of IceCube-Gen2 at ~103° GeV [183]. This is an
approximation due to the fact that we do not consider the
energy distribution of neutrinos from the magnetar.

As for SNe Ib/c BL harboring jets, we show the total
number of events expected at IceCube-Gen2 in Fig. 7
from a successful jet, whereas the neutrino signal from
CSM interactions only would be too small to be detected
(see Sec. V). If the jet is smothered in the Wolf-Rayet star
progenitor, neutrinos with E, <103 GeV may be pro-
duced; the related detection prospects of subphotospheric
neutrinos have been explored in Ref. [121].

As outlined in Sec. V, LFBOTs may harbor jets which
are smothered in the extended envelope surrounding the
progenitor core [170]. In this scenario, a signal peaking at
E, ~10° GeV may be produced in the unsuccessful jet [35]

083035-18



TRANSIENTS STEMMING FROM COLLAPSING MASSIVE ...

PHYS. REV. D 108, 083035 (2023)

(see also Ref. [137] for neutrino production in jets
smothered in an extended envelope). In Fig. 7 we show
the corresponding expected number of neutrino events,
obtained by relying on the most optimistic model
of Ref. [35].

From Fig. 7, we deduce that the expected number of
neutrino events from CSM interactions is N, =~ O(10) for

SLSNe (SNe IIn) located at d; <4 Mpc (d; < 0.6 Mpc).
Large CSM densities may be possible around SLSNe and
SNe IIn, with M,, < 10M y1r‘1 [138,162]; in this case, the
expected number of neutrino events from SLSNe and SNe
IIn could be larger than considered here [44]. Neutrinos
from magnetar winds show promising detection perspec-
tives at the IceCube-Gen2 radio array, with N, ~ O(10)

for SLSNe and LFBOTs located at d; <5 Mpc and
d; <2 Mpc, respectively. Unsuccessful jets in LFBOTSs
may produce N, 2 O(10), if the source is at d; < 1 Mpc.
However, we note that the neutrino signal from the choked
jet peaks at energies E, ~ 10° GeV and it quickly drops at
larger energies [35], where the sensitivity of IceCube-Gen2
increases [36]. Thus, the most promising detection pros-
pects for LFBOT sources are obtained with IceCube, due to
its sensitivity range [182] (see Fig. 6 in Ref. [35] for the
expected number of neutrinos in this case). We stress that
the results for both successful and smothered jets are model
dependent and the number of events is calculated assuming
that the jet is observed on-axis.

In order to assess the likelihood of finding such
transients and contrast the local rate with the expected
number of muon neutrino events, we assume that all these
sources follow the star formation rate as a function of
redshift. The local rates of the sources considered
throughout this paper (R,) relative to the one of core-
collapse SNe—R§N = (1.02 x 1074)T70% Mpc=3 yr~!
[147,181]—are listed in Table III.

TABLE III.  Local rate (R) of the sources considered through-
out this paper including their error bands, relative to the local rate
of core-collapse SNe [RSEN = (1.25 x 107)170% Mpc= yr~']
[181,188]. Note that the local rate of GRBs refers to GRBs
beamed towards us. For reference, we also show the rate of low-
luminosity (LL) GRBs as they are more abundant and might also
be related to choked jets and/or shock breakouts.

Source Ro/R§ESNe References
SNe Ib/c (26%) 51 [189]
SNe Ib/c BL <13% [190]
SNe Ib/c BL with choked jet Unknown [190]
GRBs <103 [191]
LL GRBs <1073 [192]
SNe TIP (48.29%)+51% [189]
SNe IIn (8.8%)133% [189]
SLSNe <2.8x 1073 [193]
LFBOTs <1073 [174]

SLSNe and LFBOTs display the most promising
chances of neutrino detections if powered by a magnetar;
however these sources are the least abundant in the local
Universe. Using Table III, ~4 x O(1077) Mpc=3 yr!
[~2 x O(1077) Mpc™ yr~!] SLSNe (LFBOTSs) are
expected at d; = 10 Mpc (note that we consider the
central values of the rates). On the contrary, SNe IIP are
the most abundant sources locally, with R3NP = 1.1 x
10~* Mpc=3 yr~!. Nevertheless, their neutrino signal is too
weak to be detected at IceCube-Gen2. Jetted outflows are
also expected to produce a significant number of neutrinos.
Yet the probability that the jet points towards us is 6j2- /4~

O(1073) for typical opening angles (see Table II). The
beaming factor and the small local rate of GRBs, LFBOTs
and SNe Ib/c BL which may harbor jets (Table III)
challenge the associated neutrino detection.

B. Combining multimessenger signals

On the basis of our findings, we now outline a possible
strategy to carry out multimessenger observations of
transients originating from collapsing massive stars. As
outlined in Sec. VIB, radio sources whose signal is
consistent with synchrotron radiation are expected to have
a bright neutrino counterpart. SLSNe, SNE IIn, LFBOTs
and SNe IIP with eruptive episodes fall in the category of
transients with strong CSM interactions, as shown in
Figs. 4 and 7. The synchrotron signal is the signature of
a collisionless shock expanding in a dense CSM and it
plays a crucial role for multimessenger searches. First, as
neutrinos and radio photons are produced over the same
time interval from CSM interactions (Fig. 2), early detec-
tion of the radio signal will be crucial to swiftly initiate
follow-up neutrino searches. The latter can be guided by the
criterion outlined in Sec. VI B. Since gamma rays are also
expected to be produced together with neutrinos [131] (see
Fig. 4), radio detection should also guide gamma-ray
follow-up searches, e.g. with Fermi-LAT [50] or the
Cherenkov Telescope Array [194].

Sources emitting in x-rays due to bremsstrahlung
emission are also hosted in a dense CSM, although this
signal is produced through radiative shocks and may hint
towards the existence of an asymmetric CSM [135].
Neutrinos produced at the same site of bremsstrahlung
radiation have energies below the sensitivity range of
IceCube and IceCube-Gen2 [41] and we have not con-
sidered them throughout this work. Yet, x-ray data from
bremsstrahlung can be combined with synchrotron radio
data to infer the CSM properties, that affect the expected
neutrino signal [41,44,142].

If the UVOIR light curve shows signs of central
magnetar activity, as may be the case for SLSNe and
LFBOTs, x-ray telescopes should look for a nonthermal
and time variable signal. The latter may emerge at later
times than the UVOIR light, due to the opacity of the
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outflow [169]. As detailed in Sec. VI A, the nonthermal
x-ray signal is key to disentangle the degeneracies plaguing
the UVOIR light curve. Neutrino searches from this class
of transients should start later than the UVOIR observa-
tions, and they should be carried out in the time window
[#,.mins fu.max] defined in Sec. VI A, e.g. with the IceCube-
Gen?2 radio array.

Intriguingly, SLSNe and LFBOTs may be powered by
either CSM interactions or magnetar spin down. While
neutrinos from the former have energies E, < 10® GeV, a
signal peaking at E, > 10% GeV is expected from the latter.
The time window during which neutrinos are radiated is
different and it depends on the mechanism responsible for
their production (see Fig. 2). Thus, the energies and the
detection time of neutrinos in the direction of the transient
source can be combined with electromagnetic observa-
tions to disentangle the dominant mechanism powering
the light curve.

Some sources, such as LFBOTs and SNe Ib/c BL, may
harbor a choked jet pointing towards us. The resulting
outflow has an asymmetry observable in the UVOIR
and radio bands and it moves with mildly relativistic
velocity, otherwise unreachable through symmetric explo-
sions [120]. The electromagnetic signature of the choked
jet would be a flash of light in the x-ray band [81]; see
Fig. 4. Improving x-ray detection techniques to unambig-
uously detect shock breakouts will be crucial to model the
associated neutrino signal.

If a mildly relativistic outflow is inferred from radio
observations, one should search for neutrinos in the
direction of the transient in a time window of approx-
imately 100-1000 seconds before and after the first
observation in the UVOIR band (see also Fig. 2).
Indeed, if an unsuccessful jet is hidden in the source,
neutrinos may be produced while the outflow is still
optically thick and for a time 3, ~17;. IceCube and
IceCube-Gen2 could potentially detect neutrinos from a
jet smothered in a red supergiant progenitor star, whereas
IceCube DeepCore [195] is needed to observe neutrinos

from a jet choked in Wolf-Rayet stars [35,121].
A combined search may be promising for neutrinos from
mildly relativistic sources.

Finally, if the UVOIR light curve should mostly exhibit
signs of *°Ni decay or hydrogen recombination, the
corresponding neutrino emission would be a negligible
fraction [SO(107'3)] of the ejecta kinetic energy. Searches
of neutrinos in the direction of sources only powered
through these processes would not be successful.

C. Follow-up searches for selected sources
and stacking searches for a source class

The detection prospects for follow-up searches of a
selected source together with the best wavelength to
correlate with neutrinos for each transient are summarized
in Table IV. We list the luminosity distance (d;) where
N,, = 10 for our benchmark transients in Fig. 7, and the

number of transients expected per year within dj
[Nians (< dp)]. The bands reflect the uncertainty on the
local core-collapse SN rate [196] and the fraction of
SNe belonging to each class [189]. We do not include
SNe Ib/c as the number of expected neutrinos from CSM
interactions only is too low to be detected. For complete-
ness, we also show the expected distance where N, = 10

at IceCube DeepCore [195] for jets choked in Wolf-Rayet
star progenitors, by relying on the results of Ref. [121].

In order to carry out stacking searches of neutrinos from
radio-bright transients, one can search through archival all-
sky neutrino data for clusters of a few neutrino events in the
direction of identified radio transients. To this purpose, it
would be useful to compile catalogs of transients detected
in the radio band, e.g. relying on data from the Very Larger
Array Sky Survey [197]. Additional radio catalogs will be
available in the near future, through the Square Kilometer
Array Observatory, which will cover the Southern hemi-
sphere [198]. Note, however, that an appropriate weighting
of the sources relative to each other is recommended in
order to optimize neutrino searches [44].

TABLE IV. Summary of our results. We list the luminosity distance (d; ) where N y = 10 for our benchmark transients (Fig. 7), the
number of transients expected per year within d; [Ny, (< d; )] and the best wavelength to correlate with neutrinos. The bands reflect
the uncertainty on the local core-collapse SN rate [196] and on the fraction of SNe belonging to each class [189]. Note that for SNe Ib/c
BL with a choked jet we calculate the number of neutrinos expected at IceCube DeepCore [195], by relying on the results in Ref. [121].

Source Model d; [Mpc] Nyans (L dy) [yr™'] Best correlated wavelength
SLSNe CSM interactions 4 <1073 Radio

SLSNe Magnetar wind 5 <2x 1073 UVOIR + x-ray

SNe IIn CSM interactions 0.6 3.5x 1073 =2 x 1072 Radio

SNe IIP CSM interactions 0.05 6x107* -2 x 1073 Radio

LFBOTs Magnetar wind 2 <2 x 1076 UVOIR + x-ray
LFBOTs with jet Choked jet in extended envelope 1 <5x 1077 X-ray/gamma ray
GRBs Envelope of more models (Ref. [28]) 0.2 <2x 1078 X-ray/gamma ray
SNe Ib/c with choked jet Choked jet in Wolf-Rayet star 90 Unknown X-ray/gamma ray
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Another important factor in the search for neutrinos from
radio sources is the time window. As extensively discussed
in this work and shown in Fig. 2, the neutrino and radio
signals are produced over the same window. The peak of
the neutrino signal is expected to occur not too far from
the breakout time of the forward shock from the CSM, or
anyway around the peak of the optical light curve [44]. The
same results do not hold for the radio signal, whose peak
can occur much later than the optical one, depending on the
properties of the CSM and the forward shock. Thus, it is
crucial to combine UVOIR and radio data to optimize the
time window for neutrino searches.

The atmospheric neutrino background increases when a
long time window is chosen. Yet the criterion presented
in Fig. 6 excludes the parameter space contaminated by
atmospheric neutrinos, considering only the (ncgwv, fsh)
pairs which allow for the production of neutrinos with
E, > 10° GeV. Our findings provide guidance to identify
the ideal time window to carry out radio and neutrino
stacking searches. We also encourage initiating radio
follow-up observations of neutrino alerts [199]. In order
to better assess the CSM properties, follow-up observations
in the x-ray bands are needed to break the degeneracies in
the (ncsm, Bon) space [94].

VIII. DISCUSSION AND CONCLUSIONS

In this work, we considered SNe Ib/c, SNe Ib/c BL
harboring jets, SNe II-P, SNe IIn, SLSNe, as well as
LFBOTs and computed the energy radiated across the
observable electromagnetic wavebands and neutrinos. Our
findings reveal that most of the energy is radiated in the
UVOIR band. However, a significant fraction of the out-
flow kinetic energy can be emitted in either the radio or the
x-ray bands through synchrotron or bremsstrahlung
processes, when a dense CSM engulfs the collapsing star.
Since the UVOIR light curve is degenerate with respect to
the transient model parameters, a correlation of neutrino
observations with this band alone is not sufficient, in
agreement with the findings of Ref. [44]. However, one
could combine UVOIR observations with radio data to
infer upper and lower limits, respectively, on the ejecta
energy E. and mass M [95,168,174].

While the peak of the UVOIR luminosity of transients
powered by the spin down of a magnetar is degenerate with
respect to the spin period and magnetic field of the pulsar,
multiwavelength observations are fundamental to break
these degeneracies. In particular, x-ray/nonthermal data can
be combined with the thermal UVOIR ones to infer the spin
and magnetic field [70] and allow to forecast the number of
neutrino events. Neutrino observations could be instrumen-
tal to break the degeneracy between the spin period and the
magnetic field. As the neutrino production starts (ends)
when photopion processes become efficient (inefficient),
neutrino searches should be carried out in a time window
uncorrelated with the UVOIR light curve.

Our findings reveal that bright radio sources are prom-
ising high-energy neutrino factories. Opposite to the
UVOIR signal, a correlation between the radio and optical
signals exists. Radio photons and neutrinos are produced
over the same time interval and therefore neutrino searches
should be performed over the duration of the radio
emission. The radio counterpart allows to infer the CSM
density ncgy and the shock velocity By, = vg,/c at the
observed time [95]. The minimum neutrino luminosity
expected at each emission time from the transient can be
computed considering the product of the radio peak
luminosity and peak frequency EYq ..~ LXvy, and
the total energy radiated in neutrinos can be localized in the
plane spanned by ncgy and fy,.

For our fiducial parameters, IceCube-Gen2 will be able
to detect neutrinos from SLSNe at d; <4 Mpc, when
neutrinos are produced from CSM interactions. If SLSNe
(LFBOTs) harbor a central magnetar, 10 neutrino events
produced in the magnetar wind are expected in the
IceCube-Gen2 radio array for sources at d; < 5(2) Mpc.

While transients linked to massive stars are routinely
detected in the UVOIR band, our findings urge optimizing
the detection opportunities in the radio and x-ray bands to
swiftly identify CSM- and magnetar-powered transients.
Furthermore, neutrino searches would be useful for mildly
relativistic transients, as neutrinos may signal the presence
of a choked jet. Improving observational techniques in the
UV/x-ray will be fundamental to detecting the shock
breakout light and modeling the corresponding neutrino
signal. Neutrino searches from mildly relativistic sources
should be performed (10-1000) s before and after the first
UVOIR signal.

In summary, in order to optimize the chances of joint
detection of electromagnetic radiation and neutrinos from
transients stemming from collapsing massive stars, follow-
up programs solely based on UVOIR observations are not
optimal. UVOIR data should be complemented by radio data
tracing CSM interactions or x-ray data carrying imprints of
the activity of the central engine, if any. Only by exploiting
multiwavelength and neutrino data can we explore the
physics powering these fascinating sources and properly
guide multimessenger follow-up programs.
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APPENDIX A: INTERACTION RATES OF
ACCELERATED PROTONS

In this appendix we summarize the interaction rates of
protons accelerated in the magnetar wind as well as at CSM
interactions or in a jetted outflow.

1. Magnetar wind

The energy deposited by the spin down is partially
deposited into kinetic energy of the outflow, with the
remaining energy being used to produce thermal and
nonthermal radiation. Therefore, protons accelerated in
the magnetar wind interact through py interactions with
both thermal and nonthermal photons in the wind nebula.
The corresponding interaction rates are [70]

e =77 x 107G BB s, (Al

) = 24 x 105 BB s (A2)

~IMV2p
where f, ~ 1M 5P Spm
acceleration, at times 7> fy4, Where 7y is the spin-down

time defined as in Eq. (10).
The interaction rate for pp interactions is

_3 is the wind velocity after its

t‘ =6.25 x 10~ 9Mejl_2 55,6 (A3)
Pions are created in the wind nebula at a rate
tﬂ cre T t;]} th + tpy nth + t1_7117 (A4)

The only proton-cooling process competing with pion
production is the synchrotron cooling, whose characteristic
time is

fprad = 5.6 X 10777113 53?4[}W€B 5 S. (AS)
Thus, pion creation in the wind nebula is suppressed by a
factor

t t
fhp = min (1, u ,—”'“‘d), (A6)

mcre t m.cre

where t,y ~ R/p,,c is the adiabatic expansion time scale of
the wind nebula.

The onset of neutrino production corresponds to the time
when efficient photopion production starts, namely when
t;"rad = 1;. . Similarly, neutrino production ends at the
time when photopion processes are no longer efficient,
Le. t;,cre = leross-

Before decaying, secondary pions and muons also cool.
Their cooling affects the neutrino signal through the
following suppression factors:

frp = 0.3n72BY,e51 5185, (A7)

flap = 1.5 x 1070 1B Y, frep 018 5. (A8)

2. CSM interactions and jets

In the case of nonrelativistic and mildly relativistic
shocks—such as the external shock driven by the outflow
as it expands in the CSM—the proton acceleration rate is
obtained from the Bohm limit [200]

2
-1 3ersh
acc —

A9
20}/pml,c3 (A9)

where e = vhac is the elementary electric charge,
a=1/137 is the fine-structure constant and % is the
reduced Planck constant; for nonrelativistic shocks, the
comoving frame of the outflow and the center of explosion
frame coincide; we carry out the calculations in the
comoving frame of the outflow and we denote quantities
with X’. The magnetic field B is defined as in Sec. I and y,,
is the proton Lorentz factor.

In the case of relativistic and mildly relativistic outflows,
the proton acceleration rate is

., ceB
acc — )
¢E,

(A10)

where ¢ represents the number of gyroradii needed for
accelerating protons. We assume & = 10 [201]. Finally, B’
is the magnetic field along the jet, which depends on the
energy dissipation mechanism [110].

The total cooling rate of accelerated protons is

/-1 __ -1 /-1 /—1 /1—1
theool = taa + psyne T 15 + 15y + g + e, (AL

where 705!, e, 10 1) r L s I are the adiabatic,
synchrotron, photohadronic (py), hadronic (pp), Bethe-
Heitler (BH, py — pe'e™) and inverse Compton (IC)

cooling rates, respectively, defined as follows [201-203]:

v

gl == (A12)
2 2
[ S M (A13)
p-syne 3mjc*8n
t/—l — L/oo dE' I’l;,(E;)
" =3,
27, E,
« /E JE,E, x 0, (E)K, (E).  (Al4)
th
t;,pl = cnho,,K,,. (A15)
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o

ﬁ ﬂx
= L [522 4p)
p.
9\fﬂmpyp

x {(zfpe’)”:[ln(y -3 +%} (A16)

te = g [
" 167}, (v, — 1)B) E i 7

X F(E),v))n (E)), (A17)
where v = 2c¢I" for the jetted outflow and v = vy, for CSM
interactions, yp E,/m, c? is the proton Lorentz factor,
¢ =E,/m,c*, Ey =0. 150 GeV is the energy threshold
for photo—plon productlon and f,~1 for relativistic
particles. The function F(E},y),) is defined in Ref. [204],
with the replacement m, — m,,. The cross sections for py
and pp interactions, 6, and 6, are taken from Ref. [205].

The function K, (E,) is the inelasticity of py interactions
defined in Eq. (9.9) of [202]:

02 E, <E, <1 GeV,

(A18)
06 E,>1GeV,

(£ = {

with E, =y, E,(1 -, cos@') being the relative energy
between a proton with Lorentz factor y/, and a photon with
energy E/, which move in the comoving frame of the
interaction region along directions which form an angle ¢'.
The comoving proton density is ), = E;s,/ (47Rjct,T?) for
the jetted outflow, and n), = 4n, csmm,c* for CSM inter-
action. The inelasticity of p p interactions is K ,, = 0.5 and

n,(E,) is the photon target for accelerated protons, defined
in the main text for the jetted and spherical outflow.
Before decaying, secondary pions and muons also cool
through synchrotron, adiabatic and hadronic energy
losses. Their cooling rates are defined as for protons,
but replacing m, — m,, with m, being the mass of the x
secondary particle.

APPENDIX B: RADIATIVE SHOCKS

When the gas behind the shock immediately cools in a
thin shell, the shocks are radiative. This happens when
the CSM density is very large [41,94]. Also in the radiative
regime the dynamical time scale for the forward shock
driven by the outflow in the optically thin CSM is
lagn = R/vg.

When the forward shock breaks out from the dense CSM
shell, bremsstrahlung becomes the leading mechanism for
photon production and electrons mainly cool through free-
free emission. The time scale for this process reads

3n,kgT,

—_— B1
2Aff(nev Te) ( )

Ly =

where Ay is the free-free cooling rate [206], and
kgT, = 3/16u,m, vfh is the post-shock temperature of
the gas, with y, ~0.62 being the mean molecular weight
for a fully ionized gas. The post-shock electron density is
n, = 4pcsmm,/m, and p,~1.18. Finally, Lg, =
2xREgmPesm(Resm)v3, s the total kinetic shock power
computed at the CSM edge.
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