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Abstract

The recent discoveries of high-energy cosmic neutrinos and gravitational
waves from astrophysical objects have led to a new era of multimessen-
ger astrophysics. In particular, electromagnetic follow-up observations trig-
gered by these cosmic signals have proved to be highly successful and have
brought about new opportunities in time-domain astronomy. We review
high-energy particle production in various classes of astrophysical transient
phenomena related to black holes and neutron stars, and discuss how high-
energy emission can be used to reveal the underlying physics of neutrino and
gravitational-wave sources.
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1. INTRODUCTION

The new era of high-energy multimessenger astrophysics began with two recent breakthrough
discoveries: (a) the discovery of astrophysical high-energy neutrinos by the IceCube experiment
in Antarctica (1, 2) and (b) the direct detection of gravitational waves from the merger of two black
holes by the Laser Interferometer Gravitational-Wave Observatory (LIGO) (3). These detections
are also great triumphs of technological development for cosmic observations.

The feasibility of time-domainmultimessenger astrophysics has been demonstrated by broadly
coordinated observation campaigns in 2017 and 2018. These led to the discovery of gravitational
waves from the neutron star merger event GW170817, associated with the short γ -ray burst
(GRB) 170817A and the kilonova (also known as a Li–Paczynski nova or macronova) event
AT 2017gfo (4, 5). The successful detection of electromagnetic counterparts at different wave-
lengths in follow-up observations strongly supports the concordance picture of double neutron
star mergers and short GRBs, and kilonova emission is consistent with heating by the decay of
heavy radioactive nuclei. Another milestone detection was that of the high-energy neutrino event
IceCube-170922A, with energy of ∼0.1–1 PeV. Follow-up observations revealed its association
with a flaring blazar, TXS 0506+056, and enabled the determination of its multiwavelength
spectral energy distribution (SED), including the GeV–TeV γ -ray band (6). The interpretation
of IceCube-170922A is still under debate, and confirmation by further observations will be
important. Both of these success stories clearly demonstrate the potential of multimessenger
approaches, which combine information from different types of particles and waves (photons,
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neutrinos, gravitational waves, and cosmic rays) to reveal the origin of and physical processes
behind high-energy astrophysical phenomena.

Neutrinos are elusive neutral fermions. In the Standard Model, there are three types of neu-
trinos: electron (νe), muon (νμ), and tau (ντ ). They have tiny but finite masses, as was established
by the observations of neutrino oscillation among the three generations. Aside from gravity, they
interact with matter only via the weak force.Consequently, gigantic detector volumes are required
to detect astrophysical neutrino signals.

In the MeV energy range, astrophysical neutrinos are produced mainly as a result of nuclear
reactions, the best-known examples of which are solar and supernova neutrinos. Neutrinos from
the Sun were first measured by the Homestake experiment (7), which led to the so-called solar
neutrino problem—a large discrepancy between the then predicted and the measured neutrino
flux from the Sun. The phenomenon of neutrino oscillation resolved this problem and confirmed
the standard model of the Sun. Supernova neutrinos were discovered in the wake of a nearby
supernova, SN 1987A, by multiple water Cherenkov detectors around the globe (e.g., 8).

High-energy neutrinos, with energies beyond the GeV range, are produced by relativistic pro-
tons or ions through hadronic interactions with matter or radiation. Detection of high-energy
cosmic neutrinos is crucial for determining the origin of cosmic rays—which is one of the great-
est mysteries in particle astrophysics. Cosmic rays are deflected by intergalactic magnetic fields,
preventing us from pinpointing the location of their production site. High-energy photons can
be produced by other mechanisms that do not involve cosmic-ray ions, and sufficiently high-
energy γ -rays that are more likely to be hadronic are subject to electromagnetic interactions with
lower-energy photons.These facts limit the use of the electromagnetic channel in probing cosmic-
ray sources. High-energy neutrinos serve as a more direct probe of cosmic particle accelerators,
through which we can reveal their acceleration processes even in dense environments such as
supernovae.

Large-scale detectors are needed to detect high-energy cosmic neutrinos. Currently operat-
ing and near-future detectors include IceCube, a cubic-kilometer detector at the South Pole (9);
KM3Net, a cubic-kilometer detector under construction in theMediterranean (10),which is a suc-
cessor of ANTARES, also in the Mediterranean (11); and the Baikal Deep Underwater Neutrino
Telescope in Russia (12).

In contrast to high-energy particles, which are accelerated in energetic outflows, gravitational
waves are produced by the birth and dynamics of compact objects, especially black holes and
neutron stars (13–16). Detectable gravitational waves require the nonaxisymmetric acceleration
of large amounts of matter, virtually ruling out any noncompact source. The strongest expected
source of gravitational waves is the merger of black holes and neutron stars. To date, this is the
only process from which gravitational waves have been detected (17). Such mergers can emit a few
percent of the rest mass of the merging objects in the form of gravitational waves, accounting for
up to a few timesM�c2 energy for stellar-mass black holes and approximately 10−2 M�c2 for binary
neutron stars. Gravitational-wave emission is weakly anisotropic; the strongest emission along the
binary’s orbital axis is approximately 1.5 times higher than the emission in the average direction.
Another astrophysical process with sufficient matter and acceleration for substantial gravitational-
wave emission is stellar core collapse. The collapse of a massive star can cause a neutron star to
be formed. Gravitational waves are expected first from the violent collapse and then from the so-
called bounce of the matter after it reaches neutron star densities (18, 19). In the aftermath of
the collapse, dynamical and dissipative instabilities can grow in the newly formed neutron star. In
particular, if the progenitor star has high rotation, instabilities in the rapidly rotating neutron star
can produce significant deviations from axisymmetry as well as numerous gravitational waves (15,
20).Depending on simulatedmodels, gravitational waves from stellar core collapse are expected to
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be detectable forGalactic sources with advanced gravitational-wave detectors (18).However, if the
rotational energy of the newly formed neutron star, or additional energy from fallback accretion,
can be converted efficiently into gravitational waves, then core-collapse events could be detectable
at up to tens of megaparsecs with advanced detectors (15).

The aim of this review is to summarize the current status and future prospects of multimessen-
ger particle astrophysics, with a focus on transient sources of high-energy messengers. We begin
by introducing high-energy particle production processes in Section 2. In Section 3 we present an
overview of the current observational status and ongoing efforts of high-energy multimessenger
transient sources. In Section 4 we discuss different transient source models and our current un-
derstanding of the underlying emission processes in these events. We present a brief outlook for
the future of the field and conclude in Section 5.

2. HIGH-ENERGY RADIATION PROCESSES

2.1. Cosmic-Ray Acceleration

Nonthermal emission is ubiquitous in astrophysical processes. The fact that cosmic rays are ob-
served in a wide energy range fromMeV to ultrahigh (>EeV) energies means that charged parti-
cles can gain energy through some process.

Among various possible mechanisms, the most popular is the Fermi acceleration mechanism,
originally proposed by Enrico Fermi (21). In this mechanism, charged particles gain energy
stochastically via multiple interactions with scatterers. Astrophysical shocks provide a viable setup
in order for this type of particle acceleration to work. Ions can be reflected by magnetic fields
at the shock. While most of the particles are eventually advected to the far downstream, some
of them can gain energy via scattering by electromagnetic waves in both the upstream and the
downstream. In this diffusive shock acceleration mechanism (22, 23), a fraction of the energy of
converging bulk flows can eventually be converted into the nonthermal energy of cosmic rays.

The diffusive shock acceleration is not the only promisingmechanism, and variousmechanisms
such as stochastic acceleration by turbulence and magnetic reconnections have been discussed in
the literature. In any case, the particles have to be confined in the system, and the fundamental
necessary condition is called the Hillas condition (24),

ε < ZerB(v/c), 1.

where ε is the particle energy, Ze is the particle charge, r is the system size, B is the magnetic field
strength, and v is the characteristic velocity scale (i.e., the shock velocity for the diffusive shock
acceleration mechanism). For relativistic sources,

ε < �Zel ′B′, 2.

where l ′ is the comoving system size, B′ is the comoving magnetic field strength, and � is the
Lorentz factor. In reality, one has to take into account various cooling processes to evaluate the
maximum energy of cosmic rays, but the details depend on the properties of the sources.

If particle acceleration occurs in relativistic outflows such as GRB jets, the Hillas condition can
be rewritten as (25, 26)

LB >
1
2
�2c

( ε

Ze

)2
∼ 2 × 1046 erg s−1 �2(ε/Z 1020.5 eV)

2
, 3.

where LB is the magnetic luminosity of the outflow. This equation implies that accelerators of
ultrahigh-energy cosmic rays (UHECRs) must be powerful. The number of candidate sources is
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rather limited, and the most promising ones are extragalactic transient sources such as GRBs and
flares of active galactic nuclei (AGN).

2.2. Hadronic Processes

High-energy cosmic rays interact with matter and radiation via hadronuclear and photohadronic
interactions, respectively. Hadronuclear interactions are governed mainly by inelastic pp scatter-
ings, in which neutrinos and hadronic γ -rays are produced via p+ p → N (π+,π−,π0) + X →
N (νμ + ν̄μ + νe + e+, νμ + ν̄μ + ν̄e + e−, 2γ ) + X . Interactions above baryon resonances are dom-
inated by multipion production, leading to the ratio π+:π−:π0 ≈ 1:1:1, where π± are charged
pions and π0 is a neutral pion. Although the inelastic pp cross section gradually increases with
energy, using the approximate constancy with σpp ∼ 30 mb and proton inelasticity with κpp ∼ 0.5,
the effective optical depth to pp interactions is given by

fpp[εp] ≈ κppσppctintnN , 4.

where tint is the interaction time and nN is the nucleon number density. For example, in the case
of supernova shocks with size r and velocity v, cosmic rays interact with target gas while they are
confined and advected to the far downstream, so one expects tint ≈ r/v. In the case of engine-
driven supernovae, if cosmic rays from the engine travel through the ejecta almost rectilinearly,
then tint ≈ r/c is expected.

Neutrinos and hadronic γ -rays can also be coproduced via photomeson production, p+ γ →
N (π+,π−,π0) + X → N (νμ + ν̄μ + νe + e+, νμ + ν̄μ + ν̄e + e−, 2γ ) + X , which is characterized
by its effective optical depth, fpγ .We consider a relativistic source with a target photon spectrum,
nε′

t
(where ε′

t ≈ εt/δ is the target photon energy in the comoving frame). If we approximate the
spectrum by ε′

tnε′
t
= n′

0(ε
′
t/ε

′
0)1−β with β (>1) the power-law photon index and ε′

0 the reference
energy, fpγ is given by (e.g., 27)

fpγ [εp] ≈ ηpγ [β]σ̂pγ l ′n′
0(ε

′
p/ε̃

′
pγ 0)

β−1, 5.

where ηpγ [β] ≈ 2/(1 + β ), σ̂pγ ≈ κpγ σ
(
ε̄
/ε̄
 ) ∼ 0.7 × 10−28 cm2 is the attenuation cross
section κpγ ∼ 0.2,σ
 ∼ 5 × 10−28cm2, ε̄
 ∼ 0.2GeV, ε̄
 ∼ 0.3GeV, ε̃′

pγ 0 = 0.5mpc2ε̄
/ε′
0, and l

′ is
the comoving size.This estimate is valid whenmeson production is dominated by the
 resonance
and direct pion production.

In either pp or pγ reactions, high-energy neutrinos are produced mostly as a result of pion and
muon decay, and the neutrino energy fluence is written as

E2
ν φν ≈ 1

4πd2
3K

4(1 + K )
fpp/pγ

Ecr
Rcr[εp]

, 6.

where φν is the neutrino fluence, d is the distance to the source, Ecr is the energy carried by cosmic
rays, andRcr is a conversion factor from the bolometric energy to the differential energy of cosmic
rays. Also, K is a factor representing the ratio of charged pions to neutral pions, where K ≈ 1 and
K ≈ 2 for pγ and pp interactions, respectively. Realistically, pions and muons can be subject to
various cooling processes, which modify the resulting neutrino spectra. Thus, more generally,
theoretical predictions for neutrino and γ -ray spectra are model dependent.

Themeson production processes are among the hadronic processes that involve strong interac-
tions. In contrast, there exist purely electromagnetic processes such as the Bethe–Heitler process
and proton synchrotron radiation.The γ -rays originating from electromagnetic processes are also
classified as hadronic components, because cosmic-ray ions are involved.
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2.3. Leptonic Processes

γ -Rays can be produced by leptonic processes as well as hadronic ones. Charged particles that
relativistically move in magnetic fields emit synchrotron emission.The characteristic synchrotron
energy is

εsynγ ≈ 1.5�γ ′2
e�
eB′

mec
∼ 200 eV �(γ ′

e /10
5)

2
(B′/1G), 7.

where γ ′
e is the Lorentz factor of relativistic electrons in the comoving frame. For example, it is

widely accepted that a low-energy component of the blazar SED is interpreted as synchrotron
emission (28).

High-energy electrons and photons interact via Compton scattering, γ e → γ e. In the astro-
physical context, γ -rays can be produced by the inverse Compton process, in which low-energy
photons gain energy via upscattering by relativistic electrons. In the Thomson regime, where the
photon energy in the electron rest frame is less than mec2, we have

εICγ ≈ 2γ ′2
e εtar ∼ 20GeV (γ ′

e /10
5)

2
(εtar/1 eV). 8.

where εtar is the energy of target photons. The Klein–Nishina effect is important at sufficiently
high energies. The cross section is suppressed when the photon energy in the electron rest frame
exceeds ∼mec2. If target photons originate from synchrotron emission by primarily accelerated
electrons, the process is called synchrotron self-Compton emission. If they originate elsewhere,
the resulting emission is called external inverse Compton emission. In the case of blazars, the
external photons can come from an accretion disk, a broad-line region, or a dust torus (28).

In the so-called leptonic scenario, observed γ -ray emission is attributed to inverse Compton
radiation by primary electrons (or positrons). The electron luminosity and the magnetic field
strength can be determined simultaneously through modeling of the SED.

2.4. Electromagnetic Cascades

Sufficiently high-energy γ -rays can interact with low-energy photons via the two-photon annihi-
lation process, γ γ → e+e−. Its optical depth is given by

τγγ [εγ ] ≈ ηγγ (β )σTl ′(ε′
tnε′

t
)|ε′

t=m2
e c4/ε′

γ
, 9.

where σT � 6.65 × 10−25 cm2 is the Thomson cross section, ε′
t is the target photon energy in the

comoving frame, and ηγγ (β ) � 7/[6β5/3(1 + β )] for 1 < β < 7 (29), which is of the order of 0.1.
There is a correspondence between pγ and γ γ optical depths. The typical γ -ray energy is given
by εγ ≈ �2m2

e c
4εt

−1, and we have (e.g., 27)

τγγ [εcγ ] ≈ ηγγ σγγ

ηpγ σ̂pγ
fpγ [εp] ∼ 10

(
fpγ [εp]
0.01

)
, 10.

where εcγ is the γ -ray energy corresponding to the resonance proton energy satisfying εcγ ≈
2m2

e c
2εp/(mpε̄
 ) ∼ GeV(εν/25TeV). The above equation implies that efficient emitters of 10–

100 TeV neutrinos are predicted to be “dark” as the sources of GeV–TeV γ -rays (27). Con-
versely,GeV–TeV bright γ -ray sources may not be ideal as the sources of neutrinos at 10–100 TeV
energies.

If the intrasource γ γ optical depth is larger than unity, high-energy γ -rays are attenuated inside
the source.However, energy conservation implies that high-energy pairs produced via γ γ → e+e−
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keep generating lower-energy photons via synchrotron and inverse Compton processes, known
as an electromagnetic cascade. The cascade can be induced by either primary ions or primary
electrons, and it is important for powerful accelerators such as GRBs and blazars. Although the
details of an emergent spectrum depend on source parameters, a broad SED is formed as a generic
trend, and the minimal proton-induced cascade fluence satisfies

∫ εS−cut
γ

dεγ (εγ φS−cas
γ ) ≈

∫
0.5εS−cut

γ

dεν

(
4 + K
3K

ενφν

)
, 11.

where εS−cut
γ is the energy at which the γ γ optical depth is unity and φS−cas

γ is the fluence of γ -rays
cascaded inside the source.More generally, there are additional contributions to cascade emission
from the Bethe–Heitler and proton synchrotron processes. Efficient cascades are unavoidable in
photon-rich sources, for which X-ray and γ -ray observations are critical to examine bright neu-
trino sources. The relevance of intrasource cascades has been demonstrated in the modeling of
TXS 0506+056 (30–34).

γ -Rays capable of leaving the sources interact with cosmic radiation fields, including the cosmic
microwave background and extragalactic background light. Except for ultrahigh energies, inter-
galactic cascades are governed by the two-photon annihilation and inverse Compton scattering
processes (35). Note that if the target photon field is thermal, the intrasource γ γ optical depth
decreases at high energies, allowing only high-energy γ -rays to escape from the sources (27, 36).

The spectrum of intergalactic electromagnetic cascades is nearly universal and is expressed
as (35, 37)

ε2γ φIG−cas
γ ∝

{
ε1/2γ (εγ ≤ εbrγ ),

ε2−β
γ (εbrγ < εγ < εIG−cut

γ ),
12.

where εIG−cut
γ is the cutoff energy due to the extragalactic background light,φIG−cas

γ is the fluence of

γ -rays cascaded in intergalactic space, εbrγ ≈ 2(εIG−cut
γ /mec2)

2
εCMB, εCMB is the typical energy of the

cosmic microwave background photons, and β ∼ 2 is the index that depends on details of cascades.
For aTeV γ -ray source located at a redshift of z ∼ 1, the cutoff due to the extragalactic background
light typically lies in the 0.1 TeV range, leading to a prediction of a flat energy spectrum down to
∼30 MeV in the observer frame (37).

The multimessenger connection among the diffuse cosmic particle (neutrinos, γ -rays, and cos-
mic rays) fluxes is crucial in order to reveal the origin of high-energy cosmic neutrinos. If IceCube
neutrinos originate from inelastic pp collisions and the sources are optically thin to γ γ → e+e−

up to TeV energies (which are valid for star-forming galaxies and galaxy clusters), then the fact
that the isotropic γ -ray background flux, measured by Fermi-LAT (38), is comparable to the dif-
fuse neutrino flux leads to the conclusion that the intrinsic spectral index at the sources has to be
s < 2.1–2.2 (39).

3. MULTIMESSENGER OBSERVATIONAL STATUS

3.1. High-Energy Neutrino Observations and Electromagnetic
Counterpart Searches

The detection of high-energy cosmic neutrinos with PeV energies was first reported at the
Neutrino 2012 conference in Kyoto, Japan (1). The two events were found in the search for
extremely high-energy neutrinos. The follow-up analysis of high-energy starting events led to
4σ evidence of high-energy cosmic neutrinos (2), and accumulated data have established their
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existence (40). Individual sources have not been definitively identified, so the IceCube flux can
be regarded as the diffuse neutrino flux (or intensity). The measured diffuse neutrino flux is
E2

ν �ν ∼ 3 × 10−8 GeV cm−2 s−1 sr−1 for all three flavors. These neutrinos consist of contribu-
tions from all sources that exist along the line of sight from the Earth, which is often called
the astrophysical neutrino background. North-sky searches for track events induced by muon
neutrinos suggest a similar energy flux with a hard spectrum of �ν ∝ E−2.1

ν (41). In contrast,
analyses of medium-energy starting events and shower events, which are sensitive to neutrinos
below 100 TeV, indicated a steeper spectrum of �ν ∝ E−2.5

ν (40, 42). The different spectral
indices might indicate the existence of distinct components, and a large diffuse neutrino flux of
E2

ν �ν ∼ 10−7 GeV cm−2 s−1 sr−1 suggests a population of hidden neutrino sources arising from
the tension with the isotropic γ -ray background flux (27).

The nondetection of point sources or high-energy multiplet sources (from which more than
one neutrino originate from a given position in the sky) implies that the source population re-
sponsible for the bulk of IceCube neutrinos is unlikely to be a rare class of astrophysical sources.
Rather, abundant sources such as starburst galaxies, galaxy clusters/groups, and radio-quiet AGN
are favored.Next-generation detectors such as IceCube-Gen2 will be essential in order to identify
the main origin of IceCube neutrinos (43).

In contrast, transient sources will be detectable with the current IceCube if a bright burst or
flare occurs. Time and space coincidence will also allow us to significantly reduce atmospheric
backgrounds. This advantage has been exploited for stacking searches for neutrino emission from
GRBs. The nondetection of coincident events between neutrinos and GRBs has led to important
constraints on cosmic-ray acceleration inGRBs (44, 45). Stacking searches for neutrino–supernova
associations have also been performed (46, 47). Multiplet searches are also powerful for the tran-
sient neutrino sources (48, 49).

Neutrino-triggered follow-up observations provide an alternative way to identify the sources
of high-energy neutrinos (50, 51). The real-time alert system in IceCube was developed for this
purpose. To detect subthreshold multimessenger signals, the Astrophysical Multimessenger Net-
work Observatory has attempted to combine multimessenger information in real time (52). The
feasibility of such a neutrino-triggered follow-up approach was best demonstrated by the obser-
vations of TXS 0506+056 that coincided with IceCube-170922A (6), as presented in Figure 1.
Within the error circle of this high-energy neutrino event, several blazar candidates were identi-
fied by the Kanata Telescope, and one of them turned out to be a Fermi-LAT blazar in the high
state. Several X-ray sources were identified through follow-up observations by Swift, and also
NuSTAR observed TXS 0506+056. This source was also observed by the MAGIC γ -ray tele-
scope. The significance of the association with the γ -ray flare was ∼3σ , which is insufficient to
claim a discovery. Interestingly, however, archival analyses of past track data for TXS 0506-056
revealed a neutrino flare in 2014–2015 (53). Although associated γ -ray flares were not found for
this past neutrino flare event, the ∼4σ significance presented intriguing evidence that this blazar
is a potential neutrino source.

3.2. Gravitational-Wave Observations and Electromagnetic
Counterpart Searches

Gravitational-wave searches have been used to initiate and to follow up electromagnetic obser-
vations since the era of first-generation gravitational-wave detectors began more than a decade
ago (54–59). With the limited sensitivity of the initial gravitational-wave detectors, which were
able to detect binary neutron star mergers out to approximately 20 Mpc, common detection was
possible, but not probable.Nevertheless, gravitational-wave searches triggered by electromagnetic
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Figure 1 (Figure appears on preceding page)

Multimessenger observations of TXS 0506+056 associated with the high-energy neutrino event IceCube-170922A. (a) Image of the
neutrino-induced track event. (b) Multiwavelength light curves. The vertical dashed line indicates the timing of the detection of
IceCube-170922A. Figure adapted with permission from Reference 6.

observations resulted in a few astrophysically meaningful constraints, for example, by indicating
that a short GRB, GRB 070201, that was directionally coincident with M31 could not have been
produced by a compact binary merger (57).

Gravitational-wave observations with advanced detectors brought about a wide-scale, broad-
band electromagnetic follow-up effort. The first gravitational-wave discovery of a binary black
hole merger, GW150914, on September 14, 2015, was followed up by more than 60 observing
facilities covering radio, optical, near-IR, X-ray, and γ -ray wavelengths (60).

One of these facilities, the Gamma-ray Burst Monitor on the Fermi satellite (Fermi-GBM), re-
ported the detection of a spatially and temporally coincident, albeit marginal, short GRB 0.4 s after
the binary merger (61, 62), although the significance of this detection is debated (63). A marginal
short GRB counterpart was also detected later for another binary black hole merger discovered
through gravitational waves, GW170104, in this case by the AGILE satellite (64). However, this
GRB was not observed by other detectors (65), and an unrelated, directionally overlapping long
GRB complicated matters (66).

The electromagnetic follow-up campaign to identify gravitational waves finally triumphedwith
the observation of the binary neutron star merger GW170817 (4, 5, 67). This merger was discov-
ered simultaneously by LIGO/Virgo and by Fermi-GBM, the former through gravitational waves
withinminutes and the latter through its shortGRB counterpart within seconds after the event (67,
68). The spatial and temporal overlap between these two detections was rapidly recognized and
initiated a broadband, multimessenger search for emission from the source.

Figure 2 presents a visual summary of the follow-up effort to detect GW170817/
GRB 170817A. Less than 11 h after the merger, its optical kilonova emission was found, first by
the Swope Telescope (69). X-ray and radio emission from the GRB afterglow were detected only
with a large delay 9 and 16 days after the merger, respectively, by the Chandra X-ray Observatory
and by the Jansky Very Large Array (70, 71).

GW170817/GRB 170817A provided a wealth of unique information on high-energy emission
from binary neutron star mergers that changed our GRB paradigm, which would not have been
possible without the observation of both gravitational waves and electromagnetic emission. First,
the binary merger occurred at a large inclination angle of 15◦–40◦ (72). Prior to this discovery,
GRB observations had been anticipated only for smaller angles. Second, detailed afterglow ob-
servations revealed that the outflow is structured with a narrow energetic component along the
orbital axis and weaker emission at greater inclinations (73–79). Such a structured emission had
not been incorporated into GRB population studies prior to GW170817. This could mean either
that GRB 170817A is a rare event type (80) or that a population of nearby GRBs observed at high
inclination angles and without reconstructed distances may exist (81–83). It would also mean that
a nonnegligible fraction of future gravitational-wave observations of binary neutron star merg-
ers will be accompanied by detectable GRBs, promising frequent high-energy multimessenger
discoveries.

3.3. Coincidence Searches for Gravitational Waves and Neutrinos

The search for common sources of gravitational waves and neutrinos has a long history, going
back to the first extrasolar neutrino source, SN 1987A (8, 84). In the era of interferometric
gravitational-wave observatories, joint searches have been investigated in detail, starting around
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Figure 2 (Figure appears on preceding page)

Multimessenger observations of GW170817. Figure adapted from Reference 5/CC BY 3.0.

2006 (85–91). No such joint detection has been made so far, making this the next frontier of the
multimessenger puzzle.

This type of search consists of two distinct categories, based on the type of neutrino signal.
The first category consists of sources producing nonthermal, high-energy neutrinos with GeV
energies and beyond, and the second category consists of thermal, MeV neutrinos. In this review,
we restrict our discussion to the first category, which is closely connected to high-energy emission.

The first searches for common sources of gravitational waves and high-energy neutrinos were
performed with the initial LIGO and Virgo detectors, as well as with the partially completed
IceCube and ANTARES detectors (92–94). These analyses targeted event candidates for which
neither the gravitational-wave nor the neutrino data were sufficiently significant to confidently
indicate an astrophysical signal.

Advanced LIGO’s first observing run, from September 2015 until January 2016, brought about
the first detections of gravitational waves (95) and with them the first targeted searches for high-
energy neutrinos from established gravitational-wave sources via the IceCube, ANTARES, and
Pierre Auger observatories (96–98). All three binary black hole mergers from this period, dis-
covered via gravitational waves, were followed up by neutrino searches. Neutrino emission from
these events was constrained to isotropic-equivalent energies lower than ∼1051–1054 erg, assum-
ing a neutrino spectrum dN/dE ∝ E−2. The spread in this emission constraint is due to the large
localization uncertainty of gravitational waves, as the sensitivity of neutrino detectors can signifi-
cantly change over the source directions allowed by gravitational waves.

Gravitational-wave and high-energy neutrino data obtained during Advanced LIGO’s first ob-
serving run were also analyzed in searches of events that remained below the detection threshold
in individual data channels (99). While no joint event was discovered, these searches represented
a sensitivity improvement of more than two orders of magnitude over similar searches carried
out with earlier-generation detectors. Figure 3 shows the observational constraints derived from
these analyses. For realistic source rates of <105 Gpc−3 year−1, these constraints limit the source
population in the strong emission regime of gravitational-wave energy EGW � 10−2 M�c2 and
isotropic-equivalent neutrino energy Eν � 1051 erg.

During Advanced LIGO/Virgo’s second observing run, from November 2016 to August 2017,
searches for coincident neutrinos were performed in near real time with IceCube and ANTARES,
and over a period of approximately a day with Pierre Auger, following every gravitational-wave de-
tection (100, 101). This rapid analysis was motivated by the fact that a coincident neutrino would
significantly aid electromagnetic observations.While gravitational-wave localizations are typically
limited to hundreds of square degrees (102), high-energy neutrinos can be reconstructed to sub-
degree precision, substantially reducing the number of electromagnetic foreground transients and
the sky area that observatories need to survey in order to identify electromagnetic emission from
the source. Since both gravitational waves and neutrinos are expected to be emitted by the main
sources of interest within minutes (89), multimessenger identification on a similar timescale can
aid in the search for electromagnetic emission such as a GRB afterglow or kilonova, which can be
observable over a longer period.

Advanced LIGO/Virgo’s second observing run was crowned by the multimessenger discov-
ery of the binary neutron star merger GW170817, a few days before the end of the run. This
detection also represented a unique opportunity for high-energy neutrino searches.While no co-
incident neutrino was detected, the joint analysis of the participating observatories, ANTARES,
IceCube, and Pierre Auger, was used to compute a joint constraint on neutrino emission from
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Figure 3

Constraints on rate density of high-energy neutrino transients as a function of energy released as
gravitational waves. Here Eν,iso is the released energy of neutrinos, and EGW is the released energy of
gravitational waves. Abbreviations: BNS, binary neutron star; CCSN, core-collapse supernova. Adapted from
Reference 99/CC BY 3.0.

the merger over nine orders of magnitude of energy, from 100 GeV to 100 EeV. Figure 4 com-
pares these observational constraints with selected emission scenarios. These results show that,
assuming some of the optimistic emission models from short GRBs (103), we can rule out on-
axis emission of optimistic scenarios related to extended emission, which is consistent with the
large viewing angle inferred both from the gravitational-wave data and from afterglow observa-
tions (72, 79). Although the current afterglow observations are not enough to determine the entire
jet structure (104), the detection of GW170817 also indicated that high-energy emission may be
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Figure 4

High-energy neutrino fluence upper limits as a function of neutrino energy for the binary neutron star merger GW170817, based on
data from ANTARES, IceCube, and the Pierre Auger Observatory. (a) Limits for a ±500 s time window around the merger. (b) Limits
over a 2-week period. Several model predictions are shown for comparison (103, 107). Abbreviation: EE, extended emission. Figure
adapted from Reference 100/CC BY 3.0 and Reference 108.
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Figure 5

Schematic picture of various high-energy multimessenger transients.

observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.

4. SOURCE MODELS

In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.

4.1. Blazar Flares

In general, blazars are highly variable objects that show broadband spectra from the radio, op-
tical, X-ray, and γ -ray bands. In the standard leptonic scenario for SEDs, the low-energy and
high-energy humps are explained by synchrotron emission and inverse Compton radiation from
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Table 1 List of multimessenger transients that can be promising emitters of high-energy neutrinos and/or gravita-
tional waves

Rate density EM luminosity
Source (Gpc−3 year−1) (erg s−1) Duration (s) Typical counterpart

Blazar flarea 10–100 1046–1048 106–107 Broadband
Tidal disruption event 0.01–0.1 1047–1048 106–107 Jetted (X)

100–1,000 1043.5–1044.5 >106–107 Tidal disruption event (optical, UV)
Long GRB 0.1–1 1051–1052 10–100 Prompt (X, γ )
Short GRB 10–100 1051–1052 0.1–1 Prompt (X, γ )
Low-luminosity GRB 100–1,000 1046–1047 1,000–10,000 Prompt (X, γ )
GRB afterglow <1046–1051 >1–10,000 Afterglow (broadband)
Supernova (II) 105 1041–1042 >105 Supernova (optical)
Supernova (Ibc) 3 × 104 1041–1042 >105 Supernova (optical)
Hypernova 3,000 1042–1043 >106 Supernova (optical)
NS merger 300–3,000 1041–1042 >105 Kilonova (optical/IR)

1043 >107–108 Radio flare (broadband)
BH merger 10–100 ? ? ?
WD merger 104–105 1041–1042 >105 Merger nova (optical)

aBlazar flares such as the 2017 flare of TXS 0506+056 are assumed for the demonstration.
Abbreviations: BH, black hole; EM, electromagnetic; GRB, γ -ray burst; NS, neutron star; WD, white dwarf.

nonthermal electrons, respectively. For BL Lacertae (BL Lac) objects that typically belong to a
low-luminous class of blazars, seed photons for inverse Compton scattering are supplied mainly
by the electron synchrotron process. In contrast, flat-spectrum radio quasars (FSRQs) tend to be
more luminous; it is believed that the external inverse Compton process is important for FSRQs.
The origin of external target photon fields is under debate; it may be an accretion disk, broad-line
regions, a surrounding dusty torus, or the sheath region of a structured jet.

The high-energy hump could be dominated by a hadronic component, which is the so-called
lepto-hadronic scenario.The γ -rays could be attributed to either cosmic-ray-induced electromag-
netic cascade emission or ion synchrotron radiation (28). In the former case, the lepto-hadronic
scenario predicts that the γ -ray flux is comparable to the neutrino flux. The latter case usually re-
quires strong magnetic fields and does not necessarily accompany efficient neutrino production.

In either explanation of high-energy γ -rays, it is reasonable to consider a hybrid picture in
which both cosmic-ray ions and electrons are coaccelerated in the source. Target photons are
not only synchrotron photons from primary leptons but also external radiation fields (109, 110).
For example, let us consider a scattered accretion disk field. The effective optical depth to pγ
interactions is given by

fpγ ≈ n̂extσ̂pγ rext ∼ 0.01
( τsc

0.1

) ( rsc
1018 cm

)−1
(

LAD

1046.5 erg s−1

)( εAD

10 eV

)−1
, 13.

where n̂ext is the external radiation density in the black hole rest frame, τsc is the optical depth to
Thomson scattering for disk photons, rsc is the size of the scattering region, LAD is the radiation
luminosity of the accretion disk, and εAD is the typical energy of the disk photons.

The detection of IceCube-170922A, associated with TXS 0506+056, provided new insights
into the origin of γ -rays. In this case, electromagnetic cascades inside the source play a crucial role
in extracting implications for the source physics (30–34). High-energy neutrinos provide a smok-
ing gun of cosmic-ray acceleration, so one would naïvely expect that neutrino detection would
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Figure 6

Spectral energy distribution of TXS 0506+056 during the flare (31). The neutrino flux estimated by
real-time alerts is from Reference 6. Abbreviation: LM, leptonic model. Figure adapted with permission
from References 6 and 31.

support the lepto-hadronic scenario. However, this is not the case. The SED of this blazar clearly
shows the peak below 3 × 1014 Hz and the dip in the X-ray range (31), strongly constraining the
hadronic components. The neutrino flux is basically limited by the X-ray flux (Figure 6). Thus,
proton-induced cascades cannot provide a viable explanation for the γ -rays. Proton synchrotron
emission can account for the γ -ray component, but the neutrino flux in the range of 0.1–1 PeV is
predicted to be too low to explain the best-fit flux level of the IceCube data. Thus, ironically, the
leptonic scenario is supported if IceCube-170922A originates from the flare of this blazar.

In addition, the fact that γ -rays were detected by MAGIC implies that the effective optical
depth to pγ interactions has to be very small; that is, the required cosmic-ray power is too large.
The cascade problem is even more serious for the neutrino flare event that occurred in 2014–
2015 (32, 111, 112). These challenges may indicate that multizone models are necessary (32).

4.2. Tidal Disruption Events

A star can be swallowed by a supermassive black hole located in the center of a galaxy. While the
star is approaching the black hole, it can be tidally disrupted by the gravitational force, which oc-
curs at the tidal disruption radius. Approximately half of the mass is ejected, whereas the other half
forms an accretion disk and eventually falls back into the black hole. It is believed that the accre-
tion initially proceeds as a super-Eddington mode and then becomes sub-Eddington. Resulting
transients are observed as tidal disruption events (TDEs).

Some TDEs possess relativistic jets that can be launched from the black hole–accretion disk
system. Swift J1644+57 is thought to be such a jetted TDE. Strong nonthermal X-rays were ob-
served, with a typical duration of tdur ∼ 106 s. The bolometric radiation energy is Eγ ∼ 1054 erg,
implying that the beam-corrected energy is E j ∼ 1051–1052 erg. Theoretically, it is widely dis-
cussed that the jets are powered by the Blandford–Znajek mechanism (113).
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Cosmic-ray acceleration in TDEs was proposed as a “giant flare” scenario (114), and the as-
sociated neutrino emission has also been calculated (115–119). The discovery of Swift J1644+57
revealed that jetted TDEs are strong X-ray sources (120).High-energy protons efficiently interact
with these X-rays. Equation 5 implies that the effective pγ optical depth is

fpγ [εp] ∼ 1

(
Lbγ /1047.5 erg s−1

)
(r/1014.5 cm)(�/10)2(εbγ /1 keV)

(
εp

εbp

)β−1

, 14.

where Lbγ is the luminosity at the peak energy εbγ , and β is the photon index. Equation 14 implies
that jetted TDEs can be efficient neutrino emitters given that cosmic rays are accelerated in the
jet.

The nondetection of high-energy neutrinos from Swift J1644+57 implies that the energy car-
ried by the cosmic rays is less than ∼30Eγ . Their contribution to the diffuse neutrino flux is ex-
pected to be�10% (117, 118), which is consistent with the limit from the absence of high-energy
neutrino multiplets (118). If the disrupted star is a white dwarf, then TDEs are expected to be
promising gravitational-wave sources (121, 122).

4.3. Supernovae

Amassive star with a stellar mass of�8M� leads to a supernova explosion.During the gravitational
collapse of a progenitor core, the central temperature increases, andmost of the gravitational bind-
ing energy, which is estimated as EG ≈ (

GM2
ns/Rns

) ∼ 3 × 1053 erg (Mns/1M� )2
(
Rns/106 cm

)−1

(where Mns is the remnant mass and Rns is the radius), is extracted by thermal neutrinos. Super-
novae are known to be MeV neutrino emitters, as was established by the detection of SN 1987A
(8, 84).

High-energy neutrinos with energies beyond the GeV or TeV range can be produced in two
ways. First, cosmic rays are accelerated by a supernova shock, and the neutrinos are produced
through interaction with the ambient material. This situation is analogous to that of supernova
remnants. Second, cosmic rays are supplied by outflows from the engine, as discussed further in
Sections 4.4 and 4.5 with a focus on GRBs and engine-driven supernovae.

In the early stages of supernova remnants, most of the energy is in kinetic form, and the energy
fraction carried by cosmic rays is expected to be negligibly small. However, recent observations
of extragalactic supernovae have shown that significant mass losses always occur before the explo-
sion (123). The most spectacular examples are Type IIn supernovae, which show clear indications
of interactions with the circumstellar material (CSM). Some of them,which are usually classified as
Type IIn supernovae, indicate that the CSM mass reachesMcs ∼ 1–10M�, given that the CSM is
spherical. Even Type II-P supernovae, which are most common among core-collapse supernovae,
may have a significant CSM mass ofMcs ∼ 10−3–10−1M�.

As the shock propagates, photons eventually break out, and the shock becomes collisionless and
is not mediated by radiation. One may then expect the diffusive shock acceleration mechanism
to operate as in supernoval remnants. The accelerated protons should interact with gas via pp
interactions, and the effective optical depth for inelastic pp interactions is estimated to be

fpp ≈ κppσpp(�cs/mH )rs(c/vs ) ∼ 1 (Mcs/10−2M� )(rs/1014 cm)−2(vs/3,000 km s−1)−1, 15.

where rs is the shock radius, vs is the shock velocity, and �cs is the CSMdensity.Equation 15 implies
that high-energy neutrino and γ -ray production occurs efficiently at early times.Figure 7 depicts
neutrino light curves for various types of supernovae. IceCube can detect∼100–1,000 high-energy
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Figure 7

High-energy neutrino light curves expected for various types of core-collapse supernovae. The neutrino
light curve was depicted at Eν = 1 TeV. Figure adapted with permission from Reference 124.

neutrinos from a Type II-P supernova (124), if the next Galactic supernova occurs at d ∼ 10 kpc.
Detection of high-energy emission from extragalactic supernovae requires stronger CSM inter-
actions, which can be expected for Type IIn supernovae (125, 126). Searches for GeV–TeV γ -ray
emission have also been performed, but the constraints are still consistent with theoretical predic-
tions (127–129).

SomeType Ibc supernovae with a relativistic velocity component—transrelativistic supernovae
that are often associated with low-luminosity GRBs—can also be neutrino and γ -ray emitters
owing to interactions with the CSM (see References 130 and 131 for more details).

Core-collapse supernovae represent one of the promising directions of gravitational-wave
studies (132–135). Because core-collapse events are hidden from electromagnetic observations by
the stellar material, only gravitational waves and thermalMeV neutrinos are able to carry informa-
tion directly from the collapse to the observer.Nevertheless, most emission models and numerical
simulations predict gravitational-wave emission that is detectable by Advanced LIGO/Virgo for
core-collapse supernovae within the Milky Way (18, 19). Without a rapidly rotating core, the
gravitational-wave frequency will be characteristic of the newly formed proto–neutron star’s os-
cillation frequencies, while the gravitational-wave amplitudemay be characteristic of the accretion
rate (135). Much stronger gravitational-wave emission can be produced by rapidly rotating cores,
in which dynamical and dissipative instabilities can result in a rotating nonaxisymmetric struc-
ture that can radiate away some of the proto–neutron star’s angular momentum in gravitational
waves (18). The amount of angular momentum available for gravitational-wave radiation can be
further increased by fallback accretion (136). If the conversion of angular momentum is efficient,
gravitational waves from core-collapse supernovae with rapidly rotating cores can be detected out
to tens of megaparsecs (137–139).

4.4. Long γ-Ray Bursts

Long GRBs are among the brightest explosive astrophysical phenomena in the Universe. Their
isotropic-equivalent luminosities in γ -rays reach Liso ∼ 1051–1052 erg s−1 with a duration of tdur ∼
10–100 s. These observations imply that the isotropic-equivalent γ -ray energy is Eiso ∼ 1053 erg.
This value is comparable to the isotropic-equivalent kinetic energy of GRB jets, which is inferred
from multiwavelength observations of the GRB afterglow emission. The outflows are thought to
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be collimated, and the true energy of the jet is E j ∼ 1051 erg if the jet opening angle is θ j ∼ 0.1.The
central engine of the GRB jets and the properties of the jet are unknown. It is believed that the jet
is powered by a black hole with an accretion disk or a strongly magnetized neutron star (a so-called
magnetar). In the former case, the energy budget is limited by the rotation energy of a spinning

black hole, EBH−rot =
[
1 −

√
1+

√
1−a2∗
2

]
MBHc2 ∼ 4 × 1053 erg ( MBH

3M� ), where a∗ = a/MBH and a∗ ∼
0.7 is assumed in the last estimate. In the latter case, the energy source is the rotation energy

of the remnant star, which is given by ENS−rot = 1
2 I

(
2π
Pi

)2
∼ 2 × 1052 erg ( M∗

1.4M� ) ( R∗
10 km )

2
( Pi
1ms )

−2
,

where I ≈ 0.35M∗R2
∗ is the inertia of momentum, M∗ is the stellar mass, and R∗ is the stellar

radius. Neutrino and gravitational-wave signals can provide us with valuable information about
the central engine and jet composition.

Prompt γ -ray emission originates from internal dissipation in a relativistic jet with a bulk
Lorentz factor of � ∼ 100–1,000, and the γ -ray energy spectrum has a peak around εbγ ∼ 1 MeV.
The emission mechanism has been under debate for many years. In the classical picture (140, 141),
the observed γ -rays are attributed to synchrotron radiation from nonthermal electrons that are
accelerated inside a jet. Particles may be accelerated by internal shocks, which are thought to be
mildly relativistic. However, efficient shock acceleration does not occur if the shock is relativis-
tic and strongly magnetized, and magnetic reconnections are also considered to be a promising
mechanism. In either case, not only electrons but also ions will be accelerated in the jet, and high-
energy neutrinos can be produced via pγ interactions.Through the use of Equation 5, we estimate
the effective optical depth to pγ interactions to be

fpγ [εp] ∼ 0.01
(Lbγ /1051.5 erg s−1)

(r/1014.5 cm)(�/102.5)2(εbγ /1MeV)

(
εp

εbp

)β−1

. 16.

For GRBs, β ∼ 1 and β ∼ 2–3 for the low- and high-energy spectral portions, respectively. The
typical energy of neutrinos is predicted to be 0.1–1 PeV (142), which is the ideal energy range
for IceCube. The importance of multipion production and other, higher resonances has been
investigated (143, 144). Figure 8 shows an example of the latest theoretical calculations (145).
For GRB-like transients, stacking analyses are powerful, and the contribution to the diffuse neu-
trino flux is constrained to be less than ∼1% (45, 146). However, the possibility that GRBs are
responsible for the observed UHECR flux has not yet been excluded, and further observations
are necessary (147–149). Also, dimmer populations of bursts, such as low-luminosity GRBs, are
missing in the GRB samples used in the stacking analyses, so they could still make a significant
contribution to the diffuse neutrino flux (50, 150–152), as well as to the UHECR flux (153–156).

Alternatively, the observed prompt γ -rays could be attributed to quasi-thermal, photospheric
radiation. Various photospheric models have been described in the literature (140, 141). Pro-
posed subphotospheric dissipation mechanisms include internal shocks, magnetic reconnections,
and collisions with neutron-loaded outflows. Whereas high-energy neutrino production around
the photosphere is possible (158–160), efficient acceleration of cosmic rays at shocks deep inside
the photosphere is unlikely when the hydrodynamical shock is collisional or mediated by radia-
tion (161). (A strong subshock is, in principle, possible if the shock is magnetized, but cosmic-ray
ion acceleration is inefficient for strongly magnetized, perpendicular shocks.) In contrast, even if
cosmic-ray acceleration does not occur, neutrinos can naturally be produced by neutrons. Natu-
rally, neutrons are entrained into the jet. The neutrons are initially coupled with protons, but the
decoupled neutron flow is eventually caught by a faster flow, causing inelastic np collisions (162,
163). Alternatively, internal shocks between compound flows are accompanied by dissipation via
inelastic collisions. In either case, quasi-thermal neutrinos are expected, and the typical energy of
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Figure 8

Aggregated neutrino fluxes from γ -ray burst (GRB) prompt emission. The figure shows the differential limit
from IceCube as well as a possible contribution from subphotospheric neutrino emission. IC 2016 refers to
the IceCube 2016 upper limit, which was calculated using their latest reported detector effective area and
exposure in a stacked GRB search using tracks coming from the Northern Hemisphere (157). Adapted from
Reference 145.

neutrinos is εν ∼ 10–100 GeV. Such neutrinos could be detected in more detailed analyses using
the DeepCore data (164, 165).

Despite their typically large distance from the Earth, the progenitors of some long GRBs may
produce detectable gravitational waves, which requires that the collapsing stellar core that will
produce the GRB first form a rapidly rotating proto–neutron star. Some of the proto–neutron
stars formed in stellar core collapse may survive sufficiently long to develop dynamical or even
dissipative instabilities, which deform the proto–neutron stars and result in the emission of grav-
itational waves. If a significant fraction of the proto–neutron stars’ rotational energy can be con-
verted into gravitational waves, this emission could be detectable by Advanced LIGO/Virgo out
to tens of megaparsecs (15). Very massive stars, however, can collapse without a supernova explo-
sion (the so-called collapsar scenario), leaving virtually no time for a proto–neutron star to form
and emit gravitational waves. Possible gravitational-wave emission in this scenario may come from
fragmentation of the accretion disk (166–168), the collapsing star (169, 170), anisotropic neutrino
emission (171), or GRB jets (172), although these emission processes are currently uncertain. Al-
ternatively, some long GRBs may be produced directly by rapidly rotating proto–neutron stars
with strong magnetic fields instead of a black hole–accretion disk system. In this scenario, the
proto–neutron star survives for a longer time, is fast-rotating, and is accreting additional matter,
all of which favors gravitational-wave emission (173).

4.5. Engine-Driven Supernovae

GRBs are caused by a relativistic jet that successfully breaks out from the progenitor star.However,
the jet will not necessarily penetrate. A sufficiently low-power jet may naturally become “choked”
inside a progenitor or dense CSM (174–177). Such failed GRBs may be observed as so-called
engine-powered supernovae. Some of them are thought to become low-luminosity GRBs, whose
properties are intermediate between those of supernovae and GRBs. Indeed, there have been
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observations of such objects in which the jet marginally fails or succeeds and a transrelativistic
component is seen in the ejecta velocity distribution. They are likely to be more common than
canonical high-luminosity GRBs. The γ -ray emission mechanism is under debate; the most
popular scenario is that it originates from shock breakout of the relativistic ejecta in a dense
CSM (178). As discussed above, high-energy neutrino and γ -ray emission may occur around the
shock breakout.

Choked jets embedded in the stellar material or CSM are promising sources of high-energy
neutrinos, given that cosmic rays are accelerated by the jets. Importantly, the system is calorimet-
ric in the sense that sufficiently high-energy cosmic rays are fully depleted for neutrino and γ -ray
production; that is, min[1, fpγ ] ≈ 1. The emitted neutrinos are called orphan neutrinos (if the jet
is deeply choked and little γ -ray emission is produced) or precursor neutrinos (if accompanied
by delayed γ -ray emission). However, cosmic-ray acceleration is suppressed when the shock is
radiation mediated. Radiation largely smears the upstream structure, leading to a much weaker
subshock, and the energy carried by low-energy cosmic rays becomes small. This so-called ra-
diation constraint suggests that canonical high-luminosity GRBs are unlikely to be emitters of
high-energy neutrinos (161). Low-power GRBs, which can be produced if the jet is intrinsically
weak and/or if the stellar material is extended, allow cosmic-ray acceleration and associated neu-
trino production. They have also been suggested to be the main sources of high-energy neutrinos
in the 10–100 TeV range (151, 161, 179). As noted above, these medium-energy neutrinos imply
the existence of hidden neutrino sources.

Energy injection from the central engine does not have to be caused by relativistic jets that are
collimated outflows.Winds from a pulsar or accretion disk around a black hole can also power the
ejecta and the resulting observed emissions. In particular, a fast-rotating pulsar or magnetar has
been actively discussed as the central engine for various types of supernovae as well as GRBs (e.g.,
180–182). Long-lived pulsars or magnetars are also intriguing sources of gravitational waves, and
high-energy counterpart searches have attracted much interest.

Pulsar winds are expected to be Poynting dominated and can form a pair of forward and reverse
shocks via interactionwith the supernova ejecta.Pulsar wind nebulae such as theCrabNebula have
broadband, nonthermal spectra from the radio, optical, X-ray, and γ -ray wavelengths. Detailed
modeling of the nonthermal nebular emissions indicates that the plasma is carried by electron–
positron pairs, and a significant fraction of these pairs are accelerated around the termination
shock.

It is natural to expect that embryonic pulsar wind nebulae are also efficient accelerators of
electrons and positrons. In this case, bright X-ray counterparts can be expected as month-to-
year transients (183). In particular, hard X-rays serve as powerful probes of pulsar-driven super-
novae (181, 184), but there has been no indication of candidate supernovae, including superlumi-
nous ones (185). γ -Rays have greater penetration power, and strong γ -ray emission in the GeV–
TeV range is produced by upscattering of supernova photons. GeV γ -rays are detectable up to
nearby supernovae within 100 Mpc; these are potential targets for Fermi-LAT (184), and searches
have been performed (186). Their TeV γ -ray counterparts are interesting targets for imaging at-
mospheric Cherenkov telescopes such as MAGIC, VERITAS (Very Energetic Radiation Imaging
Telescope Array System), H.E.S.S. (High Energy Stereoscopic System), and CTA (Cherenkov
Telescope Array), but they are subject to intrasource attenuation by supernova photons.

Some ions can potentially be accelerated in the wind or around the termination shock. Even
acceleration to ultrahigh energies has been suggested (187, 188). Although the details of ion ac-
celeration by embryonic pulsar wind nebulae are unknown, possible mechanisms include surfing
or wake-field acceleration. Ultrahigh-energy ions escaping from the nebula are damped in the
ejecta and radiation field, and high-energy neutrinos are produced via both pp and pγ interactions
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(189, 190). For example, the effective optical depth to pp interactions is estimated to be

fpp ≈ κppσpp(�ej/mH )rej � 4 (Mej/M� )(rej/1015 cm)
−2
, 17.

where rej is the shock radius, vej is the shock velocity, and �ej is the ejecta density. The system is
calorimetric at early times. However, because of the high density of the ejecta, pions and muons
are cooled before they decay, so the neutrino flux can initially be suppressed at the highest en-
ergies. At late times, although the suppression is negligible, the neutrino flux declines follow-
ing the spin-down power. Recently, this model has been applied to the fast blue optical transient
AT2018cow (191).

4.6. Short γ-Ray Bursts and Neutron Star Mergers

A connection between shortGRBs and neutron starmergers has been anticipated for decades (140,
192–194) and was strongly supported by the multimessenger discovery of the neutron star merger
GW170817 and its GRB counterpart GRB 170817A, although the origin of the prompt γ -rays is
still under debate (67). As the two neutron stars approach each other during the merger, some of
their mass becomes tidally disrupted, forming a disk around the newly formed, central compact
object. The central object eventually collapses into a black hole. Accretion onto the black hole
from the surrounding disk then drives a relativistic outflow.

The merger of a neutron star and a black hole can also produce similar relativistic out-
flows to those of neutron star mergers, but only if the black hole’s mass is sufficiently small
(�10 M�) to tidally disrupt the neutron star before merging (15, 195–202). To date, no neu-
tron star–black hole merger has been detected with gravitational waves, constraining their rate to
�600 Gpc−3 year−1 (17). The properties of relativistic outflows from neutron star–black hole
mergers may differ from those of binary neutron star mergers due to the different black hole and
ejecta masses of the two event types. In addition, a supramassive neutron star that forms in neutron
star mergers can alter the outflow if it survives longer than a few milliseconds.

Neutron star mergers are among the most promising sources of gravitational waves for Earth-
based interferometers such as LIGO and Virgo. At Advanced LIGO/Virgo’s design sensitivity,
neutron star mergers will be detectable out to approximately 200 Mpc on average (102), corre-
sponding to a detection rate of 3–100 per year (17).Gravitational waves will confirm which nearby
high-energy events resulted from neutron star mergers. In addition, Advanced LIGO/Virgo will
provide the masses of the merging black holes, which in turn can be used to determine how much
neutron star matter became tidally disrupted and how long the newly formed supramassive neu-
tron star is expected to live before collapsing into a black hole. Even more could be learned by use
of information from both gravitational waves and the detected electromagnetic/neutrino emis-
sion (203–205). Gravitational waves will also help constrain the equation of state of supranuclear
matter (206). Finally, gravitational waves carry information about the luminosity distance of neu-
tron star mergers, which, together with the redshift of the merger’s host galaxy, provides an alter-
native distance ladder to constrain Hubble’s constant (207).

Short GRBs produced by neutron star mergers can be distinguished from longGRBs produced
by stellar core collapse by their duration, which is typically less than 2 s, and by their spectral hard-
ness compared with that of the softer long GRBs.While the two types of GRBs have comparable
peak luminosities, due to their durations short GRBs emit much less overall isotropic-equivalent
energy in γ -rays, mostly within 1049–1052 erg (194).

The discovery of the binary neutron star merger GW170817 and its GRB counterpart
GRB 170817A strongly supported the existing short GRB paradigm, while also providing in-
teresting new questions related to our understanding of the short GRB engine. In particular, the
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inclination of the orbiting binary was 15◦–40◦ off the direction of Earth (72). The observation
of γ -rays at such a high inclination angle demonstrates that the relativistic outflow is structured,
with a stronger, highly beamed component along the inclination axis and a weaker emission that
extends to higher angles (74, 76, 79, 208). The origin of this observed structure is not yet clear.
One possibility is the interaction of the relativistic outflow with the lower-velocity, quasi-isotropic
dynamical and wind ejecta (73, 75).

Short GRBs may be important sources of high-energy neutrinos, with neutrino fluxes pos-
sibly comparable to the flux of γ -rays, reaching up to ∼1051 erg of isotropic-equivalent en-
ergy (103, 209). Neutrino emission can be even higher if γ -rays are partially attenuated, for in-
stance, by the dynamical ejecta surrounding themerger,which the relativistic outflowmust burrow
through (106). As the beamed outflow from neutron star mergers is expected to be neutron rich,
the collision of relativistic protons with slower neutrons also represents an alternative mechanism
to convert the outflow’s kinetic energy to γ -rays and GeV neutrinos (164, 165).

Searches for GeV–TeV γ -ray emission fromGRB 170817A have been conducted, but no posi-
tive signal has been found (210, 211). Some short GRBs are accompanied by extended and plateau
emissions. These photons can be upscattered by relativistic electrons accelerated at the jet, and
the resulting GeV–TeV γ -rays could be detected by γ -ray telescopes (105). In particular, CTA is
expected to be powerful for long-lasting γ -ray counterpart searches.

4.7. Black Hole Mergers

Stellar-mass binary black hole mergers represent the primary source of gravitational waves, with
detection rates that could reach one per day within the next few years (17, 102). Binary black holes
may originate either from binary stellar systems that both undergo stellar collapse (212) or from
dynamical encounters in galactic nuclei or globular clusters (213–217). These different formation
channels result in different binary properties, such as mass, mass ratio, and spin.

Binary black hole mergers are generally not expected to result in emission other than gravita-
tional waves. However, some of the binaries may merge in dense environments in which sufficient
gas is available for accretion to produce detectable electromagnetic or neutrino emission. The
observation of a possible short GRB by Fermi-GBM in coincidence with the binary black hole
merger GW150914 could be a first hint of such an event (61; but see Reference 63). Scenarios
that can cause electromagnetic and neutrino emission include mergers in the accretion disks of
AGN (218–221), gas or debris remaining around the black holes from their prior evolution (222–
225; but see Reference 226), and binary black hole formation inside a collapsing star (227; but see
Reference 228). The electromagnetic and neutrino brightness of binary black hole mergers within
these scenarios are currently not well constrained.

4.8. White Dwarf Mergers

Double white dwarf mergers are thought to be among the progenitors of Type Ia supernovae.
However, the details of such violent merger processes are still under debate, and they may be ob-
served as weaker optical transients (229).Numerical simulations suggest that white dwarf mergers
can result in the ejection of material with a mass of ∼10−3–10−2M� (230).

The magnetic luminosity of the outflows is LB ∼ 1044–1046 erg s−1, which can be accompanied
by magnetic reconnections and particle acceleration. Following this scenario, one could expect
high-energy neutrino emission from white dwarf mergers (231). Turbulence and efficient particle
acceleration are expected beyond the photon diffusion radius. Given the dissipation of magnetic
energy via reconnections, TeV–PeV neutrinos could be expected after the photons break out, and
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the signals may coincide with thermal emission in the optical band. These high-energy neutrinos
could be used as probes of the outflow dynamics, magnetic energy dissipation, and cosmic-ray
acceleration at subphotospheres. Note that the accompanying high-energy γ -rays are absorbed
because of the large γ γ optical depth, so these sources are among the hidden neutrino sources.

Double white dwarf mergers are important targets for low-frequency gravitational-wave obser-
vations with, for instance, LISA (232–234).Multimessenger detections will enable us to probe the
merger rate, binary formation, and evolution mechanisms as well as links to explosion mechanisms
such as Type Ia supernovae.

5. OUTLOOK

We have presented a review of high-energy emission processes in cosmic transients in the context
of multimessenger observations. The era of these observations has just begun, and we anticipate
many more discoveries in the near future. This means that the field is set to develop and change
in the near future; however, we believe that this review can help guide the reader through well-
established processes and show where interesting open questions currently lie. We summarize
some of the main open questions below.

The physical association between neutrinos and blazar flares is currently tentative and should
be confirmed by more discoveries with multimessenger observations in the near future. Obser-
vational constraints from other blazars suggest that X-ray data are critical for the SED modeling
and observational monitoring of blazar flares at multiple wavelengths, especially in the X-ray band.
Stacking searches with IceCube data, based on additional blazar flare samples, will provide a com-
plementary test.Theoretical predictions indicate that FSRQs are stronger emitters of high-energy
neutrinos than are BL Lac objects. The high-energy hump of the brightest FSRQs is expected to
lie in theMeV range, and they aremore common at higher redshifts.Thus,MeV observations with
more sensitive telescopes such as AMEGO (All-skyMediumEnergyGamma-rayObservatory; see
Reference 235) will be important, and the possibility that such blazars significantly contribute to
the IceCube neutrino flux can be tested in the future. Searches for ultrahigh-energy neutrinos
in the EeV range will also be important to determine whether or not blazars are accelerators of
UHECRs.

Long GRBs and jetted TDEs are among the brightest X-ray and γ -ray transients in the Uni-
verse. Even though they are not dominant in the diffuse neutrino sky, they are still viable as the
main sources of UHECRs. Thus, further dedicated searches for neutrinos from GRBs and TDEs
are necessary.LongGRBs are potential sources of gravitational waves, andTDEs are also expected
to be intriguing gravitational wave emitters for the disruption of a white dwarf by an intermedi-
ate black hole. Coincidence searches with gravitational waves with next-generation gravitational-
wave detectors such as the Einstein Telescope and Cosmic Explorer (236, 237) will be crucial.We
also note that relativistic jets of GRBs and TDEs propagate in the interstellar material and that
UHECR acceleration may occur in the afterglow phase. For such neutrino afterglows, the typi-
cal energy of neutrinos is expected to be in the EeV range, and observations with next-generation
neutrino detectors, such as ARA (AskaryanRadio Array),ARIANNA [Antarctic Ross Ice-Shelf An-
tenna Neutrino Array, which may merge into the RNO (Radio Neutrino Observatory)], GRAND
(Giant Radio Array for Neutrino Detection), Trinity, and POEMMA (Probe Of Extreme Multi-
Messenger Astrophysics), will be important (238).

Recent surveys in the optical and IR bands have revealed the diversity of supernovae, and some
of these classes, such as superluminous supernovae and hypernovae, may share a similar type of
central engine with GRBs and even fast radio bursts.Understanding the connections among these
cosmic explosions will be important to reveal the mechanisms of jets and outflows, as well as the

500 Murase • Bartos

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

9.
69

:4
77

-5
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
ni

ve
rs

ity
 o

f F
lo

rid
a 

- S
m

at
he

rs
 L

ib
 - 

G
ai

ne
sv

ill
e 

on
 0

4/
01

/2
0.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



NS69CH17_Murase ARjats.cls October 9, 2019 20:34

roles of black holes and neutron stars. They are promising sources of gravitational waves, and
high-energy neutrinos and γ -rays will provide information about dense environments that can-
not be probed by visible light. These types of explosions might significantly contribute to the
diffuse neutrino flux, especially in the 10–100 TeV range. Not only stacking analyses but also
neutrino-triggered follow-up observations will be useful to test the models. Neutrino observa-
tions with a sufficiently good angular resolution of ∼0.1–0.2◦ will be necessary (43) and could
be achieved by KM3Net (10) and IceCube-Gen2 (239). Nearby supernovae, including the next
Galactic supernova, will also be interesting targets as multimessenger sources. They are undoubt-
edly promising sources of MeV neutrinos and gravitational waves. In addition, high-energy neu-
trinos from Type II supernovae are detectable, and more than 100 events may be detected for
the next Galactic event (124). In this sense, supernovae can be not only multimessenger but also
multienergy sources, and cosmic-ray ion acceleration may be observed in real time by neutrino
and γ -ray observations. Hyper-Kamiokande could observe not only MeV neutrinos but also GeV
neutrinos (240).

In the next decade, there will be many events of gravitational-wave signals from black hole
and/or neutron star mergers. Some short GRBs have extended and plateau emissions, so X-ray
observations will be important to understand the activities of the central engine. Regarding TeV
γ -ray searches, γ -ray monitors such as HAWC (High-Altitude Water Cherenkov Observatory)
and SGSO (SouthernGamma-Ray SurveyObservatory) (241) will enable the observation of bright
γ -ray emissions during the prompt and early afterglow phases, whereas CTA (Cherenkov Tele-
scope Array) (242) will play a role in deeper follow-up observations of gravitational-wave tran-
sients. Coincident detection of high-energy neutrinos and gravitational waves from neutron star
mergers may be challenging for the current IceCube but could be achieved with next-generation
neutrino detectors such as IceCube-Gen2.
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