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Abstract
The historical coincident detection of gravitational waves (GWs) and electromagnetic
(EM) counterparts from the binary neutron star merger event GW 170817 heralds a
new era in multi-messenger astronomy. At the same time, since the first discovery of
the high-energy astrophysical neutrinos in 2012 by IceCube, neutrino astrophysics has
made significant progress and has started playing an increasingly important role in
multi-messenger analyses. We are currently in the stage where we can probe the nature of
the extreme astrophysical phenomena with the synergies between EM photons, neutrinos,
GWs, and cosmic rays.

In this dissertation, I start with an overview of the development of multi-messenger
astrophysics and its application to astrophysical mergers. I will present our work on the
cumulative diffuse neutrino background from galaxy/cluster mergers and show that our
scenario can explain the diffuse neutrino flux without violating the extragalactic γ-ray
background constraints (chapter 2). We further demonstrate that the synchrotron and
inverse Compton emissions produced by secondary electrons/positrons are consistent with
the radio and X-ray observations of merging galaxies such as NGC 660 and NGC 3256
(chapter 3). In chapters 4 & 5, we focus on the jet-induced neutrino and EM counterparts
from supermassive black hole (SMBH) mergers subsequent to GW radiation and discuss
the detection perspectives for the ongoing and next-generation neutrino, optical, and
GW missions. The short γ-ray bursts, which are generally thought to arise from compact
binary object (CBO) mergers, could be promising candidates for multi-messenger studies.
We then consider a special scenario where short GRBs are embedded in disks of active
galactic nuclei (AGN) and investigate their GeV signatures in chapter 6.

In a separate effort, we study the stacking and multiplet constraints on the blazar
contribution to the cumulative diffuse neutrino flux, assuming a generic relationship
between neutrino and γ-ray luminosities (chapter 7). We show that these two limits
are complementary, and our results support the argument that blazars are disfavored as
the dominant sources of the 100-TeV neutrino background. This work provides rather
general and stringent constraints for future studies of blazar neutrinos.
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Chapter 1 |
Introduction

1.1 The Multi-Messenger Astrophysics
Our understanding of the Universe has been continuously updated with the emergence
of new techniques of astronomical observations. Since the time of Galileo, we have
accumulated knowledge of the astronomical object and the Universe itself based on the
information carried by visible light. Multi-wavelength astronomy was established and
developed during the last few decades as the advancing radio, infrared, ultra-violet,
optical, X-ray, and γ-ray telescopes were built. In contrast to the long-standing use
of the first messenger produced by the electromagnetic (EM) force, the astrophysical
applications of messengers such as cosmic rays (CRs), neutrinos, and gravitational waves
(GWs), were realized after the mid-20th century. Currently, we are able to combine
the unique properties of two or more of these messengers to explore the physics of
astrophysical phenomena from different perspectives.

1.1.1 Electromagnetic (EM) Photons

Extensive multi-wavelength studies of the EM emissions from gamma-ray bursts (GRBs),
tidal disruption events (TDEs), supernovae, active galactic nuclei (AGNs), and galaxies
had provided valuable information to construct the theoretical models before the CRs,
neutrinos, and GWs were used for astrophysical observations. From radio (∼GHz)
to γ-ray bands (<1 TeV), the telescopes and observatories, such as the Very-Large
Array (VLA), Atacama Large Millimeter/submillimeter Array (ALMA), Hubble Space
Telescope (HST), James Webb Space Telescope (JWST), Chandra X-ray Observatory,
Swift Telescope, and the Fermi Space Telescope, can typically achieve decent angular
resolution and flux sensitivities, which leads to the expanding samples of the sources
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and increasingly precise models. In 2015, Fermi collaboration reported the spectrum
of the extragalactic gamma-ray background (EGB) between 100 MeV and ∼800 GeV
by summing the isotropic gamma-ray background (IGRB) intensity and the cumulative
intensity from resolved sources [1]. In the following text, we will show the power of
combining the EGB spectrum with diffuse neutrino observations in constraining the
redshift distributions and radiation mechanisms of cosmological sources.

In the higher energy range between 100 GeV and 100 TeV, the ground-based Imaging
Air Cherenkov Telescopes (IACTs), e.g., Major Atmospheric Gamma Imaging Cherenkov
Telescopes (MAGIC), High Energy Stereoscopic System (HESS), Very Energetic Radiation
Imaging Telescope Array System (VERITAS), and the High-Altitude Water Cherenkov
Observatory (HAWC) [2] observe the luminous sources in the very-high-energy (VHE)
γ-ray bands by measuring particle and electromagnetic cascades in the atmosphere or
water tanks induced by the interactions between VHE γ-rays and the medium. The
detection of VHE γ rays of the two GRBs, GRB 190114C [3,4] and GRB 180720B [5],
broadens our view of relativistic jets and shocks, and demonstrates the great potential
of the VHE γ-ray astrophysics. In the future, with the deployment and operation of
the next-generation detectors such as the Cherenkov Telescope Array (CTA) [6] and
the water Cherenkov detector array in the Large High Altitude Air Shower Observatory
(LHAASO-WCDA) [7], we expect to see more distant γ-ray sources at TeV-PeV γ-ray
energies due to their very wide energy ranges and excellent angular resolution and
sensitivities (see Fig. 1.1).

From the multi-messenger point of view, contemporaneous multi-wavelength observa-
tions by different types of telescopes would be indispensable to distribute the alert to
non-EM detectors and follow up the detections using other messengers. In practice, the
telescopes with a large field of view (FOV), e.g., the Square Kilometer Array (SKA),
Large Spectroscopic Survey Telescope (LSST) [8], Swift, Fermi, and the Space Variable
Object Monitor (SVOM) [9], can quickly localize the position of the target. After that,
we can use the putative positional information from the initial follow-up imaging to guide
the observation of narrower FOV telescopes. The Zwicky Transient Facility (ZTF) [10]
will play an important role in generating real-time alerts for transients in optical bands
and determining the significance of multi-messenger follow-ups.

1.1.2 Cosmic Rays (CRs)

In the early 20th century, Victor Hess first discovered the CRs in his ballon experiment
by determining that the radiation intensity increases with altitude. Over the past few
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Figure 1.1. Differential sensitivities for CTA (50 hours), MAGIC (50 hours), VERITAS (50
hours), HESS (50 hours), HAWC (5 years), LHAASO (1 year), SWGO (5 years), and Fermi
Large Area Telescope (Fermi-LAT), to obtain 5σ detection of a point-like source.

Figure 1.2. All particle CR energy spectrum (multiplied by E2.6) from air shower measurements
[11]. See the text for a detailed description.
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decades, the spectrum of CRs has been measured up to the EeV (1021 eV) range. However,
its origin is presently unclear.

CRs are charged relativistic particles that can be described by a broken power-law
over more than twelve orders of magnitude starting from ∼ GeV (semi-relativistic) to
multi-EeV (ultra-high-energy). Fig. 1.2 shows the differential energy spectrum of all-
composite CRs multiplied by E2.6 to display the changes in the spectral index. Below
the knee (∼ 1015 eV), the observed spectrum E−2.6 is consistent with the superposition
of the diffusion coefficient D(E) ∝ Eδ in the Milky Way, and the injected spectrum
E−2 predicted by diffuse shock acceleration (also known as Fermi acceleration) [12]. It
is generally believed that the galactic supernova remnants (SNR) dominate the CR
injections in this energy range [13]. Between ∼ 1015 eV and ∼ 1018 eV (the “ankle”), the
spectral index changes to −3.0, e.g., F (E) ∝ E−3.0. Such a steepening might be caused
by either a change of the diffusion regime or the cut-offs of the individual elements of
the galactic component [11, 14, 15]. Above the ankle, the magnetic field in the Milky
Way cannot trap these ultra-high-energy CRs (UHECRs), implying an extragalactic
origin. The strong steepening at ∼ 6 × 1019 eV measured by the Pierre Auger cosmic
ray observatory (Auger) [16] confirms the so-called GZK cut-off (named after Greisen,
Zatsepin, and Kuz’min) [17,18] caused by the interactions between UHECRs and cosmic
microwave background photons. Considering the time delay (∆t ∼ 104 − 105 years)
and the deflections (∆θ ∼ several× 1◦) while diffusing/propagating in the galactic and
extragalactic magnetic fields, it would be very challenging to correlate the detected CRs
to their sources.

The physical conditions of UHECR accelerators are stringently constrained: they
should either have very strong magnetic fields or be very large. Given the typical turbulent
magnetic field strength B and the size 1 of the accelerator R, we estimate the theoretical
maximum energy of CRs [19]

Ecr,max . ZeBR, (1.1)

where Z is the atomic number of accelerated particles. Specifying the CR energy,
candidates that satisfy this requirement (for protons) are shown in Fig. 1.3 (the famous
Hillas plot). The binary neutron stars, AGN jets, blazars, GRBs, and galaxy clusters can
be promising UHECR sources. Since the high-energy astrophysical neutrinos are tightly
associated with CRs, these UHECR accelerators are also regarded as important neutrino
emitters.

1For the relativistic jet with Lorentz factor Γ, R = Γ× comoving size
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Figure 1.3. Source candidates that satisfy the Hillas criteria in the B-R plane. The dashed
lines correspond to the CR energies Ecr,max=1014.5 eV (knee), 1018.5 eV (ankle), and 1019.6 eV
(GZK).

1.1.3 High-Energy Astrophysical Neutrinos

Neutrinos were originally introduced by Pauli to particle physics to explain the continuous
energy distribution in β decay experiment. They are natural particles that have a finite
but very small rest mass, e.g., mν < 0.8 eV/c2 at 90% confidence level from the latest
direct neutrino-mass measurement [20]. Moreover, neutrinos only participate in weak
interactions and can easily penetrate dense environments without significant attenuation.
For PeV neutrinos, the interaction cross section with nucleons is σνN ∼ 10−33 cm2, which
is one hundred million times smaller than the Thomson cross section that measures the
scattering between EM radiation and free charged particles. With this property, we
can use astrophysical neutrinos as probes to study the innermost and densest regions of
astronomical objects where photons cannot escape. On the other hand, we need to build
very large detectors to capture these elusive particles.

Neutrino astrophysics has made substantial progress since the IceCube Neutrino
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Figure 1.4. Schematic picture of the IceCube Observatory. IceCube is a cubic-kilometer
detector located at the Antarctic. It consists of 5160 digital optical modules attached on
86 vertical strings. The detector measures the Cherenkov light from the secondary particles
induced by the high-energy neutrinos.

Observatory in Antarctic [21, 22] (hereafter, IceCube) was completed. When a high-
energy neutrino enters the detector, the neutrino will interact with the ice and produce
secondary particles that travel through the detector at speeds close to c. In this process,
Cherenkov light would be emitted and detected by the digital optical modules attached
to the vertical strings (see Fig. 1.4). We can then reconstruct the energy and arriving
direction of the incoming neutrino using Cherenkov light patterns.

During the last half-decade, scores of high-energy (HE) astrophysical neutrinos with
energies between ∼ 10 TeV and a few PeV have been detected by IceCube, and the
number keeps growing [23–26]. The arrival directions of these neutrinos are compatible
with an isotropic distribution even in the 10−100 TeV range, suggesting that a large part
of these diffuse neutrinos come from extragalactic sources. Non-observation of diffuse
Galactic γ-rays from the Galactic plane and other extended regions independently suggest
that the Galactic contribution (e.g., by Fermi bubbles or local supernova remnants) is
unlikely to be dominant [27–30]. However, despite extensive efforts, the physical nature
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of the sources of the diffuse neutrinos still remains in dispute. Possible candidates include
gamma-ray bursts (GRBs) [31–37], low-power GRBs [38–44], radio-loud active galactic
nuclei (AGNs) [45–53], radio-quiet/low-luminosity AGNs [54–57], and AGNs embedded
in galaxy clusters and groups2.

It is generally accepted that the bulk of astrophysical neutrinos are generated by
charged pion (π±) decays, and that these pions are the secondaries from cosmic ray (CR)
particles undergoing hadronuclear (pp) or photohadronic (pγ) interactions between the
CRs and ambient target gas nuclei or photons. Meanwhile, these collisions also lead
unavoidably to neutral pions (π0) as well, which subsequently decay into a pair of γ-rays.
The relevant interactions can be written as

p+ p→p+ π± + π0 + ...

p+ γ →n+ π± + π0 + ...

π+ →µ+ + νµ

µ+ → e+ + νe + ν̄µ

π− →µ− + ν̄µ

µ− → e− + ν̄e + νµ

π0 →γ + γ

n→p+ e− + ν̄e.

(1.2)

Hence, the diffuse neutrino flux is expected to have an intimate connection with the
diffuse CR and γ-ray backgrounds, and multi-messenger analyses need to be applied to
constrain the origin of these diffuse high-energy cosmic particle fluxes [58–60].

1.1.4 Gravitational Waves (GWs)

GWs, the ripples of spacetime, are predicted by general relativity when the system
generates a time-changing mass quadrupole moment. We expect the source to be
massive and fast-accelerating to produce a detectable GW. The merging compact objects,
including black holes and neutron stars, are the primary sources for the ground-based
GW detectors that are sensitive in the high-frequency band, e.g., 10 Hz to 104 Hz.
Experiments dedicated to the detection of GWs date back to the middle of the last
century. In 2015, the first direct detection of GWs from a stellar-mass binary black
hole (BH-BH) merger, GW150914 [61], by the Laser Interferometric Gravitational Wave

2Groups of galaxies are smaller clusters, numbering from a few to dozens of galaxies.
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Figure 1.5. GW frequency bands of various source populations, ranging from 10−9 Hz to 104

Hz [62]. GW telescope classes are shown below the frequency spectrum.

Observatory (LIGO), not only tested the general relativity but also opened a new window
to explore the Universe. Since then, the zoo of compact binary object (CBO) mergers,
including BH-BH mergers, black hole - neutron star (BH-NS) mergers, and binary
neutron star (NS-NS) mergers, keeps expanding in the observation runs of LIGO and
Virgo interferometer (VIRGO). The LIGO-VIRGO observations of CBO mergers allow
us to study the dynamics of compact binary systems in their last second before the
coalescence and have profound implications to the physics of GRBs and kilonovae.

Fig. 1.5 depicts the GW frequency bands of various source populations, ranging from
10−9 Hz to 104 Hz. The corresponding telescope categories are also listed. Ground-based
interferometers such as LIGO, VIRGO, and future Japanese KAGRA will become the
main force for observing the high-frequency GWs from ∼ 10 Hz to 104 Hz produced
by CBO mergers and potentially the core-collapse supernovae. The upgrades to the
current LIGO [63] and VIRGO, together with the involvement of future KAGRA and the
LIGO-India interferometer, would significantly improve the ability of the LIGO-VIRGO-
KAGRA network to detect and locate the GW events. The arm lengths of the current
and future ground-based interferometers are typically multi-kilometers. The much longer
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Figure 1.6. A schematic demonstration of the propagation of astrophysical messengers
(high-energy γ-rays, neutrinos, GWs, and CRs) after leaving the source.

arms are needed if we want to “sense” the low-frequency GWs. The next-generation
space-based missions, such as the Laser Interferometer Space Antenna (LISA) [64], will
play a leading role in detecting the low-frequency GW signals, e.g., 10−4 Hz - 1 Hz,
benefiting from the larger separation (∼ 2.5× 109 m) between each satellite. The massive
and supermassive black hole (SMBH) mergers in the mass range 103 − 107 M� are the
dominant sources in this frequency band. Unlike the laser interferometer GW detectors
mentioned before, the pulsar timing array works with the radio pulse from an array
of millisecond pulsars that are ∼ few × 0.1 kpc away from the Earth. Using PTA, we
can explore the extremely low frequency (10−9 Hz− 10−6 Hz) GWs from 107 − 1010 M�

SMBH coalescences [65].

1.1.5 The Physical Picture of Multi-Messenger Astrophysics

The joint study of different messengers (EM photons, neutrinos, GWs, and perhaps CRs)
can provide a holistic view of the physical processes and configurations of the sources.
Fig. 1.6 schematically demonstrates how the messengers may propagate and what kind
of interactions they may undergo before reaching the Earth. The high-energy γ rays
can annihilate with other lower energy background photons, such as those from the
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extragalactic background light (EBL) and the cosmic microwave background (CMB). As
a result, the γ rays from distant sources, e.g., z & 0.1, with energy Eγ & 100 GeV will
be significantly attenuated. During the propagation, the UHECRs will be deflected by
galactic and extragalactic magnetic fields. The GZK cut-off also limits the maximum
energy of the detected CRs. On the other hand, due to the weak scattering between
neutrinos/GWs and matter, we can observe the VHE astrophysical neutrinos and GWs
that point directly back to their sources.

1.2 Astrophysical Mergers in the Era of Multi-Messenger
Astrophysics
In this dissertation, we focus on three promising sources, including galaxy/cluster mergers,
SMBH mergers, and short GRBs formed by CBO mergers that are embedded in AGN
disks, for the joint detection with EM photons, neutrinos, and GWs. In this section, we
provide an overview of these astrophysical mergers and the motivation of our work.

1.2.1 Galaxy and Cluster Mergers

In the standard hierarchical galaxy formation scenario, galaxies form inside extended
dark matter halos. When dark matter halos merge, the galaxies in these halos also merge,
and the collision of the cold gas in the merging galaxies leads to shocks on a galactic
scale in the galactic interstellar medium (ISM) gas. Later in the process of cosmological
structure formation, at lower redshifts where galaxy groups and galaxy clusters have
started forming, mergers among the dark matter halos containing these groups and
clusters are also expected. These mergers are very energetic and result in shocks in the
intergalactic medium (IGM) gas of the participating groups/clusters. One vivid example
is the Bullet Cluster [66,67]. Both these galactic and group/cluster shocks can accelerate
CRs. The subsequent pp collisions between the shock-accelerated CRs and the thermal
atomic nuclei in the gaseous environment are the major mechanism that generates HE
neutrinos in these systems.

In chapter 2, we consider this scenario of both galactic scale shocks in the galactic
ISM and group/cluster scale shocks in the intergalactic gas across redshifts. Whereas in
a previous study [68] only galaxy mergers (mergers of two galaxies of approximately the
same size) at z ∼ 1 were considered, here take into account the redshift evolution of the
halo merger rate, and consider both galaxy and cluster mergers, including both major
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and minor mergers (the latter being those where the participating galaxies or clusters
have mass ratios ζ 6= 1). We calculate the CR productions in the corresponding shocks at
redshifts 0 ≤ z ≤ 10 and we find that high redshift (z & 1− 2) halo mergers contribute a
significant part of the observed diffuse HE neutrinos and γ-rays without violating the
non-blazar EGB constraint.

The pp interactions between accelerated CR and intergalactic medium can also
generate high-energy non-thermal electrons and positrons (see Eq. 1.2). With the
existence of galactic magnetic fields, these secondary particles can produce detectable
radio and X-ray emissions via synchrotron and synchrotron self-Compton (SSC) processes.
In chapter 3, we formulate a model which is capable of reproducing the radio and X-ray
observations of specific systems using synchrotron and synchrotron self-Compton (SSC) or
external inverse Compton (EIC) emissions from high-energy secondary electron-positron
pairs produced by the CR interactions in such systems. Here the EIC is caused by
scatterings with the cosmic microwave background (CMB), infrared/optical starlight
(SL) and extragalactic background light (EBL). We show that our scenario can explain
the observations of interacting galaxies, NGC 660 and NGC 3256. In addition, since the
radiation spectrum of the merging galaxies is determined by the dynamics of the galaxy
interactions and the resulting physical conditions, this enables us to provide constraints
on the galactic magnetic field B, shock velocity vs, galactic gas mass Mg, etc.

1.2.2 Supermassive Black Hole Mergers

Recent observations have provided increasing evidence that a large fraction of nearby
galaxies harbors supermassive black holes (SMBHs). One influential scenario for the
formation of these SMBHs is that they, like the galaxies, have grown their mass through
hierarchical mergers (e.g., Ref. [69]). SMBH mergers are ubiquitous across the history
of the Universe, especially at high redshifts where the minor galaxy mergers are more
frequent. When galaxies merge, the SMBHs residing in each galaxy may sink to the
center of the newly merged galaxy and subsequently form a SMBH binary [70,71]. The
SMBHs gradually approach each other as the gravitational radiation takes away the
angular momentum, which eventually leads to their coalescence, accompanied by a GW
burst. The GW burst from the final stage of coalescing can be detected by future missions
such as LISA [72], providing through this channel valuable and prompt information
about the merger rates, SMBH masses, and redshift. In addition, SMBH mergers are
usually associated with mass accretion activities and relativistic jets, which may lead to
detectable EM and neutrino emissions. For example, SMBH mergers may trigger AGN
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Figure 1.7. A snapshot of the density distribution of the circumbinary disk around the
binary SMBH system and the mini-disks around each SMBH. The simulation was performed
by Ref. [75].

activities [73]. In this picture, the merger of SMBHs will become an important target for
future multi-messenger astronomy (e.g., Ref. [74]).

Numerical simulations have demonstrated that SMBH mergers are typically accompa-
nied by a circumbinary disk around the binary system (see Fig. 1.7 from Ref. [75]) and
mini-disks surrounding each SMBH. The pre-merger circumnuclear material is thought to
form from disk winds driven by the inspiralling binary SMBHs, in which a post-merger jet
is launched, powered by the rotational energy of the remnant of the merger. In chapter
4, we present a concrete model for high-energy neutrino emission from four possible sites
in the relativistic jet of SMBH mergers, namely, the collimation shock (CS), internal
shock (IS), forward shock (FS), and reverse shock (RS). We show that month-to-year
high-energy neutrino emission from the post-merger jet after the gravitational wave
event is detectable by IceCube-Gen2 within approximately five to ten years of opera-
tion in optimistic cases where the cosmic-ray loading is sufficiently high and a mildly
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super-Eddington accretion is achieved.
In chapter 5, we study the EM emission produced in relativistic jets launched after

the coalescence of SMBHs. The physical picture is that the disk winds originating from
the circumbinary disk and mini-disks around each SMBH form a pre-merger wind bubble,
and jets powered by the Blandford-Znajek (BZ, [76]) mechanism are launched after the
merger. The jets push ahead inside the pre-merger disk wind material, resulting in the
formation of forward and reverse shocks. In the forward shock region, electrons are
accelerated to high energies with a power-law distribution as observed in afterglows of
gamma-ray bursts (GRBs) [77]. These particles then produce broadband non-thermal
EM emissions through synchrotron and synchrotron self-Compton (SSC) processes.

1.2.3 Compact Binary Mergers

The (stellar-mass) compact binary mergers, including NS-NS mergers, NS-BH mergers,
and BH-BH mergers, have attracted persistent interest in multi-messenger astrophysics
due to the unique signatures in EM and GW observations. The evolution channel of a
CBO depends on many factors. The two most prominent would be the mass distribution
in the binary system and the environment. Fig. 1.8 depicts the evolution and the fate of
a compact binary system. For instance, if the merger occurs in a gaseous environment, an
accretion disk can be formed, and the super-Eddington accretion activity of the remnant
would lead to a relativistic jet, which makes it a luminous γ-ray emitter. It is generally
believed that short GRBs result from compact binary object (CBO) mergers [78–83], such
as NS-NS mergers and potentially NS-BH mergers, whereas long GRBs are generated
during the death of massive stars [84–89].

In 2017, the coincident detection of gravitational waves (GWs) and the corresponding
electromagnetic counterpart from the binary neutron star merger GW170817, located in
the host galaxy NGC 4933, marked a triumph of multi-messenger astronomy [90–92]. The
spatial and temporal association between GW170817 and the γ-ray burst GRB 170817A
also consolidates the theory that CBO mergers are the origin of short GRBs. Extensive
efforts have shown that the broadband emission is consistent with a relativistic jet viewed
from an off-axis angle [92–102]. Moreover, Ref. [103] investigated the upscattered cocoon
emission as the source of the γ-ray counterpart. The long-lasting high-energy signatures
of the central engine left after the coalescence was studied in Ref. [104].

Alternatively, unlike in the case of GW170817, one can expect a sub-population of short
GRBs which occur in the accretion disks of AGNs. Studies of the CBO formation and
evolution in AGN disks demonstrate that hierarchical mergers of embedded binary black
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Figure 1.8. Evolution channels and fates of compact binary mergers including NS-NS mergers
(upper channel), NS-BH merger (middle channel), and BH-BH mergers (bottom channel).
Credit: Imre Bartos and Marek Kowalski [120].

hole systems are promising for reconstructing the parameters of LIGO/VIRGO detected
mergers [105–108]. These mergers can harden the black hole mass distribution [109–112]
as well. [113] pointed out that mergers involving neutron stars, such as GW190814 and
GW190425, could also arise in AGN disks. Recent progress on the optical counterpart to
GW190521 could support this [114], although the confirmation needs further observations
[115]. Ref. [116] systematically studied the electromagnetic signatures of both long
GRBs and short GRBs in AGN disks and discussed the conditions for shock breakout.
Refs. [117] and [118] focused more on the neutrino production of embedded explosions.
However, Ref. [119] showed that CBO environments are likely to be thin because of
outflows that are common in super-Eddington accretion.

In chapter 6, we study γ-ray emission from short GRBs that are embedded in AGN
disks. Inside the accretion disk, the embedded objects can migrate towards a migration
trap due to angular momentum exchange via the torques originating from the disk
density perturbations. At the migration trap, the gas torque changes sign, and an
equilibrium is achieved as the outwardly migrating objects meet inwardly migrating
objects. Numerical calculations show that compact binaries are typically formed near
the migration trap at distances around Rd ∼ 20 − 300RS to the central supermassive
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black hole (SMBH, [121]), where RS = 2GM?/c
2 is the Schwarzschild radius. Employing

one-dimensional N-body simulations, Ref. [111] obtained a more distant location for
typical mergers at ∼ 10−2−10−1 pc (∼ 103 − 104RS for a SMBH with massM? = 108M�).
We concentrate on the embedded GRBs with distances Rd ∼ 10− 103RS. We will show
that AGN disks would not influence the γ-ray emission if the CBO mergers happen
further outside in the disk. We also note that Rd = 10RS is an extreme case where
the population is stringently limited. The outflows from the binary systems with super-
Eddington accretion rates are expected to form a low-density cavity-like structure before
the merger occurs [119]. Within such a cavity, a successful GRB jet is likely to develop
since the ambient gas density is not sufficiently high to stall the jet, in contrast to the
choked-jet case discussed in Ref. [118]. Future multi-messenger analyses of AGN short
GRBs can provide unprecedented insights for understanding the formation and evolution
of CBOs inside the AGN disks as well as the origin of their high-energy emission.

Constraints on Blazar Neutrinos

Blazars, including flat-spectrum radio quasars (FSRQs) and BL Lac objects, form a
subclass of AGNs. They typically exhibit on-axis relativistic jets and dominant brightness
in the γ-ray sky. Recently, the IceCube collaboration announced the spatial and temporal
coincidence between a muon track neutrino event IceCube-170922A and a blazar TXS
0506+056 [122] at the significance ∼ 3σ. Intuitively, if this association is physical, the
intimate link between this IceCube neutrino event and the blazar may favor blazars as
the main sources of the cumulative neutrino flux, but this is not the case [123].

The maximum likelihood stacking searches for cumulative neutrino flux from the
second Fermi-LAT AGN catalog (2LAC) as well as the point-source searches using
the IceCube muon track events and blazars in Fermi-LAT 3LAC have independently
shown that Fermi-LAT-resolved blazars only contribute a small portion of the IceCube
cumulative neutrino flux [124–126] and the hadronic models of blazar activity are strongly
constrained [127], if the specific correlation Lν ∝ Lph is assumed as a prior. [128] evaluated
the contribution of unresolved sources and showed that the blazar contribution to the
cumulative neutrino flux is constrained unless one makes an ad hoc assumption that
lower-luminosity blazars entrain a larger amount of CRs.

In addition to the stacking analysis, the absence of clustering in high-energy neutrino
events, i.e., neutrino multiplets and auto-correlation, can also provide relevant constraints
on various classes of proposed sources as the dominant origin of the cumulative neutrino
flux [129–134]. The constraints are sensitive to the redshift evolution of the sources, which
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are especially powerful for weakly or non-evolving sources such as BL Lac objects [123,129].
But the limits are weaker for rapidly evolving sources such as FSRQs, which could
significantly alleviate the constraints, as remarked by Ref. [123]. Ref. [135] studied the
constraints on evolving blazar populations and confirmed that fast-evolving sources (e.g.,
ξz = 5.0) might indeed relax the neutrino multiplet limits.

In a separate effort, we study the stacking and multiplet constraints on the blazar
contribution to the diffuse neutrino background in chapter 7. We consider the “joint”
implications of these independent analyses for the global blazar population and extend
the constraints to a common case where a generic relationship between neutrino and
γ-ray luminosities, e.g., Lν ∝ (Lph)γlw , is presumed, which is more general than what
has been previously considered in such analyses. We treat γlw as a free parameter and
attempt to reveal the γlw-dependence of the upper limits on all-blazar contributions. Our
results show that these two limits are complementary and support the argument that
blazars are disfavored as the dominant sources of the 100-TeV neutrino background. This
work provides rather general constraints for future studies of blazar neutrinos.
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Chapter 2 |
Cumulative Neutrino and γ-Ray
Backgrounds from Galaxy and Clus-
ter Mergers

Note: The material in this Chapter is based on my paper [136], with co-authors Peter
Mészáros, Kohta Murase, and Donghui Jeong.

2.1 Introduction
Neutrino astrophysics has made substantial progress since the IceCube Neutrino Ob-
servatory in Antarctic [21, 22] was completed. During the last half decade, scores of
high-energy (HE) astrophysical neutrinos with energies between ∼ 10 TeV and a few
PeV have been detected by IceCube, and the number keeps growing [23–26]. The arrival
directions of these neutrinos are compatible with an isotropic distribution even in the
10− 100 TeV range, suggesting that a large part of these diffuse neutrinos come from
extragalactic sources. Non-observation of diffuse Galactic γ-rays from the Galactic plane
and other extended regions independently suggest that the Galactic contribution (e.g., by
Fermi bubbles or local supernova remnants) is unlikely to be dominant [27–30]. However,
despite extensive efforts, the physical nature of the sources of the diffuse neutrinos still
remains in dispute. Possible candidates include gamma-ray bursts (GRBs) [31–37], low-
power GRBs [38–44], radio-loud active galactic nuclei (AGNs) [45–53], radio-quiet/low-
luminosity AGNs [54–57], and AGNs embedded in galaxy clusters and groups1. It is
generally accepted that the bulk of astrophysical neutrinos are generated by charged pion

1Groups of galaxies are smaller clusters, numbering from a few to dozens of galaxies.
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(π±) decays, and that these pions are the secondaries from cosmic ray (CR) particles
undergoing hadronuclear (pp) or photohadronic (pγ) interactions between the CRs and
ambient target gas nuclei or photons. Meanwhile, these collisions also lead unavoidably
to neutral pions (π0) as well, which subsequently decay into a pair of γ-rays. Hence, the
diffuse neutrino flux is expected to have an intimate connection with the diffuse CR and
γ-ray backgrounds, and multi-messenger analyses need to be applied to constrain the
origin of these diffuse high-energy cosmic particle fluxes [58–60].

Galaxy clusters and groups have been considered as promising candidate sources of
IceCube’s neutrinos, and CR accelerators can be not only AGNs but also intragalactic
sources, accretion shocks, and mergers of clusters and groups [137,138]. Star-forming and
starburst galaxies (SFGs & SBGs, respectively) have also been suggested as promising
candidates for HE neutrino sources [58,139–145]. In particular, starburst galaxies have
dense gaseous environments and have been of interest as efficient CR reservoirs. Previous
studies have assumed not only supernova and hypernova remnants (SNRs & HNRs,
respectively) but also galaxy mergers, disk-driven outflows and possible weak jets from
AGNs as CR accelerators embedded in the star-forming galaxies [58, 68, 140, 144–146].
Hypernovae (HNe) are a subclass of Type Ib/c supernovae (SNe), essentially a hyper-
energetic version of Ib/c SNe. The typical ejecta energy of HNe is 1052 erg, which is
one order of magnitude larger than for SNe. Like SNRs, a hypernova remnant (HNR)
leads to an extended structure that results from a hypernova explosion. In any case, an
important constraint on such models is provided by the extragalactic γ-ray background
(EGB) in the 100 MeV− 820 GeV range, derived from the observation by the Fermi-LAT
satellite [1]. Recent studies of the blazar flux distribution at γ-ray energies above 50 GeV
indicate that blazars account for 86+16

−14% of the total EGB flux [147]. This provides a
strong constraint, namely, only a fraction . 30%, with a best fit of 14%, can be ascribed
to any remaining non-blazar component of the EGB [148].

With this constraint, the SBG scenario is apparently disfavored as the dominant origin
of IceCube neutrinos [60]. However, so far, this conclusion depends on the interpretation
of the medium-energy neutrino data in the 10 − 100 TeV range. For example, the
cumulative neutrino background may consist of two components, in which the high-
energy data above ∼ 100 TeV can be explained by the SBGs. On the other hand, the
10 − 100 TeV component motivates CR accelerators that are “dark” in γ-rays [59] to
satisfy multi-messenger constraints. The γ-rays may be attenuated inside their sources,
or they might be absorbed during the propagation. Possible candidates include choked-jet
GRBs or high-redshift sources such as Pop-III HNRs embedded in starbursts [149].
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In this paper, we focus on halo mergers as an origin of HE neutrinos. In the standard
hierarchical galaxy formation scenario, galaxies form inside extended dark matter halos.
When dark matter halos merge, the galaxies in these halos also merge, and the collision
of the cold gas in the merging galaxies leads to shocks on a galactic scale in the galactic
interstellar medium (ISM) gas. Later in the process of cosmological structure formation,
at lower redshifts where galaxy groups and galaxy clusters have started forming, mergers
among the dark matter halos containing these groups and clusters are also expected,
These mergers are very energetic and result in shocks in the intergalactic medium (IGM)
gas of the participating groups/clusters. One vivid example is the Bullet Cluster [66, 67].
Both these galactic and group/cluster shocks can accelerate CRs. The subsequent pp
collisions between the shock-accelerated CRs and the thermal atomic nuclei in the gaseous
environment is the major mechanism that generates HE neutrinos in these systems.

Here, we consider this scenario of both galactic scale shocks in the galactic ISM
and group/cluster scale shocks in the intergalactic gas across redshifts. Whereas in a
previous study [68] only galaxy mergers (mergers of two galaxies of approximately the
same size) at z ∼ 1 were considered, here take into account the redshift evolution of the
halo merger rate, and consider both galaxy and cluster mergers, including both major
and minor mergers (the latter being those where the participating galaxies or clusters
have mass ratios ζ 6= 1). We calculate the CR productions in the corresponding shocks at
redshifts 0 ≤ z ≤ 10 and we find that high redshift (z & 1− 2) halo mergers contribute a
significant part of the observed diffuse HE neutrinos and γ-rays.

This paper is organized as follows. In Sec. 2.2, we introduce the halo mass function
and the halo distribution that is used in the following sections. The merger rate and the
CR energy input rate are given in Sec. 2.3. In Sec. 2.4 we discuss the redshift dependence
of the CR maximum energies and the neutrino product efficiency, and we present the
resulting neutrino and the γ-ray spectra in Sec. 2.5. The results and implications are
discussed in Sec. 2.6. We summarize our results in Sec. 2.7. Throughout, we assume a
standard flat-ΛCDM universe with present-day density parameter Ωm,0 = 0.3 and Hubble
parameter H0 = 71.9 km s−1 Mpc−1 [150].

2.2 Halo Mass Function
Using the formalism of Ref. [152], the halo mass function, the number of dark matter
halos per unit comoving volume contained within the logarithmic mass interval d lnM ,
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Figure 2.1. Dark matter halo mass function dN/d lnM at z = 0, 1, 2, 3, 4, 5. Here, we use the
fitting formula from Ref. [151].

is given by
dN

dlnM = ρ̄

M
f(ν)dlnσ−1

M

dlnM , (2.1)

with the background matter density ρ̄ = Ωm,0ρcr where ρcr = (3H2/8πG) is the critical
density, and the variance σM of the linear density contrast δ ≡ (∆ρ/ρ̄) is smoothed over
the scale R =

(
3M
4πρ̄

)1/3
:

σ2
M =

∫ k2dk

2π2 P (k)|Ŵ (kR)|2 . (2.2)

Here, P (k) is the linear matter power spectrum we calculate following Ref. [153], and
Ŵ (kR) = 3j1(kR)/kR for a top-hat filtering function. The significance ν = δc/σM

is related to the linear critical density δc above which virialized halos can form2. In
the spherical collapse model, for example, a spherical region of radius R collapses and
virializes at redshift z when the smoothed linear overdensity δR(r, z) exceeds δc,0 ≈ 1.686.
In the flat ΛCDM Universe, the linear growth factor, the time evolution of the linear

2In some references, e.g. in Ref. [151], ν = (δc/σM )2 is used instead of our definition here.
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density contrast, is given by

D(z) = δc(z)
δc,0

∝ 5
2Ωm,0

√
Ωm,0(1 + z)3 + 1− Ωm,0

×
∫ ∞
z

1 + z′

[Ωm,0(1 + z′)3 + 1− Ωm,0]3/2
dz′.

(2.3)

We normalize D(z) to be unity at z = 0.
For the multiplicity function f(ν), we adapt the Sheth-Tormen [151] fitting formula,

expressed in the form

fS−T (ν) = A

√
2a
π

[
1 + (ν2a)−p

]
ν exp

[
−aν

2

2

]
, (2.4)

with parameters A = 0.3222, a = 0.707, and p = 0.3 that provide the the best fit to
numerical N-body simulations [154–156]. We show the resulting mass function dN

dlnM for
redshifts between z = 0 and z = 5 in Fig. 2.1. Our mass function slightly underestimates
that from the N-body simulations at high masses of & 1015 M�, but it does not affect
the main results of this paper. We shall use the mass functions in the following sections
to estimate the redshift evolutions of galactic radius, gas density and shock velocity.

2.3 Merger Rate and Cosmic-ray Luminosity Density
In this section, we calculate the CR input rate due to galaxy and halo mergers by
using the halo mass function we have obtained in Sec. 2.2, and we estimate the energy
converted into CRs from shocks in the gas component of the merging halos as follows.

There are three time scales characterizing the CR acceleration due to galactic halo
mergers: the age of the Universe tage, the halo merger time tmerger which corresponds to
the average time required to undergo one merger, and the CR injection time (that is the
shock-crossing time) tdyn, which are, for a merger that happens at redshift z, given by

tage =
∫ ∞
z

∣∣∣∣∣ dtdz′
∣∣∣∣∣ dz′

tmerger =
[∫

dζ
dNm

dzdζ

∣∣∣∣∣dzdt
∣∣∣∣∣
]−1

tdyn = λ
Rg(z)
vs(z) .

(2.5)
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Here, |dt/dz| = 1/[(1 + z)H(z)], dNm/dzdζ is the dimensionless merger rate per redshift
interval dz and per unit halo mass ratio ζ [157, 158], Rg(z) is the mean galaxy radius,
and λ ∼ 1 parametrizes the orientation and geometrical uncertainty of the galaxy merger.
With these time scales, the probability that a halo with mass M experiences merger
within the age of the universe is given by P (M, z) = exp(−tmerger/tage). Hence, assuming
that the CRs are mainly protons, the comoving CR energy input rate per the logarithm
of the CR energy εp is

εpQεp(z) = Emerger

tageC
=εpC−1

∫ Mmax

Mmin
dM[1

2ξg(M, z)Mv2
s

]
dN

dM

P (M, z)
tage

,

(2.6)

where ξg(Mh, z) = Mgas/Mh is the mass fraction in gas form, εp is the CR energy fraction
(nominally taken as 0.1) and C = ln(εmax

p /εmin
p ) is the normalization factor for a standard

flat CR spectrum N(εp) ∝ ε−2
p . For z ∼ 1, the typical maximum energy, εmax

p , is ∼ 1017

eV and C ' 18.4 [68]. However, εmax
p varies with redshift, as we discuss in the next

section.

2.3.1 Gas Fraction ξg(M, z)

The gas-mass fraction ξg of dark matter halos depends on the star formation rate (SFR)
and on the stellar mass M∗ = χ∗(Mh, z)Mh. Here, we obtain χ∗ = M∗/Mh from the
M∗(Mh) function inferred from observations by Ref. [159]3. We also use the gas fraction
in normal galaxy fg = Mgas/(Mgas + M∗)4 measured in Ref. [160]. Combining the
two observational results, we have constructed the redshift evolution of the gas-mass
fraction in dark matter halos. That is, the gas-mass fraction ξg is related to fg through
ξevo
g = Mgas/Mh = χ∗fg

1−fg , and using Eq. (26) in Ref. [160], we find that

ξevo
g = χ∗

fg
1− fg

= χ∗
K

M1−β′
∗

sSFRβ′ (2.7)

where K = 10αSFR is a constant and the quantity sSFR (specific star formation rate)
is the star formation rate per unit galaxy stellar mass. For the gas fraction in normal

3In Ref. [159], the M∗−Mh relation from z = 0−8 is parameterized by equation (3). Here, we extend
the domain of that function to z = 10 considering that the uncertainty from high-redshift contributions
is small.

4In Ref. [160], the gas fraction is written as fmol instead.
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galaxies we use the parameters (αSFR, β
′) = (9.22± 0.02, 0.81± 0.03), together with the

expression for sSFR given in the appendix of Ref. [160]. In Fig. 2.2 (see red curves), we
show the redshift evolution of the mean gas-mass fraction,

〈ξevo
g 〉 =

∫
ξevo
g

dN
dM
dM∫ dN

dM
dM

, (2.8)

as well as the constant gas fraction, ξg = 0.05.
In our calculation, we take the lower and upper limit of the integration in Eq. (2.6)

as Mmin = 1010 M� and Mmax = 1015 M�, respectively. There are two main reasons
to choose the lower bound 1010 M�. First, considering the applicability of the M∗(Mh)
relation from Ref. [159] and the gas fraction function (Eq. 2.7), it is safe to truncate
the halo mass at Mh ∼ 1010 M�. Typically, dwarf galaxies reside in halos with mass
less than 1010 M� and we only have the constraints from observations at z ' 0. In our
model, we consider the contribution from galaxy mergers up to the redshift z = 10 where
the M∗(Mh) function is not well tested for the lower halo masses. Also, the gas fraction
function (Eq. 2.7) is modeled from (normal) star-forming galaxies [160] and may not
be valid for dwarf galaxies. Second, we estimate the low-mass halo contribution to CR
luminosity density by extending the lower bound to 108 M� and found that the the
contribution from 108 − 1010 M� halos is . 10% of the total luminosity density in the
low redshift (z . 3), which implies that the conclusion of this paper does not depend
sensitively on the mass range.

2.3.2 Shock Velocity vs
In the hierarchical clustering of large-scale structure scenario, the galactic-size halos
are contained inside larger cluster-size halos. The peculiar velocities of the galactic-size
halos are, therefore, of order of the virial velocity of the cluster-sized halo. Here, we
approximate the shock velocity of the galaxy merger from the pairwise velocity dispersion
projected along the line of approach of two galaxies. For galaxies with a luminosity
L ≈ L∗ (where L∗ is the characteristic luminosity), Ref. [161] showed that the two-point
correlation function at r < 20h−1 Mpc can be approximated by a power law

ξ(r) =
(
r

r0

)γ
, (2.9)

where γ ≈ 1.7 and r0 ≈ 5h−1 Mpc is the correlation length, inside which galaxies are
strongly correlated. Combining the hierarchical form of the three-point correlation
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function of galaxies [162] and the cosmic virial theorem derived from the Layzer-Irvine
equation, the collision (or shock) velocity can be written as

vs =
√
σ̄2(r)

' σ0

(
r0

5h−1 Mpc

)γ/2 (
r

1h−1 Mpc

)−γ
km s−1. (2.10)

Given the average density of halos, we can estimate the average separation of galaxies
through

r =
(∫ dN

dM
dM

)−1/3

. (2.11)

For our calculation it is necessary to consider the redshift dependance of the correlation
function ξ(r) in the nonlinear regime. As a useful approximation, we adopt the stable
clustering (SC) hypothesis [163, 164], in which only the size (or separation between
structures) of the clusters changes in time while the internal density structure of clusters
stays intact. This leads to ξ(r, z) ∝ (1 + z)γ−3 and r0 ∝ (1 + z)−(3−γ)/γ. Note that we
only need the evolution of the nonlinear scale r0, which is defined by ξ(r0, z) = 1. A
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more accurate treatment [165] describes the evolution of ξ(r, z) from the linear to the
nonlinear regime, and this treatment was generalized by Ref. [166] and by Ref. [167]
using another formula for the nonlinear function. This generalized method gives ξ(r, z)
in the quasilinear regime and confirms that ξ(r, z) ∝ (1 + z)γ−3 is valid in the nonlinear
limit as well. Therefore, in this paper, we use rSC

0 ∝ (1 + z)−(3−γ)/γ in Eq. (2.10) to
find the shock velocities. We show the redshift dependence of the shock velocity vs(z) in
Fig. 2.2 (see blue curves).

Note that, in our approximation of the shock velocity Eq. (2.10), the galaxy separation
r given by Eq. (2.11) is overestimated, since this latter equation takes an average of the
galaxies in a cosmological volume including clusters and voids. The mean separation of
the galaxies in clusters, therefore, must be smaller than the value that we have adopted
here, and this overestimate of r would give a slight underestimate of vs inside clusters. As
a possible way to correct for this, we note that redshift surveys give σ0 ∼ 500 [168–170]
as an average value for mergers in clusters. A qualitatively appropriate correction
for the cluster shock velocity may be obtained by scaling up σ0 in Eq. (2.10) from
the local average value, concluding that a realistic value of σ0 for clusters is in the
range 500 . σ0 . 600. In terms of rates, most galaxy mergers occur in the smaller
mass halos containing fewer galaxies, as opposed to large clusters. Considering the
observational and theoretical uncertainties, we expect that the values of σ0 lie in the
range of 100 . σ0 . 1000, and we take 300 . σ0 . 500 as fiducial values.

2.4 Neutrino and γ-Ray Production
Since in our model we need to consider the neutrino/γ-ray production rate up to
redshift z = 10, we introduce here the redshift evolution function of the gas density,
g(z) = n(z)/n(z = 0). To define this function we use the result that a sphere of gas will
collapse and virialize once its density exceeds the value 1.686D(z)−1ρc(z) [171]. The
mean density of the virialized gas is ∆cρc(z), where ρc(z) = 3H(z)2/(8πG), and an
approximation of ∆c(z) is ∆c ≈ 178Ω0.45

m [172], where Ωm = Ωm,0(1 + z)3/[Ωm,0(1 +
z)3 + 1− Ωm,0]. Since clusters are the largest virialized objects in the universe, we take
ρcl(z) = g(z)ncl,0mp ∝ ∆cρc(z), and we assume that galaxies, halos and clusters all share
a universal g(z),

g(z) = ∆cρc(z)
∆c,0ρc(0) = (1 + z)1.35[Ωm,0(1 + z)3 + 1− Ωm,0]0.55. (2.12)
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In the following sections, the relations ng(z) = g(z)ng,0, ncl(z) = g(z)ncl,0 will be used
for the post-shock magnetic field and pp optical depth.

2.4.1 Galaxy Mergers

The maximum energy of CRs accelerated in the merger shocks will also evolve with z due
to the redshift dependance of the typical galactic radius and magnetic field characterizing
the shocks. The magnetic field behind the shock in a galaxy merger is commonly
parametrized as a fraction of the ram pressure [68], B2

s/8π = 1
2εBngmpv

2
s ∝ ρv2

s . This
implies a magnetic field

Bs =
√

4πεBng,0mpg(z)v2
s

' 14 ε1/2B,−2n
1/2
g,0 g(z)1/2 ×

(
vs

300 km s−1

)
µG. (2.13)

The magnetic field in the disk region is expected to be higher than that in the halo region.
Although details depend on the geometry, for simplicity, we assume that a reasonably
strong magnetic field is expected over scales between the galaxy radius Rg and a gas
scale height hg, which is taken as the characteristic scale height h ∼ (3hgR

2
g/2)1/3 in this

work. Then, the maximum CR energy is estimated to be [173]

εmax
p ∼ 3

20eBsh
vs
c
' 1.3× 1016 eV

(
Bs

30 µG

)
×(

h
3 kpc

) (
vs

300 km s−1

)
. (2.14)

The CRs are advected to the far downstream, and produce neutrinos and γ-rays during
the advection. In reality, one needs to calculate neutrinos and γ-rays from the post-shock
region especially when the pp optical depth in the CR acceleration region is dominant.
The emissions occur during tdyn ∼ h/vs ' 9.8 Myr (h/3 kpc)(300 km s−1/vs). In this
work, for simplicity, we take the CR reservoir limit, in which the CRs mostly escape into
the ISM and the neutrino and γ-ray production mainly occurs in the ISM.

After the CRs are accelerated in the shock, they will propagate in the host galaxy
and cluster. In this process, neutrinos and γ-rays are generated from pions produced
in inelastic pp collisions. The meson production efficiency is 1 − exp(−fpp) where
fpp = cκppσppg(z)∑ni,0ti is the effective pp optical depth. In this expression, ni,0 is the
local gas density of the medium, e.g. galaxies and clusters, σpp = σpp(εp) is the pp cross
section given by Ref. [174], κpp = 0.5 is the inelasticity coefficient and g(z) (see Eq.
(2.12)) represents the redshift evolution of the gas density.

26



Let us consider galaxies that are merging at z. Inside the merged galaxy, f g
pp is

determined by the time spent by the CRs undergoing pp collisions, which depends on
the CR injection time and and the diffusion time in the medium. The dynamical time
is given by the third of Eq. (2.5), while the diffusion time is tdiff = h(z)2/(6Dg), where
h(z) is the effective gas size at z and Dg is the diffusion coefficient in the galactic
ISM gas. Here, we use a combined large and small angle diffusion expression as in
Ref. [144], D = Dc[(ε/εc,g)1/2 + (ε/εc,g)2], where Dc = crL(εc,g)/4 and εc,g is determined
from rL(εc,g) = lc/5. Here, rL and lc are the Larmor radius and coherence length in the
galaxy environment respectively. For local normal galaxies, the gas density in the disk is
ng,0 ∼ 1 cm−3, whereas the average density in the galactic halo is smaller, ng,0 ∼ 0.1 cm−3.
The magnetic field of local normal galaxies is ∼ 4 µG and that of star-forming galaxies
is ∼ 6 µG, respectively [175,176]. For the density and magnetic field of merging galaxies,
we take values higher than those of normal galaxies, since the galaxies may enter the
starburst phase during the merger. Specifically we adopt a mean value ng,0 = 1 cm−3.
Thus, we have

tdiff ' 3.2× 105 yr
(
h(z)
3 kpc

) [
(ε/εc,g)1/2 + (ε/εc,g)2

]−1
(2.15)

where
εc,g ' 1.7× 109 GeV

(
h(z)
3 kpc

)(
Bg

30 µG

)
. (2.16)

Calculations of the neutrino and γ-ray emission depend on details of the spatial
extension and time evolution of the shock region and its surrounding environment. The
latter is also modified by the shock, star-formation, and outflow. For simplicity, we
treat a double-galaxy merger system as one CR reservoir for the injection by the merger
shock, which is conservative since there should also be the emissions from the accelerator.
A similar treatment for neutrino sources with active accelerators is used in the galaxy
cluster model [137, 138]. Then, the effective pp optical depth is estimated to be f g

pp =
κppcg(z)ng,0σppmin[tdyn, tdiff ] ' 0.24 g(z)

(
ng,0

1 cm−3

) (
σpp

50 mb

) (min[tdyn,tdiff ]
10 Myr

)
in the merging

galaxy system. The ambient magnetic field energy may be taken to be a fraction of the
merging galaxy system’s virial energy, as B2

gR
3
g ∝ GM2

g/Rg, i.e. Bg ∝ ρgRg ∝ g(z)Rg(z).
The typical galactic radii evolve with redshift z, and considering the merger history of

galaxies, it is apparent that the mean radii of galaxies at z should be smaller than Rg,0/(1+
z), where Rg,0 ≈ 10 kpc is the radius of local Milky Way-like galaxies. Ref. [177] studied
the redshift evolution of the galaxy effective radius re using Hubble Space Telescope
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(HST) samples of galaxies at z = 0 − 10, finding re ∝ (1 + z)−1.0 − (1 + z)−1.3 with
re ∝ (1 + z)−1.10±0.06 as a median. Hence, in this paper, we assume that the average
galaxy radius evolves with respect to z as Rg = Rg,0(1 + z)−1.10.

As for the scale height hg(z), based on the surface photometry analysis of edge-on
spiral galaxies, e.g. NGC 4565, it has been shown that the scale height of gas in local disk
galaxies is approximately hg,0 ≈ 300− 400 pc [178,179]. Later studies of NGC 891 [180],
NGC 5097 [181] etc. also agree with this estimate. Considering that a merger can lead to
entering a star-forming phase, we assume hg,0 = 500pc and we assume the same redshift
dependence as for Rg, e.g. hg(z) = (1 + z)−1.10hg,0. Then we take h = (3hgR

2
g/2)1/3.

2.4.2 Interactions in the Host Cluster and Cluster Mergers

After escaping the galaxy, the CRs may continue to collide with the gas of the host
cluster, where tdiff = Rcl(z)2/(6Dcl). Here, we assume a magnetic field Bcl,0 ≈ 1 µG

with a coherence length lc,cl ≈ 30 kpc. This implies εc,cl ≈ 5.6 × 109 GeV. For a
cluster of mass 1015 M�, the virial radius is Rcl,0 = (3M/(4πρcl,0))1/3 ≈ 2.1 Mpc.
Since Rcl is the approximate boundary of clustered/correlated galaxies, it should have
the same redshift dependence as rSC

0 . Using the stable clustering approximation, we
obtain Rcl ∝ (1 + z)−(3−γ)/γ . Similarly, we can calculate the diffusion time in clusters as
tdiff,cl = 1.2[(ε/εc,cl)1/2+(ε/εc,cl)2]−1 Gyr. Assuming that the injection time of CRs (tinj) at
redshift z is the cluster age (of order the Hubble time) tage(z), likewise we obtain the optical
depth f cl

pp = κppcg(z)ncl,0σppmin[tinj, tdiff,cl] ' 0.24 g(z)
(

ncl,0
10−3 cm−3

) (
σpp

50 mb

) (
min[tage,tdiff ]

10 Gyr

)
,

where ncl,0, the intercluster gas density, is assumed to have the typical value ncl,0 ∼
10−4 − 10−2 cm−3 [182], which can be higher in cooling core clusters. The magnetic field
may also depend on z as Bcl ∝ ρclRcl ∝ g(z)Rcl(z).

Halo mergers will also lead to galaxy group and galaxy cluster mergers, after some
halos have grown above a certain size which may be taken to be roughly of order
Mh ∼ 1013 M�. We simplify the calculations as follows. For low-mass mergers, we
expect that the pp interactions occur mainly in gas with an ISM density characteristic of
galaxies, while for high-mass mergers the pp interactions occur mainly in gas with an IGM
density characterizing the intra-cluster gas. In addition, there will be a component of pp
interactions due to low-mass merger CRs which escape from the colliding galaxy system
into the IGM. Thus, we expect that the all-flavor neutrino production rate consists of a
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galaxy part ενQ(g)
εν and a cluster/group part ενQ(cl)

εν plus a weaker galaxy-cluster term,

ενQ
(g)
εν =1

2(1− e−f
g
pp)εpQ(LM)

εp

ενQ
(cl)
εν =1

2[(1− e−fcl
pp)εpQ(HM)

εp

+ η(1− e−fcl
pp)e−f

g
ppεpQ

(LM)
εp ],

(2.17)

where the energies of the neutrinos and CR protons are related by εν ≈ 0.05εp. Note that
the luminosity density evolution of neutrinos and γ-rays is different from that of CRs in
general. In the first line of Eq. 2.17 εpQ(LM)

εp is the CR input rate (see Eq. 2.6) from galaxy
mergers in low-mass (LM) halos, e.g. [1010 M�, 1013 M�]. In the second line εpQ(HM)

εp is
the CR input rate of the high-mass (HM) halo mergers, in the interval [1013 M�, 1015 M�].
The factors 1

2(1− e−f i
pp)εpQ(j)

εp are the neutrino luminosity density from CRs originating
from mergers of mass (j) in gas of density i. For our fiducial parameters, these two
components constitute the largest fraction of the neutrino budget. Nevertheless, for
completeness, we have included in the third line of Eq. 2.17 the sub-dominant effect due
the CRs produced in galaxy mergers which may escape the host galaxies and collide with
intra-cluster gas to produce neutrinos. (This can be important only if the pp interactions
in galaxy mergers are inefficient.) We introduce a parameter η to represent the fraction
of galaxy mergers that occur inside clusters which lead to some CRs escaping into the
gas halo. This can occur preferentially at lower redshifts. Since the boundary between
LM and HM is ambiguous and the fraction η can change with redshift, this parameter
is very uncertain, and may conservatively be estimated as between 0.1 and at most 0.5.
Fortunately, the contribution of this higher-order third component depending on η is
small compared to the first two components in Eq. 2.17, due to the factor e−fg

pp . At
z = 1, the ratio between the third line and the first line is ≤ 10% even if η is assumed
to be unity, and it is increasingly negligible at higher redshift since f g

pp increases as the
gas density increases. Therefore, the exact value of η does not significantly influence our
final results.

2.5 Diffuse Neutrino and γ-Ray Spectra

With the above, we are able to determine the CR energy input rate, ενQ(g)
εν and ενQ(cl)

εν .
Fig. 2.3 shows the CR input power over the whole mass interval 1010M� − 1015M� as
a function of z as well as the LM and HM components of (σ0 = 300, ξevo

g ) scenario.
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Figure 2.3. CR energy input rate versus redshift. The red lines correspond to a redshift-
dependent gas fraction ξevo

g and the blue lines are for a redshift-independent gas fraction
ξg = 0.05, while the solid lines are for σ0 = 300 and the dashed are for σ0 = 500, repectively. The
dashed and dash-dotted magenta lines are LM and HM components of (σ0 = 300, ξevo

g ) scenario.
Here LM and HM denote the low-mass (1010 M�−1013M�) and high-mass (1013 M�−1015M�)
intervals, respectively.

As can be seen from the redshift distribution of the CR energy input, using a redshift
evolving gas fraction ξevo

g , a significant fraction of this occurs at redshifts z & 3, above
which a significant γγ attenuation of the accompanying high-energy γ rays at & 20− 30
GeV energies can be expected [149, 183]. In addition, from Fig. 2.3, we find that the
high-mass and low-mass components are comparable in local mergers, implying that the
cluster/group merger contribution is also important. Also, the galaxy merger contribution
to the CR luminosity density is more important at z & 2.

Given the neutrino input rate, the all-flavor neutrino flux can be expressed as [59]

ε2
νΦεν = c

4π

∫ ενQ
(g)
εν + ενQ

(cl)
εν

(1 + z)

∣∣∣∣∣ dtdz
∣∣∣∣∣ dz , (2.18)

Based on the branching ratio between charged and neutral pions, the initial diffuse γ-ray
energy spectrum is expected to be given by ε2

γΦεγ = 2
3ε

2
νΦεν |εν=0.5εγ . Since however the

high-energy γ rays can annihilate with lower energy photons, such as those from the
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extragalactic background light (EBL) and the cosmic microwave background (CMB),
we introduce an attenuation factor exp[−τγγ(εγ, z)] to the integration, where τγγ is the
γγ optical depth at redshift z. In this paper, we use the optical depth provided by
Refs. [184, 185] for low-redshift (z ≤ 5) and high-redshift (z > 5) inputs, respectively.
The attenuated γ-ray flux is then

ε2
γΦεγ = c

4π

∫ 2
3

[
ενQ

(g)
εν + ενQ

(cl)
εν

(1 + z)

∣∣∣∣∣ dtdz
∣∣∣∣∣
]

× exp[−τγγ(εγ, z)]dz
(2.19)

with εp = 10εγ(1 + z). In addition, the electron-positron pairs produced in the γγ
annihilations will subsequently scatter off the ambient diffuse photon backgrounds,
leading to an electromagnetic cascade which in part compensates for the attenuation,
while reprocessing the photon energy towards lower energies, which can be detected by,
e.g. the Fermi-LAT instrument. In this paper, for simplicity, we use the universal form
for the resulting cascaded γ-ray spectrum given by Refs. [144,186,187],

εγ
dN

dεγ
∝ G(εγ) =


(
εγ
εbr
γ

)−1/2
εγ ≤ εbr

γ(
εγ
εcut
γ

)−1
εbr
γ < εγ < εcut

γ

(2.20)

where εcut
γ is defined by τγ(εcut

γ , z) = 1 and εbr
γ = 0.0085 GeV(1 + z)2

(
εcut
γ

100GeV

)2
.

The all-flavor diffuse neutrino and γ-ray fluxes are plotted in Fig. 2.4, together
with the IceCube observed astrophysical neutrinos. The red points and cyan points
correspond to the all-flavor averaged neutrino flux [26,188] and the 6-year high energy
starting-events (HESE) [189], respectively. The Fermi-LAT observed total extragalactic
γ-ray background (EGB) [1] is shown by the blue points. The yellow area is the best-fit
to the up-coming muon neutrinos scaled to three-flavor. Fig. 2.4 shows the results for an
assumed redshift-dependent gas fraction ξevo

g , as illustrated in Fig. 2.4(a) for σ0 = 300
and in Fig. 2.4(b) for σ0 = 500, showing the effect of the corresponding different shock
velocities vs. In each figure, the magenta line represents the neutrino flux while the green
line illustrates the corresponding γ-ray flux after cascading down. The galaxy and cluster
contributions to the neutrino flux are plotted in dashed lines and dash-dotted lines. The
non-blazar [147] component of the unresolved extragalactic gamma-ray background is
shown as the pink area.

For illustration purposes, we consider next the corresponding results using the redshift-
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Figure 2.4. Left panel: Neutrino (all flavor) and γ-ray fluxes from halo mergers with redshift-
evolving gas fraction ξevo

g , Rg,0 = 10 kpc, Hg,0 = 500 pc. The shock velocity is obtained
using rsc

0 (z) and σ0 = 300. The magenta line is the neutrino spectrum while the green line is
the corresponding γ-ray spectrum. Galaxy and cluster contributions to the neutrino flux are
illustrated as the dashed and dash-dotted lines, respectively. Right panel: same as left panel
except σ0 = 500 is utilized for vs.
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Figure 2.5. Left panel: same as Fig. 2.4 (a), σ0 = 300, except that ξg = 0.05 is used to
estimate the redshift evolution of the halo gas fraction. Right panel: same as left figure except
with σ0 = 500.

independent gas fraction ξg = 0.05, which are shown in figures 2.5 (a) and 2.5 (b). The
comparison between the galaxy and cluster components indicates that the high-energy
neutrinos are dominantly produced by the propagation of CRs in the clusters. This is
a consequence of the rapid redshift evolution of the galaxy radius, since the size of the
host galaxy limits the maximum CR energy as well as the neutrino production efficiency
by restricting the diffusion time. In addition, a redshift-dependent ξevo

g boosts the CR
budget to a relatively higher redshift (z ≈ 3), as can be seen from the red line in Fig.2.3,
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which as was expected leads to a reduction in the γ-ray flux. From these figures, we
can also see that even with the moderate sensitivity of the results to the parameters r0

and σ0, the results can broadly fit a significant fraction of the IceCube data without
violating the non-blazar EGB. Conversely, the γ-ray and neutrino fluxes are significantly
constrained in this scenario, indicating that the halo and galaxy mergers can be regarded
as promising sources of neutrinos in the context of multi-messenger studies.

2.6 Conclusion and Discussion
In this work, we investigated the contribution of halo mergers to the diffuse neutrino
and γ-ray backgrounds, and tested whether the non-blazar diffuse γ-ray background
Fermi constraint is violated. Our results differ from previous work by Ref. [68] in that
we studied both galaxy and cluster/group mergers out to higher redshifts, up to z ≈ 10,
by considering the redshift evolution of the average galactic radius, the shock velocity
and the gas content inside the halos, as well as the galactic/intergalactic magnetic fields.

The redshift evolution of galaxy radius implies that there exist more protogalaxies,
or equivalently more mergers at higher redshift. In fact, the merger rate calculated
using our approximate approach verifies this conjecture, as well as being consistent with
the Illustris simulations [190]. Also, our estimates of the gas fraction ξevo

g based on the
correlation between the galactic gas content and the star formation rate shows that
the gas in high-redshift halos is relatively denser than in the current epoch halos. The
net effect is that high-redshift halo mergers can contribute a significant fraction of the
cosmic rays that are capable of producing high-energy neutrinos, as shown in Fig. 2.3.
This is crucial since the accompanying γ-ray photons in the ensuing pp collisions at
high redshifts can be sufficiently absorbed via γγ annihilations against CMB and EBL
photons. In both cases with ξevo

g , our results indicate that high-redshift galaxy/halo
mergers can explain a large fraction of the IceCube observed diffuse neutrinos up to
∼PeV, with an accompanying γ-ray diffuse observed flux which is below the non-blazar
Fermi constraints.

We note that according to our calculation, the diffuse flux of CRs that survive from
energy losses via pp collisions is less than 10−8 GeV cm−2 sr−1 s−1, which is lower than
the observed CR flux around the knee or sub-ankle energy.

The CR acceleration efficiency εp is expected to be ∼ 0.1 based on the diffusive shock
acceleration theory. The redshift dependences of gas fraction ξevo

g and galaxy radius are
relatively well-modeled from current theories and observations, so our scenario can put
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a tighter constraint on the shock velocity of galaxy mergers. However, there are large
uncertainties in the model. For example, the maximum energy depends on the magnetic
field strength that is highly uncertain. On the other hand, the fiducial value of ∼ 10 PeV
is not far from the knee energy at ∼ 3 PeV, so our assumption is reasonable. One of the
most important uncertainties is caused by the shock velocity. Our fiducial parameters
(σ0 = 300 with ξevo

g ) imply a lower neutrino flux compared to the observations. This
could be overcome by assuming a higher velocity with a stronger magnetic field. Or it
may be possible to achieve the IceCube flux at & 0.1 PeV without exceeding the Fermi
constraint by increasing the cluster contribution. However, the cluster contribution
is more uncertain. Non-thermal emissions from merging/accreting clusters have been
studied by various authors [191,192]. The Mach number of shocks on the cluster scales
is so low due to the high temperature of the intra-cluster medium that the shock may
not be strong enough to have a hard spectrum of s ∼ 2.

We note that, in addition to mergers, also cluster accretion shocks and powerful jets
from radio-loud AGNs can contribute to CR acceleration inside the clusters/groups, as
considered in the previous literature, e.g., Refs. [58, 138] and references therein. One
of the generic features of the CR reservoir scenario is that different possibilities for CR
acceleration are not mutually exclusive, and additional contributions from various CR
accelerators may enhance the neutrino flux. Another CR source that can be associated
with galaxy mergers is that the compression of the ISM gas can trigger an intense starburst.
As discussed by Ref. [193], two processes in colliding galaxies could induce starburst:
radial gas inflows can fuel a nuclear starburst, while gas turbulence and fragmentation
can drive an extended starburst in clusters. Such intense star-formation can naturally
lead to the injection of CRs from the ensuing massive stellar deaths, including from SNRs
and HNRs. In addition, CRs may also be injected from disk-driven outflows and weak
jets from AGNs [48, 140, 194]. The CR contributions from these sources, which would be
additional to CRs from the mergers considered here, are significantly model-dependent,
and we do not attempt here a quantification of their relative importance.

One important factor that may influence the final results is the CR power-law index
s, since the factor ε2−s, the maximal CR energy as well as a new C = ((εmax

p )2−s −
(εmin
p )2−s)/(2− s) are required to correct Eq. 2.6 when s deviates from 2.0. As presented

in Eq. 2.6, we assume that the shock is non-radiative and infinitesimally thin and hence
the Fermi first order acceleration in the strong shock limit implies s = 2. However, a finite
width of the shock can steepen the spectrum to s & 2.0, while a radiative shock would
produce a CR spectrum with a power-law index lower than 2.0. For radiative shocks,

34



101 102 103 104 105 106 107

ε[GeV]
10−9

10−8

10−7

10−6

ε2
Φ ε

[G
eV

cm
−2

s−1
sr

−1
]

ξevo
g  model, σ0 = 300

ϕ= 3.5, s= 2.2
ϕ= 4, s= 2
ϕ= 7, s= 1.5
ϕ= 100, s= 1.03

Figure 2.6. The neutrino fluxes for different compression ratios and CR power-law indices.
The black, magenta, blue and greens lines correspond to the power-law indices s = 2.2, 2.0, 1.5
and 1.03.

Ref. [195] showed that the power-law index of the accelerated CRs is s = (φ+ 2)/(φ− 1)
where φ is the compression ratio. Moreover, Ref. [196] assume φ = 7 and s = 1.5
as fiducial values when studying the radiative cooling of SNR shocks. Note that the
compression ratio for radiative shocks with an isothermal adiabatic index γ = 1 can be
written as φ = M2 � 1, where M is the upstream Mach number. We asume thus s = 1
in this extreme case. To illustrate how the neutrino spectra are affected by the radiative
cooling and/or the width of the shocks, we plot in Fig. 2.6 the neutrino fluxes for four
cases s = 2.2, 2.0, 1.5 and 1.03 which correspond to φ = 3.5, 4, 7, 100, respectively.
As can be seen, a harder CR power-law index (lower s) will produce more high-energy
neutrinos. Thus, in principle, a mildly radiative-cooling shock (1.5 ≤ s ≤ 2) can more
easily achieve the high-energy neutrino flux in the range 10 TeV to ∼ PeV. On the
other hand, s & 2.1 − 2.2 is disfavored because of the damping factor ε2−s, which is
consistent with previous work [58]. Note that the hard spectrum is expected for the
cold gas environment that would be valid in sufficiently low-mass halo mergers. If the
temperature is so high, the Mach number is expected to be low, as expected for cluster
mergers. In this case, the spectrum is softer for massive clusters, and details are beyond
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the scope of this work.
Additional contributions may arise from the galaxies moving through the cluster or

dark matter halo, as their hypersonic peculiar motion will result in a shock as they plow
through the intra-cluster gas, which as a result can also contribute to the diffuse γ rays
and neutrinos. Supposing as an extreme case that the loss of the galaxies’ kinetic energy
due to the gravitational drag is completely converted into CR energy, we estimate a CR
energy budget of

εpQ
(IGM)
εp = εpC−1

IGM

∫
dMh

4πG2M2
hρcl

vs

dN

dMh

ln
(
Rcl

Rg

)
, (2.21)

which is three orders of magnitudes lower than halo mergers estimated in the previous
sections, because of the tenuous intergalactic gas density. Hence, these shocks contribute
only a relatively small amount of diffuse neutrinos and are negligible compared to the
mergers.

2.7 Summary
In summary, we found that the CR luminosity density by halo mergers can be comparable
to that from starburst galaxies, which can be expected from galaxy mergers. In particular,
the CR input from galaxy mergers and cluster/group mergers is comparable in the local
universe, and the former is more important at higher redshifts, z & 2 (see the dashed and
dash-dotted lines in Figure (2.3). This emphasizes the importance of our results for CR
reservoir models. We have considered the neutrino and γ-ray production in galaxy-galaxy
and cluster/group merger environments and found that such mergers could explain a large
portion of the IceCube diffuse neutrino flux. Since many more galaxy-scale, low-mass
halo mergers occur at relatively high redshifts, the contribution to the diffuse γ-ray
background observed by Fermi is more suppressed, due to the γγ absorption. Despite
the various uncertainties due to the lack of high redshift observations of the galactic and
cluster morphologies, the gas distribution and the galactic/intergalactic magnetic fields,
some of the crucial and sensitive parameters including the gas fraction ξevo

g are relatively
well constrained. The parameter space left for variance of both the neutrino and γ-ray
spectra is restricted by our results, as demonstrated in Figs. 2.4 and 2.5. One of the large
uncertainties comes from the spectral index, and we demonstrated the cases of harder
CR spectral indices, 1.5 . s . 2, which could be expected in strong radiative shocks.

One of the predictions of the halo merger model is that the effective number density
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of these sources is expected to be ∼ 10−5 Mpc−3, which is similar to the number density
of starburst galaxies and AGN with disk-driven outflows. The present model is testable
in the sense that such halo merger sources are detectable with next-generation detectors
such as IceCube-Gen2 via searches for multiplets, auto-correlation, and cross-correlation
signals [197]. One must keep in mind that the contributions from galaxy/halo mergers
are degenerate with those from other possibilities, such as the starburst and AGN
contributions, since a large fraction of starburst and AGN activities can be induced by
these mergers. To distinguish among these models, cross-correlation or auto-correlation
studies in neutrinos and γ-rays should be useful. Also, to identify the merging sources, it
will be important to investigate these sources at multi-wavelengths.
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2.8 Appendix 1: Halo Merger Rate
In this section we present a comparison between our halo merger rate with the Illustris
simulations [190]. In our calculation, we assign a mean merger probability P (M, z) =
exp(−tmerger/tage) to each dark matter halo during tage. Here, tmerger, which can be
obtained from the second equation of Eq.(2.5), averages all possible mass ratios, e.g.
ζ ∈ (0, 1]. In our calculation, we do not need to use the cumulative merger rate over mass
directly, instead the factor dN

dM
P (M,z)
tage

in the integrand of Eq. (2.6) is used to illustrate
the number of mergers for a halo with mass M and at redshift z. However, in order
to compare our results with the simulations, it is worthwhile to estimate the average
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.

cumulative merger rate using our approach,

R(z) =
∫ dN
dM

P (M,z)
tage

dM∫ dN
dM
dM

. (2.22)

The merger rate is shown in Fig. 2.7 where the blue line represents the whole mass range
(1010 M� ∼ 1015 M�) and the red line corresponds to 1012 M� < Mh < 1013 M�. In both
cases, the mass ratio covers the entire interval as in the middle equation of Eq. (2.5)
which is integrated over ζ from 0 to 1. The merger rate given by Illustris simulations is
shown in the lower panel.

One can compare our results with solid black lines in the right panel of Fig. 2 in
Ref. [190], since the increase in the merger rates given by simulations (as shown as
colored lines) seen at low redshifts is due to a limitation of the splitting algorithm. As
can be seen, our merger rate in the same mass interval is comparable to the merger
rate in the right panel with the mass ratio ≥ 1/1000. Considering that we are using a
totally different method and this approach is primarily designed to evaluate the merger
probabilities of halos of various masses and at different redshifts, the moderate degree of
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discrepancy can be considered acceptable.
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Chapter 3 |
Secondary Radio and X-Ray Emis-
sions from Galaxy Mergers

Note: The material in this Chapter is based on my paper [198], with co-authors Peter
Mészáros, and Kohta Murase.

3.1 Motivation
Star-forming galaxies including starbursts have been considered as possible reservoirs of
cosmic rays (CRs) and sources of associated neutrinos and gamma rays [199–201], in which
the CRs can be supplied by not only supernovae but also hypernovae, superbubbles and
active galactic nuclei [144,194,202–205]. Interacting galaxies, which may be accompanied
by starburst activities, have also been considered as additional accelerators of CRs [68,206].
Under the conditions typical of galaxy merger systems synchrotron emission can extend
from the radio band to the X-ray regime, while the inverse Compton scattering may be
important in the ultraviolet (UV) and up to beyond the X-ray band.

In this work we formulate a model which is capable of reproducing the radio and X-ray
observations of specific systems using synchrotron and synchrotron self-Compton (SSC) or
external inverse Compton (EIC) emissions from high-energy secondary electron-positron
pairs produced by the CR interactions in such systems. Here the EIC is caused by
scatterings with the cosmic microwave background (CMB), infrared/optical starlight
(SL) and extragalactic background light (EBL). In addition, since the radiation spectrum
of the merging galaxies is determined by the dynamics of the galaxy interactions and
the resulting physical conditions, this enables us to provide constraints on the magnetic
field B, shock velocity vs, gas mass Mg, etc. Different from Ref. [207] where shock-
accelerated electrons are employed to describe the radio emissions of two colliding
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galaxies, UGC 12914/5 and UGC 813/6, we present an alternative model based on the
secondary emission from inelastic pp collisions to reproduce simultaneously the radio
and X-ray observations of NGC 660 and NGC 3256. In general, secondary electrons
are more natural to explain the electromagnetic emissions in merging galaxies. For the
observed CRs, the electron acceleration efficiency, the fraction of plasma energy deposited
to electrons, is at least two orders lower than the proton acceleration efficiency, e.g.
Ke/p = εe/εp ∼ 10−4− 10−2 [208,209]. This value is also consistent with the observations
of Galactic supernova remnants. Furthermore, the recent particle-in-cell simulation shows
a similar value, Ke/p ' 10−3 [210–212]. The ratio of the primary electrons (from shock
accelerations) and the secondary electrons and positrons is approximately

Ee,primary

Ee,sec
' 6εe

min[1, fpp,g]εp
. 10−1.

where fpp,g is the effective pp optical depth in the emitting region. Therefore in our model
with the typical electron/proton acceleration efficiencies, emission from primary electrons
directly accelerated in shocks is subdominant compared to that from secondary electrons
and positrons from pp collisions and pion decays. This is consistent with Ref. [213]
where they suggest that the secondary emissions overwhelm the primary component in
nearly proton calorimetric sources. It is possible that primary electrons can provide a
non-negligible contribution if Ke/p & 0.1, considering that Ke/p is poorly constrained
theoretically and observationally for this system. In the following text, we focus on the
primary electron/positron scenario and omit the primary electron contribution.

As a well-studied interacting system, NGC 660 is a galaxy formed by the collision of
two galaxies [214], which has been observed in both radio [215–223], microwave, infrared,
UV and X-ray [224–227] bands. Also, the magnetic field in the core region of NGC 660 is
constrained in the range of 16± 5 µG through polarization studies [228]. In this paper,
we take NGC 660 as an example and use our model to reproduce the radio, UV and
X-ray fluxes. We also apply our model to constrain the shock velocity and gas mass of
the core region of NGC 660 by using the magnetic field 16 ± 5 µG as a precondition.
To show that our model’s applicability can be extended to other similar systems, we
also consider another well-studied galaxy formed through a merger, NGC 3256, as a
supplementary template.

This paper is organized as follows. In Sec. 3.2, we formulate the secondary electron-
positron spectrum and calculate resulting electromagnetic emissions, including syn-
chrotron radiation and SSC/EIC components. In Sec. 3.3 , we apply the formalism in
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Sec. 3.2 to the core regions of NGC 660 and NGC 3256. A summary and discussion,
including comparison with previous work in the context of starburst galaxies, is given in
Sec. 3.4.

3.2 Secondary Electron Spectrum and Electromagnetic
Emissions
The pions produced in the pp collisions between shock-accelerated CR ions and the
galaxy gas generate, besides high-energy neutrinos and γ-rays, also copious quantities of
high-energy electron-positron pairs. These high-energy leptons may produce observable
synchrotron emissions while propagating inside the galactic magnetic fields. Here,
considering the conservation of lepton numbers and muon decays, we approximate the
total electron-positron injection spectrum to be the same with the neutrino production
spectrum. Following the procedure in Ref. [206], the electron injection spectrum can be
written as

ε2Ne(ε) =1
3ε

2dNν

dε
= 1

12εpC
−1Mgv

2
s

×min [1, fpp,g]εp'20ε ,
(3.1)

where εp is the CR ion acceleration efficiency (normally fixed as 0.1), C = ln(εp,max/εp,min)
is the normalization coefficient for a ε−2 spectrum, Mg is the gas mass of the merging
region, vs is the shock/collision velocity and fpp,g = κppcngσ(εp) min[tesc, tdyn] is pp optical
depth inside the galaxy. In this expression, κpp = 0.5 is the proton inelasticity, c is
the speed of light, ng is the gas density, tesc is the escape time of CRs, tdyn ' Rg/vs is
the dynamic time of the merger and σ(εp) is the pp cross section given by Refs. [174].
As galaxies merge, strong shocks occur with a complicated morphology over a galaxy
scale, while merging cores of the two galaxies lead to a dense core region. Particles
are accelerated by the shocks, and then will be distributed in a galaxy scale. The CRs
diffusing in the core region will make neutrinos and gamma rays efficiently. In this work,
as a simplified approximation without covering the details of the shock structure, we
assume that shocks are CR accelerators, which inject high energy CRs to the core region
of the merging systems and initiate subsequent interactions. Fig. 3.1 shows the schematic.
After leaving the accelerator, the particles can propagate diffusively or get advected
away through galactic winds, therefore the net escape rate is the sum of diffusion rate
and advection rate, e.g. t−1

esc ≈ t−1
diff + t−1

ad . Although the maximum CR energy εp,max
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Figure 3.1. Schematic figure showing the merger of two galaxies. The shock was simplified
as a straight line across the dense core region. It is also in the core region where interactions
occur and neutrinos as well as electromagnetic radiation are produced.

and effective pp optical depth fpp,g depend on the geometry of the colliding galaxies,
for simplicity and consistency, we assume that the neutrinos are produced inside the
core region of the interacting system and calculate the electromagnetic radiation therein.
This hypothesis is in good agreement with the radio maps of NGC 660 and NGC 3256.
Hence, to fully depict the physical condition of the core region, we introduce several
quantities, the radius Rg, the average magnetic field B as well as the previously defined
gas mass Mg and shock velocity vs. Using these parameters, we can write down the
maximum CR energy, gas density and diffusion time explicitly as εp,max = 3

20eBsRg
vs
c
[173],

ng = Mg/(4
3πmpR

3
g) and tdiff = R2

g/(6Dg), respectively. Here, mp is the proton mass,
Dg is the diffusion coefficient and Bs is the post-shock magnetic field which can be
parameterized as a fraction of the ram pressure B2

s/8π = 1
2εBngmpv

2
s [68]. As for the

diffusion coefficient Dg, we use a combined large and small angle diffusion equation as in
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Refs. [144,229] and [206] and then it can be written explicitly as

tdiff '4.28 Myr
(

Rg

3 kpc

)2 (
D0

1029 cm2 s−1

)−1

×
[
(ε/εc,g)1/2 + (ε/εc,g)2

]−1
(3.2)

whereD0 is defined byD0 ' clc/20, lc ' 0.1Rg is the coherence length of the magnetic field
fluctuations and εc,g ≈ eBlc is the characteristic energy. As for the advection, the typical
values of wind velocity in star-forming galaxies and star burst galaxies range from 500
km s−1 [230,231] to 1500 km s−1 [232]. Here, we use a moderate value vw ≈ 1000 km s−1

for interacting galaxies since these galaxies may enter star-forming/starburst phase. In
this case we have the advection time tad ' Rg/vw ≈ 2.94× 106 yr

(
vw

1000 km s−1

)−1 ( Rg
3 kpc

)
.

Inside the galaxy, the electron-positron injection spectrum can be modified due to
additional injections via two-photon annihilation, γγ → e−e+, since the core region can
be opaque to high-energy gamma-ray photons above a certain threshold energy εcut

γγ .
In the pion decay scenario, the gamma-ray spectrum and the neutrino spectrum are
correlated by ε2

γ
dNγ
dεγ

= 2
3ε

2
ν
dNν
dεν
|εγ=2εν . From energy conservation, we may approximately

relate the electron-positron injection rate to the gamma-ray production rate, and the
former spectrum can be written as

ε2N γγ
e (εe) = 2ε2dNγ

dεγ
|εγ=2εe = 1

3ε
2dNν

dεν
|εν=εe , εe > εcut

γγ /2. (3.3)

The total electron-positron injection spectrum is therefore the summation of Equations 3.1
and 3.3, or equivalently we can introduce a modification factor χ(ε) = 1 + exp(−εcut

γγ /2ε)
to Equation 3.1.

With these preparatory work, we can now derive the secondary electron-positron
distributions and calculate the synchrotron and inverse Compton emissions. Considering
the dynamic time tdyn = Rg/vs, we have the rate of lepton production

Q(ε, t) = Ne(ε)χ(ε)
tdyn

×min{1, e−
t−tdyn
tesc }, (3.4)

where the exponential factor describes the escape of CRs after the dynamical time scale
and is obtained through the equation ∂N/∂t = −N/tesc. To get the electron distribution
inside the galaxy, we solve the transport equation of a simplified leaky-box model

∂Ne

∂t
= Q(ε, t)− Ne

tesc
+ ∂

∂ε
[b(ε)Ne(ε, t)] (3.5)

44



where b(ε) is the electron energy loss rate due to synchrotron radiation, SSC/EIC and
advection (bad ' ε/tad). In our calculations, we assume Q and the diffusion coefficient
Dg do not depend on the positions in the merging system.

In the synchrotron limit γe � 1, the synchrotron radiation power in the frequency
range ω to ω+dω by one electron with Lorentz factor γe can be written in the well-known
formula

Psyn(ω, γe)dω =
√

3e3B sin θp
2πmec2 F (X)dω (3.6)

where θp is the angle between the electron velocity and the magnetic field, which is
assumed to be π/2 in our case,

X = ω

ωc
, ωc = 3

2γ
2
e

eB

mec
.

The function F (X) is given by

F (X) = X
∫ ∞
X

K5/3(ξ)dξ.

Then, it is straightforward to write down the integrated radiation power

bsyn(ε) =
∫
Psyn(ω, ε/mec

2)dω.

It is useful to define the synchrotron cooling time

tsyn(ε) = ε

bsyn(ε) . (3.7)

While SSC and EIC also play a role in electron-positron cooling, we will show later
that these processes are subdominant comparing to synchrotron cooling. Now with the
preparations on synchrotron radiation, we are able to solve the kinetic equation. One
special solution to the differential equation is the steady state solution (∂Ne/∂t = 0),

N steady
e = Q(ε, t)

(
1
tesc

+ 1
tsyn

)−1

(3.8)

To verify this expression, it is worthwhile to solve the time evolution of electron-positron
spectra numerically. For illustration purposes, we assumeMg = 109 M�, vs = 100 km s−1,
Rg = 5 kpc and εcut

γγ = 1 TeV. Fig. 3.2 shows the synchrotron cooling rate (t−1
syn; solid

lines) as functions of lepton energy for different galactic magnetic fields as well as the
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Figure 3.2. Electron loss rates versus electron energy εe. Solid lines correspond to cooling
rates due to synchrotron radiation in different magnetic fields, e.g. 5µG (green), 15µG (red)
and 30µG (black). The cyan dash-dotted line is the cooling rate of inverse Compton scattering
(SSC+EIC). Blue and magenta dotted lines illustrate the contributions of CMB and EBL to
the EIC cooling rate, while the black, red and green dotted lines are SSC cooling rates at the
magnetic fields 5µG (green), 15µG (red) and 30µG (cyan), respectively. Magenta and blue
dashed lines are the escape rate and the reciprocal of dynamic time, respectively.

escape rate (t−1
esc) and the reciprocal of dynamic time (t−1

dyn; dashed lines). As the magnetic
field becomes stronger, the synchrotron cooling tends to be faster since P (ω, γe) increases.
Using the finite difference method, the time evolution of pair spectra for the magnetic
field B = 5 µG is shown in the Fig. 3.3, where we use the parameter η = t/tdyn to
label the stages of pair injection. The thick red solid line corresponds to the steady
electron distribution given by the Equation 3.8. The theoretical steady distribution
almost coincide with the numerical steady solutions. To show this, we multiply the
theoretical solution N steady

e by a factor of ten to separate these curves. Fig. 3.3 also
illustrates the evolution of the cumulative number of electron inside the core region.
From this figure, we conclude that the electron injection enters the steady phase when
η & 0.2.

Inverse Compton scattering between high-energy electron-positron pairs and external
CMB/SL/EBL photons (denoted by EIC) as well as SSC may become more pronouncing
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Figure 3.3. Secondary electron-positron spectra at different times assuming the magnetic
field B = 5 µG. The parameter η = t/tdyn represents the time of electron-positron injection.
Thin lines are numerical solutions to the CR transport equation while the thick red line is
the analytical steady-state solution N steady

e . To separate N steady
e from numerical solutions, we

multiply N steady
e by a factor of 10.

in lepton cooling process when the electron-positron spectrum becomes harder. Here we
formulate the SSC/EIC power per unit comoving volume as [233],

E
dNx

dEdt
=
∫
dγe

dNe

dγe

∫
dεγ

(
dnγ
dεγ

)
x

E

〈
c′
dσIC
dE

〉
(3.9)

where x = SSC or EIC, and the differential cross section is [234]:
〈
dσIC
dE

c′
〉

=3
4σT c

1
γ2
eεγ
×[

1 + v − 2v2 + v2w2(1− v)
2(1 + vw) + 2v ln v

]
.

(3.10)

In the expression of the cross section, σT is the Thomson cross section, v = E
4εγ2

e (1−ξ) ,
ξ = E/(γemec

2) and w = 4εγγe
mec2

. For SSC, dnγ/dεγ corresponds to the photon spectrum
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of synchrotron emission and it can be written as

εγ

(
dnγ
dεγ

)
SSC

= 1
2R2

gch

∫
Psyn

(
εγ/~,

εe
mec2

)
Ne(εe)dεe (3.11)

The intergalactic starlight photon density can be estimated by using the IR/opti-
cal spectral energy density (SED; see the inset of the left panel of Fig. 3.5), e.g.
εγ(dn/dεγ)SL ∼ 2d2

LFν,SL/(R2
gch), where dL is the luminosity distance of the galaxy. In

this paper, we use two modified Planck functions to approximate the left and right bulks
of the IR/optical data,

Fν,SL(ν) =
∑
i=L,R

Ai

(
hν

1eV

)ζi 1
exp(hν

εi
)− 1

. (3.12)

As for EIC, (dnγ/dεγ)EIC is given by the summation of CMB black body spectrum,
(dn/dεγ)SL and the EBL photon density spectrum provided by "model C" from [184].

Like the synchrotron radiation, we can define the cooling time for SSC and EIC,

tx(εe) = εe

[∫
dE

∫
dεγ

(
dnγ
dεγ

)
x

E

〈
c′
dσIC
dE

〉]−1

γe= εe
mec2

, (3.13)

The cyan dash-dotted line in Fig. 3.2 shows the combined cooling rate t−1
IC = t−1

SSC + t−1
EIC

as a function of electron energy. Fig. 3.2 illustrates also the components of the total
IC cooling rate, e.g. CMB (blue dotted line), EBL (magenta dotted line) and SSC at
the magnetic fields 30 µG (black dotted line), 15 µG (red dotted line) and 5 µG (green
dotted line). The flattening of the EIC loss rate is due to the Klein-Nishina regimes
as the electron Lorentz factor increases. From this figure, we find that the cooling
process is dominated by synchrotron radiation and the cooling due to EIC is predominant
comparing to SSC. Hence, in the following section where the application to NGC 660 is
discussed, we only consider tsyn in the CR transport equation (Equation 3.5). In general,
for a power-law electron distribution, the SSC cooling rate should have the same slope.
However, in Fig. 3.2, the physical cause of the slight slowing down of the growth of
the SSC cooling rate is that the steady-state electron spectrum becomes steeper due to
synchrotron cooling (see the red line in Fig. 3.3) and this can influence the synchrotron
photon density spectrum through Equation 3.11. With the equations above, we can write
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down the equations for synchrotron and SSC/EIC fluxes

F syn
ν = 1

4πd2
L

∫
2π · Psyn

(
2πν, εe

mec2

)
N(εe)dεe

F x
ν = h

4πd2
L

[
E
dNx

dEdt

]
E=hν

, x = SSC or EIC,
(3.14)

where the coefficient 2π and Planck constant h come from |dω/dν| and |dE/dν|, respec-
tively. In general, we need to keep in mind that inverse Compton (or more especially
SSC) emission can be significant at some frequency even when the magnetic field is
strong and the core region is more compact such that the synchrotron photon field is
more intense. We will show later that SSC and EIC can also be important for NGC 3256.

3.3 Radio and X-Ray Constraints on Mg and vs
With the above, we are able to calculate the synchrotron and SSC/EIC fluxes. The
spectrum of synchrotron radiation extends broadly from radio band to X-ray regime while
SSC/EIC may become important from optical band to X-ray band. In this section we
investigate the possibility of explaining the radio and X-ray observations simultaneously
using the formalism presented in Sec. 3.2. Since in our model the physical state of
the core region of merging galaxies is determined by five parameters: the radius Rg,
the magnetic field B, the gas mass Mg, the shock velocity vs and the time parameter
η = t/tdyn, our model provides one useful method to study the dynamics of galaxy
mergers. In this section, we present an application to the interacting system NGC 660
and show that our model can be used to reproduce the radio and X-ray observation.
In addition, we find that Mg and vs in the core region of NGC 660 can be constrained
under appropriate assumptions. To show that our model can be used widely to general
galaxy merging systems, we consider also the galaxy NGC 3256. From Fig. 3.3, we find
that the interacting system can be approximately treated as a steady state. Hence, to
simplify the constraint, we employ a steady state solution to approximate the secondary
electron-positron distribution throughout the paper.

3.3.1 NGC 660

NGC 660 is usually believed as a galaxy formed by the collision and merger of two
galaxies. The distance to us is dL ∼ 12.3Mpc and the HI extent is 47 kpc. Radio maps
by VLA reveal a smooth core region [235]. Ref. [236] showed that the de-convoluted
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Figure 3.4. Constraints onMg−vs plane from radio, UV and X-ray tolerance areas. From upper
left, upper right to the bottom panels, magnetic fields are assumed to be B = 11 µG, 16 µG
and 21 µG, respectively. In each figure, blue and red areas correspond to the radio and X-ray
constraints and the black line shows the upper boundary under the UV constraint. The vertical
dashed line and gray area show the constraints from the core region gas density ng . 100 cm−3,
whereas the horizontal dashed lines and gray area correspond to the strong shock requirements
(M' 10) for the temperature 104 K and 103 K. The magenta dash-dotted contours correspond
to different pp optical depth fpp,g. The orange star in the overlapping region labels the test
case: B = 21 µG, vs = 240 km s−1, Mg = 108 M�.

angular size of the radio and X-ray emitting region is less than 10 arcsec or equivalently
the radius Rg . 0.5 kpc. Hence, in our calculations, we use Rg ' 0.5 kpc as the fiducial
radius of the core region. In addition, Ref. [228] studied the magnetic fields using VLA
data in 16 interacting galaxies and they find that the average magnetic field of NGC 660
is 16 ± 5 µG. In the X-ray regime, the data from Chandra telescope gives the X-ray
flux 1.24+0.37

−0.54 × 10−13 erg cm−3 s−1 [237] in the range 0.5 − 10 keV. In mid-2013, a
radio outburst was observed using e-MERLIN and after the outburst the X-ray flux also
increased to 1.85+0.19

−0.16 × 10−13 erg cm−3 s−1. The origin of the outburst was investigated
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Figure 3.5. Left panel shows the spectral energy distribution for NGC 660, extending from
the radio band to the X-ray regime. Blue points are radio fluxes at various frequencies and
the red points are X-ray data in the energy range 0.2− 10 keV. Observations from microwave
to UV are illustrated as magenta points in the inset. The gray line is the Planck-function
approximation to the IR/optical data. The bulk of the microwave, IR and optical spectrum is
due to starlight and dust re-radiation. The fitting areas of radio, UV and X-ray data are shown
as the blue, magenta and red areas, respectively. The black, cyan and orange lines are spectra
that correspond to the black wedge, cyan circle and orange star in the right panel. In the right
panel, the gray and green areas are X-ray and radio constraints on s−B plane. The red area
shows the constraints on the magnetic from previous polarization studies, 16± 5 µG.

in mid-2013 and it might be produced by AGN activities in the galaxy center. In our
work, we focus on the emissions from the smooth core region, therefore we use the data
recorded before the outburst. Above all, with the magnetic field estimated by Ref. [228],
the parameters left to be determined are Mg and vs.

The left panel of Fig. 3.5 shows the spectral energy distribution for NGC 660
from radio band to X-ray band. Blue points are radio fluxes at 365 MHz [215], 408
MHz [216], 1.4 GHz [217, 218] 2.38 GHz [219], 4.78 GHz [220], 4.85 GHz [221, 222]
and 5 GHz [223]. The red points are X-ray data before the radio burst in the energy
range 0.2− 10 keV, which are provided by Chandra [224,225], XMM-Newton [226] and
ROSAT [227]. Since this source was observed with short exposure times, the photon
count rates were converted to the X-ray fluxes by assuming a spectral index in the energy
range for each red bar in this figure. More details on the data reductions can be found in
the corresponding references. In our model, the synchrotron spectrum can reproduce
the slope of radio spectra, which is the primary motivation of our work. However as
for the X-ray data, the slope is quite uncertain and depends on different observations
and models. Therefore in the X-ray band we attempt to explain integrated fluxes from
different observations in the energy range 0.2 − 10 keV. The broadband observations
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from microwaves to UV are shows as magenta points in the inset.1. The gray line shows
the approximation to the IR/optical data using Equation 3.12, with the parameters
AL = 5.15× 1010 Jy, ζL = 3.9, εL = 0.004 eV;AR = 3.44 Jy, ζR = 1.8, εL = 0.3 eV. To
measure the consistency between synchrotron spectrum and the observations, we set three
fitting areas, as shown in the left panel of Fig. 3.5. The blue and red areas correspond to
the error tolerances of radio and X-ray data respectively. As for the microwave, infrared
and UV data points, we need to keep in mind that the dust in the galaxy and star
forming activities may dominate the emissions in these bands. Hence we assume the
secondary radiation in the shock region merely contributes to the background and use
the UV data as the upper limit in our model (see the magenta area). One vexing problem
of the UV limit is that the dust absorption in the host galaxy cannot be neglected and
the photometry correction is model dependent. Hence, in our calculation, we use the UV
limit just as a reference.

NGC 660 has been identified as a star-forming/starburst galaxy [214], which provides
one complementary constraint on the gas mass once the radius Rg is specified. The
gas density in starburst galaxies can be up to ng ' 100 cm−2 and thus we conclude
that the gas mass in the core region satisfies Mg . 4π

3 µmpngR
3
g, where µ ' 1.24 is

the mean molecular weight. The vertical dashed lines and the gray areas in Fig. 3.4
illustrate the gas density constraint. Another caveat is that a strong shock with the
Mach number M & 10 is required to produce a power-law electron spectrum with
index s ' 2(M2 + 1)/(M2 − 1) ' 2. Observations reveal that NGC 660 has the dust
temperature and kinetic temperature around 40 K and 200 K [214, 238], respectively.
Here, we use T ' 104 K as an optimized value since the core region may contain warm
gas and evaluate the lower limit of the shock velocity vs &M

√
γkBT
µmp

which is shown as
the upper horizontal dashed lines and gray areas in Fig. 3.4. For illustration purpose, we
show also the constraint obtained by assuming a relatively lower temperature T = 103 K
(the lower dashed lines). Meanwhile, we include the contours of pp optical depth fpp,g in
the vs−M� plane (magenta dash-dotted lines in Fig. 3.4). As we can see, pp interactions
are more efficient in a region with large gas mass and low shock velocity vs due to the
higher gas density ng and longer collision time. When vs decreases to one critical value,
which is determined by tdyn = tesc, the particle escape dominates the interaction time.
Therefore, the oblique lines become vertical.

Considering the uncertainty of magnetic field, we select B = 11 µG, 16 µG and
21 µG as three fiducial values. Fig. 3.4 shows the constraints on Mg − vs plane from the

1A full list of references can be found in the page NED:INDEX NGC 660
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radio, UV and the X-ray error tolerances (see the blue, magenta and red areas in Fig.
3.5). From these figures, we find that the permissible areas in the Mg − vs plane overlap
only at higher magnetic fields, which means that to fit the radio, UV and X-ray data
simultaneously, a stronger magnetic field is favored. This conclusion is also consistent
with the orange line in the left panel of Fig. 3.5, which shows the flux predicted by our
model for the test point, the orange star (B = 21 µG, Mg = 108 M�, vs = 240 km s−1),
in the overlapping region of Fig. 3.4. Meanwhile, we find that the contributions from
SSC and EIC are subdominant comparing with synchrotron emissions in the case of
NGC 660. For a lower magnetic field, the tension between radio data and X-ray data
is inevitable. To fit the radio data, the synchrotron spectrum will overshoot X-ray flux
and UV upper limit. On the other hand, to alleviate the tension, we need to make the
synchrotron spectrum higher in the radio regime while keeping the X-ray flux unchanged.
This can be achieved by increasing the magnetic field, since the synchrotron spectra
converge at high energy band (e.g. X-ray) even if we increase the magnetic field. We
provide one brief proof here. From Fig. 3.2, we see that synchrotron cooling dominate
the electron spectrum (t−1

syn � t−1
esc) when the electron energy is high, which means

N steady
e ' Q(εe, t)tsyn = εeQ(εe,t)

bsyn(εe) . Combining N steady
e with Equations 3.6 and 3.14, we

obtain

F syn
ν ∝

∫
εeQ(εe, t)

P (ω, εe)∫
P (ω′, εe)dω′

dεe

∝
∫
εeQ(εe, t)

F (X)∫
F (X ′)dω′dεe.

(3.15)

At high energy limit, the function F (X) has the asymptotic form F (X) '
√

2πXe−X

and the flux no longer depends on the magnetic field. A more physical interpretation is
that once B is high enough, the energy of electrons is radiated away through synchrotron
fast cooling. In this case, the flux only depends on the electron injection rate. Meanwhile,
it’s easy to see that the flux will increase as B increases in a lower energy band (e.g.
radio regime) since electrons lose more energy in a stronger magnetic field. Above all,
for a flat CR spectrum with the spectral index s ∼ 2, a higher magnetic field will keep
the X-ray flux unchanged with increasing the radio flux and therefore can be used to fit
the radio and X-ray data simultaneously.

This simple single-zone model meets difficulty explaining the radio and X-ray ob-
servations at the same time with a relatively lower B. This motivates us to exploit
the chance of improving the fitting by varying the CR spectral index s in the range
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1.8-2.4. As s deviates from 2.0, the normalization coefficient in Equation 3.1 changes
to (ε2−s

max − ε2−s
min)/(2− s) and a correction factor ε2−s should be applied to the electron

spectrum. To demonstrate the impact of s and B on the fitting, we select and fix the gas
mass and shock velocity to be 108 M� and 240 km s−1, the orange star in the overlapping
region in Fig. 3.4. The right panel of Fig. 3.5 shows the constraints in the s−B plane
from polarization studies (red area), radio (green area) and X-ray (gray area) observations.
Firstly, we find that magnetic field almost does not influence the X-ray results, which
is consistent with the previous analysis. There exist a cut off around s = 2.35, beyond
which the X-ray flux could be too low to explain the observations. Secondly, as the index
s increases, the electron spectrum becomes steeper, or on other words, more low-energy
electrons are injected. Consequently, radio flux got flattened while X-ray flux steepened.
Therefore, a low magnetic field is required to counteract radio flux increase and as a
result we expect the green area for radio constraint. One straightforward conclusion we
can make from this figure is that, a relative larger spectral index can be used to reproduce
the radio and X-ray data simultaneously, e.g. the parallelogram region formed by the
green and red areas. To show that explicitly, we select three representative points in the
s− B plane, e.g. orange star (s = 2.0, B = 21 µG), cyan circle (s = 2.1, B = 16 µG)
and black wedge (s = 2.3, B = 16 µG). The corresponding X-ray and radio fluxes are
shown in the left panel of Fig. 3.5. Obviously, from this figure, a moderately larger s in
the range ∼ 2.1− 2.2 with the optimized magnetic field B = 16 µG can provide a good
fitting. These indices are also consistent with the observations of starburst galaxies such
as M82 and NGC 253.

From the discussions above, we showed that our one-zone model can be used to
explain the radio, UV and X-ray observations of the NGC 660 core region. Given our
model is correct, one can constrain the gas mass Mg, magnetic field B, CR spectral index
s and collision velocity vs in that region.

3.3.2 NGC 3256

NGC 3256 is also a galaxy formed by the collision of two galaxies and the redshift
of NGC 3256 is z ≈ 0.009364 [239]. In a ΛCDM universe with Ωm = 0.286 and
H0 = 69.6 km s−1 Mpc−1, the luminosity distance to us is dL = 40.6 Mpc. It provides
a nearby template for studying the properties of merging galaxies. Nearly infrared
observations [240] reveal that the major axis and minor axis sizes are a =1.277 arcmin
and b =1.251 arcmin respectively. In our calculation, we assume an equivalent angular
size θg =

√
ab = 1.264 arcmin and the corresponding radius R = 14.92 kpc. However,
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Figure 3.6. Left panel: The spectral energy distribution for NGC 3256. Blue and red points
are radio and X-ray fluxes, respectively. The observations from the infrared band to the UV
band, which are mainly attributed to dust and starlight, are shown as magenta points. The
blue, green and red lines are best-fitting spectra obtained from three selected points in the
right panel for different magnetic fields. The dashed and dash-dotted lines correspond to the
synchrotron and IC components. The right panel shows the X-ray (yellow area) and radio
constraints for the magnetic fields 17 µG (blue area), 25 µG (green area) and 33 µG (red area).
The gray areas, black dashed lines and magenta dash-dotted lines have the same meaning with
Fig. 3.4.

instead of using the galaxy radius, we focus on the core/nucleus region where collisions
occur. Ref. [241] investigated the morphology of many merging galaxies including
NGC 3256 using Hubble Space Telescope WFPC2 camera and the radius of the core
region of NGC 3256 is approximately 3 kpc. In the following calculations, we adopt
Rg = 3 kpc. Like NGC 660, Ref. [228] also provided the average magnetic field for NGC
3256, which is 25± 8 µG. Therefore, in this section we us 17 µG, 25 µG and 33 µG as
three fiducial values of the magnetic field. In the 0.3 − 10 keV band, NGC 3256 has
been observed by ASCA Medium Sensitivity Survey [242], XMM-Newton [243,244] and
ROSAT [245]. As for the radio band, we use the data from broad-band observations
in the frequency range 80 MHz to 5.0 GHz [216, 246–249]. Blue and red points in
left panel of Fig. 3.6 show the radio and X-ray fluxes respectively. In this figure,
we also plot the fluxes from infrared to UV bands as magenta points 2. The gray
line in this figure is our approximation to the IR/optical data with the parameters
AL = 6.87× 1010 Jy, ζL = 3.9, εL = 0.004 eV; AR = 2.06 Jy, ζR = 1.0, εL = 0.7 eV.

Using the same procedure for NGC 660, we attempt to reproduce the observations
of NGC 3256. We find that we can fit the radio and X-ray data simultaneously in the

2A full list of references can be found in the page NED:INDEX for NGC 3256
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whole magnetic field range 17 µG− 33 µG by using a simple CR spectral index s = 2.
The right panel illustrates the constraints from X-ray and radio observations. The X-ray
constraint (yellow area) remains unchanged as consequence that the flux in X-ray band
is not sensitive to the magnetic field. Radio constraints at 17 µG, 25 µG and 33 µG
are shown as blue, green and red areas. Like Fig. 3.4, the gray areas and black dashed
lines correspond to the gas density and strong shock constraints. Using the magnetic
field given by polarization studies, our model can explain a significant fraction of X-ray
flux. Left panel shows the spectra of three test points in the right panel, e.g. blue wedge
(17 µG, 1010 M�, 250 km s−1), green circle (25 µG, 1010 M�, 210 km s−1) and red star
(33 µG, 1010 M�, 180 km s−1). As anticipated, to fit the radio data, a stronger magnetic
field implies a lower X-ray flux (see the red line). As for NGC 3256, since the radius of
the nucleus is smaller and the starlight photon density is proportional to (dL/Rg)2, the
starlight contribution to EIC is more significant than NGC 660. Meanwhile, considering
that strong magnetic field can also boost SSC, in this case inverse Compton scattering is
no longer negligible. The dashed lines and dash-dotted lines in the left panel of Fig. 3.6
show the synchrotron and IC contributions for various magnetic fields.

Above all, our simple one-zone model with s ∼ 2 can be used to explain the radio
and a large fraction of X-ray observation and the constraint is in good agreement with
previous magnetic studies.

3.4 Summary and Discussion
In this paper, we have investigated the synchrotron and SSC/EIC emissions from
secondary electron-positron pairs in merging galaxies and found that these emissions can
be used to reproduce the radio and X-ray observations of such systems, as calculated in
detail for two of the best-studied galaxies formed by galaxy mergers, NGC 660 and NGC
3256. Combining the magnetic field in the core regions measured through polarization
analyses, we showed that our model can be used to constrain the gas mass Mg and shock
velocity vs under a steady-state approximation for the electron-positron distribution. For
NGC 660, in order to alleviate the tensions between the radio and X-ray constraints,
a higher magnetic field 16 µG . B . 21 µG is required, which is consistent with the
uncertainty of the magnetic field given by Ref. [228]. Utilizing 16 µG . B . 21 µG as
the fiducial range of magnetic field, we have found that the permissible ranges for the
gas mass and shock velocity are constrained to the reasonable ranges 108 M� ∼ 1011 M�

and 500 km s−1 ∼ 40 km s−1, respectively. Moreover, a steeper CR distribution with
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the spectral index 2.1 . s . 2.2 could be helpful to resolve the tensions between radio
and X-ray observations. On the other hand, for NGC 3256, contributions from inverse
Compton scattering could be significant since the the core region is compact in the sense
of photons. With the constraint 17 µG . B . 33 µG, our model with a hard spectral
index s ∼ 2 can explain the radio and X-ray data simultaneously. From these two
examples, we show that our simple one-zone model can reproduce the radio and X-ray
observations of galaxy merger systems. Considering the complexity and the diversity
observed from system to system, each merging galaxy should be diagnosed independently.
We note that since the factor 1

2Mgv
2
s dominates the electron injections, as can be seen in

Equation 3.1, Mg and vs are degenerate in our model. Despite this, our model provides
one useful approach to reproduce the radio and X-ray observations and to study the
dynamics of galaxy mergers as well as the physical parameters of the shock regions.

Unavoidably, pp collisions in our model can produce gamma rays through π0 decays.
In the framework of hadronic process, we estimate the gamma-ray flux from π0 decays

εγFεγ (εγ) = 2
3ενFεν (εν)|εγ=2εν

.

(
1

24πd2
Ltdyn

)
εpC−1Mgv

2
s .

(3.16)

As for NGC 660, we have εγFεγ . 1.7× 10−13 erg s−1 cm−2 while the gamma-ray flux
of NGC 3256 satisfies εγFεγ . 2.9 × 10−13 erg s−1 cm−2. Both of these fluxes are
lower than the flux sensitivities of current gamma-ray detectors, such as Fermi LAT3,
H.E.S.S [250], MAGIC [251], HAWC [252] and VERITAS [253]. In the future, the 50-hour
sensitivity of the proposed Cherenkov Telescope Array (CTA) in the TeV range can
reach ∼ 10−13 erg s−1 cm−2 [254]4 and our model for the merging galaxies can be further
constrained by gamma-ray observations.

Secondary particle interactions can produce observable emissions not only in interact-
ing galaxy systems but also in star-forming and/or starburst galaxies, where supernovae
can accelerate high-energy CRs and trigger subsequent particle interactions. Previous
studies incorporating π0 decays, bremsstrahlung, inverse Compton and synchrotron
emissions have shown that CR interactions can be used to explain the gamma-ray
observations of the starburst galaxy M82 [255], the Cygnus X region [256] and the

3The Pass 8 sensitivity: https://www.slac.stanford.edu/exp/glast/groups/canda/lat_
Performance.htm

4The sensitivity can be also found in http://www.cta-observatory.org/science/
cta-performance/
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ultra-luminous infrared galaxy Arp 220 [257]. Interestingly, for Arp 220 we can estimate
the CR luminosity density from a galaxy merger scenario in the central molecular zone
as Lcr,merger ' 1

2εpMgv
2
s

(
R
vs

)−1
≈ 9.87 × 1043

(
vs

500km s−1

)3
erg s−1, using the gas mass

Mg = 6 × 108 M� [258] and R = 70 pc [259], which is roughly twice as much as the
best-fitting supernova CR luminosity [260], Lcr,SNe ' Ecr,SNRSN ≈ 4.76 × 1043 erg s−1,
for a typical CR energy injected by supernovae of Ecr,SN ≈ 1050 erg and a supernova
rate RSN ≈ 15 yr−1. This demonstrates that our galaxy merger scenario can fill the gap
between the observed gamma-ray flux of Arp 220 and the 2015 gamma-ray prediction
from the supernova model [257,260]. Even more conservatively, taking the uncertainty in
the supernova CR injection energy 5×1049 erg .Ecr,SN . 1051 erg [144] into consideration,
we estimate a luminosity 0.21 . Lcr,merger/Lcr,SN . 4.15, which indicates that our model
can explain a significant part of the gamma-ray observation.

Various authors, e.g., Refs. [200] and [261], have investigated the contributions from
secondary particles (e.g., pions and electrons/positrons) in star-forming/starburst galaxies
to the MeV-GeV gamma-ray background and found that these sources can describe a
significant portion of the extragalactic gamma-ray background. In this paper, our
work has expanded the scope of the applicability of the secondary particle interaction
model to galaxy merging systems by introducing a phenomenological approach where
CR productions, electron-positron distributions and electromagnetic emissions can be
predicted from the basic parameters of the merging regions. This enables us, furthermore,
to constrain the gas mass, shock velocity and magnetic field given that supernova CR
luminosities and star-formation rates are revealed.

Since galaxy mergers are also promising sources of high-energy neutrinos, these
systems may be detected by astrophysical neutrino detectors, such as the IceCube
Neutrino Observatory , e.g., Refs. [21, 262] for review. So far, IceCube has detected the
diffuse astrophysical high-energy neutrino background [26,263–265], as well as one possible
source, blazar TXS 0506+056 [266]. The physical origin of the bulk of these neutrinos is
still under debate, but the success of multi-messenger obswervations following IceCube-
170922A show that neutrino astronomy has become an important and indispensable
part of multi-messenger astrophysics [267]. Our model for high-energy emissions from
galaxy mergers connects the electromagnetic emissions from merging regions to the
neutrino emission and CR acceleration. With the prospects for detecting or setting
the limits on their high-energy neutrino emission by current and/or next-generation
neutrino detectors [197,206], our work will be able to provide a new perspective on future
multi-messenger studies of the evolution of galaxies.
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Chapter 4 |
High-Energy Neutrino Emission Sub-
sequent to GW Radiation from
SMBH Black Hole Mergers

Note: The material in this Chapter is based on my paper [268], with co-authors Kohta
Murase, Shigeo S. Kimura, and Peter Mészáros.

4.1 Introduction
The coincident detection of gravitational waves (GWs) and the broadband electromagnetic
(EM) counterpart from the binary neutron star (NS) merger event GW 170817 [269, 270]
heralds a new era of multi-messenger astronomy. Since the initial discovery of GWs from
binary black hole (BH) mergers by the advanced Laser Interferometric Gravitational
Wave Observatory (LIGO) [271,272], intense efforts have been dedicated to searching for
the possible associated neutrino emissions from binary NS/BH mergers (see a review [273]
and [274–279]). The joint analysis of different messengers would shed significantly
more light on the physical conditions of compact objects, as well as on the origin of
their high-energy emissions. One vivid example that manifests the power of including
high-energy neutrino observations as an additional messenger is the detection of the
IceCube-170922A neutrino coincident with the flaring blazar TXS 0506+056 [280]. The
combined analyses of EM and neutrino emissions from TXS 0506+056 provided stringent
constraints on the blazar’s particle acceleration processes and the flare models [281–289].

High-energy neutrino astrophysics began in 2012–2013 by the discovery of the cosmic
high-energy neutrino background [263,264]. Despite the fact that the diffuse neutrino
background has been studied for several years [26,188,265,290], its origin still remains
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unknown, having given rise to a number of theoretical models aimed at explaining the
observations (see, e.g., Refs. [291, 292] for reviews). Candidate source classes include
bright jetted AGN [48,49,51,293,294], hidden cores of AGN [54,295–297], galaxy clusters
and groups [58,137,138], and starburst galaxies [58, 139] that contain supernovae and
hypernovae as cosmic-ray (CR) accelerators [144] or AGN winds or galaxy mergers [68,
194, 206]. All the above models require CR acceleration up to 10–100 PeV to explain
PeV neutrinos, because the typical neutrino energy produced by pp or pγ interactions
is Eν ∼ (0.03 − 0.05)Ep [58], where Ep and Eν are energies of protons and neutrinos,
respectively. The same CR interactions also produce neutral pions that decay into high-
energy gamma rays, which quickly interact with much lower-energy diffuse interstellar
photons, degrading the gamma rays down to energies below∼ TeV, which can be compared
to the diffuse GeV-TeV gamma-rays background observed by Fermi [1,298]. An important
constraint that all such models must satisfy is that the resulting secondary diffuse gamma-
ray flux must not exceed the diffuse isotropic gamma-ray background [58, 296]. The
various models mentioned above satisfy, with varying degrees of the success, the observed
neutrino and gamma-ray spectral energy densities, but there is uncertainty concerning
the occurrence rate of the posited sources at various redshifts, due to our incomplete
observational knowledge about the behavior of the corresponding luminosity functions at
high redshifts.

Recent observations have provided increasing evidence that a large fraction of nearby
galaxies harbor supermassive black holes (SMBHs). One influential scenario for the
formation of these SMBHs is that they, like the galaxies, have grown their mass through
hierarchical mergers (e.g., Ref. [69]). SMBH mergers are ubiquitous across the history
of the Universe especially at high redshifts where the minor galaxy mergers are more
frequent. When galaxies merge, the SMBHs residing in each galaxy may sink to the center
of the new merged galaxy and subsequently form a SMBH binary [70,71]. The SMBHs
gradually approach each other as the gravitational radiation takes away the angular
momentum, which eventually leads to their coalescence, accompanied by a GW burst.
The GW burst from the final stage of coalescing can be detected by future missions such
as the Laser Interferometer Space Antenna (LISA) [72], providing through this channel
valuable and prompt information about the merger rates, SMBH masses and redshift.
In addition, SMBH mergers are usually associated with mass accretion activities and
relativistic jets, which may lead to detectable EM and neutrino emission. For example,
SMBH mergers may trigger AGN activities [73]. In this picture, the merger of SMBHs
will become an important target for future multi-messenger astronomy (e.g., Ref. [74]).
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In this paper, we present a concrete model for high-energy neutrino emission from four
possible sites in the relativistic jet of SMBH mergers, namely, the collimation shock (CS),
internal shock (IS), forward shock (FS) and reverse shock (RS). In Sec. 4.2 we discuss the
physical conditions in the jet and the gaseous envelope surrounding the merging SMBHs.
In Sec. 4.3 we discuss the various relevant dynamic and particle interaction timescales.
In Sec. 4.4 we calculate the neutrino emission from each site and investigate the neutrino
detection rates for IceCube and its successor, IceCube-Gen2. We also integrated over
redshift for parametrized merger rates compatible with our current knowledge and show
that our model can contribute a significant portion to the diffuse neutrino background
without violating the gamma-ray constraints. We summarize and discuss the implications
of our results in Sec. 4.5.

Throughout the paper, we use the conventional notation Qx = Q/10x and quantities
are written in CGS units, unless otherwise specified. The integration over redshift is
carried out in the ΛCDM universe with H0 = 71 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.

4.2 Physical Conditions of the Premerger Circumnuclear
Environment and the Jet
The premerger circumnuclear material is thought to form from disk winds driven by
the inspiralling binary SMBHs, in which a postmerger jet is launched, powered by the
rotational energy of the remnant of the merger. It consists of two components originating
respectively from the winds from the circumbinary disks around the binary system and
from the minidisks surrounding each SMBH. Differently from the relativistic jet, the bulk
velocity of the winds is nonrelativistic and the mass outflow carried by the wind spreads
out quasi-spherically above and below the disks [299–301]. Although many jet and wind
models have been proposed, currently there is no unambiguous way to demarcate the
wind and the jet temporally. In this work, from the practical standpoint, we conjecture
that the accretion by the binary system before the merger dominates the circumnuclear
material, while the jet is launched after the merger and subsequently it propagates inside
the existing premerger disk wind. This viewpoint is supported by numerical models of
disk winds and relativistic jets. One of the most promising theoretical models to power
relativistic jets is the Blandford-Znajek (BZ) mechanism [76], which posits that the jet
is primarily driven by the rotational energy of the central SMBH, while it is widely
accepted that the accretion outflows dominantly produce the nonrelativistic winds. In
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Figure 4.1. Schematic description of the merger of SMBHs with minidisks. The black
wavy lines in the first and second panels illustrate the disk wind that forms the premerger
circumnuclear material. The second panel shows the evolution of the circumbinary disk after
the merger, while the third panel shows the postmerger jet-cocoon system. The stages of the
evolution are marked on the time arrow below the figures.

this case, it is reasonable to assume that the launch of the jets occurs after the binary
SMBH coalescence, as a more massive SMBH is formed, and the wind bubble arises from
the inspiral epoch during which the powerful tidal torque powers the strong winds. The
schematic picture in Fig. 4.1 illustrates the evolution of the system.

As the jet penetrates deeply into the premerger disk wind, it sweeps up the gaseous
material, leading to a high-pressure region which forces the encountered gas to flow
sideaway to form a cocoon [302–308] (see also Refs. [309–311] for the jet propagation
in expanding mediums). In this process, a forward shock and a reverse shock are also
formed due to the interaction between the jet and the premerger disk wind. The shocks
together with the shocked material are generally referred to as the jet head. A collimation
shock will appear if the cocoon pressure is high enough to bend the jet boundary toward
the axis of the jet, which as a consequence, collimates the jet. Moreover, the velocity
fluctuation in the plasma inside the jet may produce internal shocks [312].

For the purpose of conciseness, we use the abbreviations CS, IS, FS and RS to represent
the collimation shock, internal shock, forward shock and revers shock in the following
text, respectively. We show that all four of these sites can be CR accelerators, and we
discuss the neutrino emissions from each site. In 4.2.1, we describe the premerger physical
processes in details and derive a quantitative estimation of the premerger circumnuclear
environment, while the jet structure and the shock properties are discussed in 4.2.2.
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4.2.1 Premerger Circumnuclear Environment

The existence of circumbinary and minidisks may have a profound impact on the evolution
of the binary system especially in the early inspiral stage where angular momentum
losses due to gravitational radiation are subdominant compared with that from the
circumbinary disk [313–315]. There are significant uncertainties in formulating a rigorous
model of the disk-binary interactions throughout the merger, and this is beyond the
scope of this work. Here, we consider three major factors that can dominate the disk and
binary evolution in the late inspiral phase, namely, the viscosity, the tidal torques on the
disks, and the gravitational radiation of the binary system, and use these to formulate
a simplified treatment for deriving the density profile of the premerger circumnuclear
material. This treatment can be justified because the previously launched disk wind
material will be overtaken by the fast wind from the late inspiral stage, which implies that
we only need to model the disk-binary interactions in a short time interval immediately
before the merger occurs.

Considering a circumbinary disk of inner radius Rd around a SMBH binary of total
mass MBH, the viscosity time for the disk is (e.g., Ref. [316])

tvis = 1
αΩK

(
Rd

H

)2
' 0.31 yr M−1/2

BH,6R
3/2
d,14α

−1
−1(h/0.3)−2, (4.1)

where α ∼ 0.1 is the viscosity parameter, H is the disk scale height, ΩK =
√
GMBH/R3

d

is the Kepler rotation angular velocity, MBH = 106 MBH,6M� is the total mass of the
binary SMBHs, and the dimensionless parameter h is defined by h = H/Rd. In this study,
we consider high mass accretion rates, and assume optically thick circumbinary disks
with h ≈ 0.3. For illustrative purposes we take the SMBH mass to be MBH = 106M�

as in Ref. [317] and assume the mass ratio of the two SMBHs is ζ = 1. Initially, before
the merger, the binary system has a large semi-major axis a, implying that the influence
of the GWs for the disk is inferior to that of the viscosity, e.g., tGW � tvis. Here, the
timescale of the GW inspiral is (e.g., Ref. [318])

tGW = 5
64

c5a4

G3M3
BH

(1 + ζ)2

ζ
' 1.0× 104 yr M−3

BH,6a
4
14, (4.2)

As the two SMBHs gradually approach each other, the effects of the GWs become
increasingly important. However, the circumbinary disk is still able to respond promptly
to the slowly shrinking binary system until tGW = tvis. In this phase, the ratio of Rd
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and a remains roughly constant, e.g., Rd ∼ 2a, as a result of the balance of the internal
viscosity torque and the tidal torque exerted by the binary system. Later on, when the
semi-major axis shortens down to or below a certain length, the binary system starts to
evolve much faster and the gas in the circumbinary disk cannot react fast enough since
GWs take away an increasingly large amount of energy from the binary system. The
critical radius is referred to as the decoupling radius. Equating tvis with tGW we obtain
the decoupling radius as

Rd,dec ' 4.8× 1012 cm MBH,6α
−2/5
−1 (h/0.3)−4/5. (4.3)

The accretion activity also produces disk winds that blow away a fraction of the
accreted mass, resulting in a premerger circumnuclear material above and below the
circumbinary disk. In this study, we assume that the accretion rate is mildly larger than
the Eddington rate, as ṀBH = ṁṀEdd ≡ 10ṁLEdd/c

2 ∼ 0.2(ṁ/10) M� yr−1. Given
the accretion rate, we parameterize the mass outflow rate as Ṁw = ηwṀBH. After
the disk becomes decoupled, Rd remains roughly constant until merger occurs. The
time interval between the disk decoupling and the merger, tm, can be estimated using
Eq. (4.2) in combination with tGW = a/|da/dt|. After the merger, the gap between
the disk and the newly formed SMBH cannot be preserved and the gas starts to fill
the cavity in the viscosity timescale (e.g., Ref. [319]). Our estimate suggests that both
tm ∼ 8× 10−4 yrMBH,6α

−8/5
−1 (h/0.3)−16/5 and tvis ∼ 3× 10−3 yr MBH,6α

−8/5
−1 (h/0.3)−16/5

at decoupling are approximately of the order of 10−3 yr, which is much shorter than
the timescales to be considered later for the neutrino production. In such a short time
duration, the wind formed at decoupling can reach only up to ∼ 1013 − 1014 cm, but one
may extrapolate the density profile to a farther radius by incorporating different disk
winds into one smooth profile. Therefore, we neglect the modifications to the disk wind
due to these two short term processes and we use the density profile at the decoupling to
derive the jet structure. Moreover, we assume that the jet driven by the BZ mechanism
is launched immediately after the cavity is occupied by gas. The evolution of the binary
system is shown in the schematic pictures in Fig. 4.1. Given the wind mass outflow rate
Ṁw and the decoupling radius Rd,dec, we have the density distribution of the premerger
circumnuclear material

%w(r) = ηwṀBH(1 + χ)
4πr2

√
Rd,dec

2GMBH
, (4.4)
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Figure 4.2. Schematic description of the structure of the collimated jet, where CS, IS, FS and
RS stand for collimation shock, internal shock, forward shock and reverse shock. The contact
discontinuity is illustrated as the dashed line.

where the enhancement factor χ ≈ Ṁmini
Ṁw

√
2GMBH/Rd,dc

vmini
takes into account the contribution

of minidisks. In this expression, Ṁmini represents the rate of accretion to the binary
system from the minidisks, while vmini ≈

√
2GMBH/(a/2) is the typical escape velocity

from the minidisks. We expect Rd ∼ 2a, which implies that vmini is about twice as much
as the wind velocity of the circumbinary disk, i.e. vmini ≈ 2

√
2GMBH/Rd,dc. On the

other hand, we expect a lower mass accretion rate onto the minidisk, e.g., Ṁmini < ṀBH,
as a result of the suppression due to the binary tidal torque. In this case, we conclude
that the factor χ is close to unity. The parameter ηw depends strongly on ṁ and on
the disk magnetic field. For the standard and normal evolution (SANE) model the
magnetic field is weak and ηw ranges from 10−1 to 10−4 for super- and sub-Eddington
accretions [320–322], respectively. However, more powerful outflows could be produced in
the magnetically arrested disk (MAD) model. In this case, ηw can reach 10−2−10−1 [323].
Here, we assume a fiducial value, ηw ∼ 10−2 and we will discuss the impact of a higher
ηw, e.g., ηw = 0.1, later.

4.2.2 Postmerger Jet Structure and CR Acceleration

The central engines of strong, highly relativistic jets are generally assumed to be related
to magnetized accretion flows and rotation of compact objects. According to general
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relativistic magnetohydrodynamics (GRMHD) simulations, the threading magnetic flux
ΦB = πBHR

2
g can reach the maximum saturation value [324], ΦB ∼ 50 Ṁ1/2

BHRgc
1/2, for a

given accretion rate ṀBH and horizon radius Rg = GMBH/c
2. Here, BH is the magnetic

field that threads the SMBH horizon and we assume that the accretion rate remains
unchanged before and after the merger, e.g., ṀBH ∼ 0.2 M� yr−1 (ṁ/10), where the
parameter ṁ is defined as the ratio of ṀBH and the Eddington value ṀEdd ≡ 10LEdd/c

2.
In the case of the magnetically arrested accretion, we estimate the jet kinetic luminosity
to be

Lk,j ≈ ηjṀBHc
2 ' 3.4× 1046 (ṁ/10)(ηj/3) erg s−1, (4.5)

where ηj is the efficiency with which the accretion system converts accretion energy into
jet energy [324]. Since this parameter is degenerate with ṁ, we assume ηj = 3 in the
following text.

Once the jet kinetic luminosity is specified, the shock structure is determined by the
ambient gas density distribution and the Lorentz factor of the unshocked material, Γj.
We now discuss the conditions under which the jets are collimated and for which CRs
can be efficiently accelerated in each of the shock regions including the CS, IS, RS and
FS. The jet is typically collimated for a sufficiently high cocoon density. Considering
a jet of opening angle θj, jet kinetic luminosity Lk,j and isotropic equivalent kinetic
luminosity Lk,iso ≈ 2Lk,j/θ2

j , the jet head position for the collimated jet is estimated to
be ( e.g., [305,325]),

Rh ≈ Ξ1/5L
1/5
k,j %̂

−1/5
w θ

−4/5
j t

3/5
j (4.6)

where Ξ = 16/π is a constant, tj is the jet propagation time reckoned from the launch
of the jet and %̂w = (1/Rh)

∫ Rh
2Rg %w(r)dr is the average density over the cocoon volume

assuming that the cocoon’s shape is cylindrical. Combining Eq. (4.6) with the definition
of %̂w, we are able to solve Rh and %̂w. According to the jet-cocoon model, the collimation
shock forms at

Rcs ≈ (2π)−1/2Ξ−1/5c−1/2%̂−3/10
w θ

−1/5
j t

2/5
j L

3/10
k,j . (4.7)

One precondition for these equations is that the jet should be collimated, which requires
Rcs . Rh. From the black lines of Fig. 4.3, we find that the jets with the typical
parameters θj ≈ 1/Γcj ' 0.33 and Lk,j ' 3.4× 1046 erg s−1 satisfies this requirement if
tj & 10−3 yr, where Γcj ≈ 1/θj ' 3 is the Lorentz factor of the downstream material of
the collimation shock.

In the precollimation region, we assume the Lorentz factor of the unshocked material
to be comparable to that of blazars, e.g., Γj ∼ 10, which is typically lower than the case
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Figure 4.3. Radiation constraints, τi,u < 1, on θj − Lk,j plane at tj = 10−3 yr (left panel)
and tj = 10−2 yr (right panel) for i =CS (orange lines), IS (green lines), FS (red lines)
and RS (blue lines). The magenta stars show the parameters that are used, θ−1

j = 3 and
Lk,j ' 3.4× 1046 erg s−1. The black solid line in each panel corresponds to the jet collimation
condition, Rcs . Rh. The blue and red areas illustrate the FS and RS constraints respectively,
whereas the overlapped areas represent the joint constraints.

of GRBs. Internal shocks usually arise in this region as a result of velocity fluctuations
inside the outflow, resulting in faster and slower gas shells. Numerical simulations indicate
that the fast material shells with Lorentz factor Γr will catch up with the slower ones
with Γs nearly at the position of the collimation shock (e.g., Ref. [326]). Hence, we may
approximate the radius of the internal shocks to be

Ris ≈ min
[
Rcs, 2Γ2

jctvar
]
, (4.8)

where tvar ' 105 s is the variability time.
Fig. 4.2 schematically describes the structure of the jet-cocoon system as well as

the shocks inside the jet. We consider CR acceleration and neutrino production in four
different shock sites, including the CS, IS, FS and RS, as the jet propagates. One necessary
condition for efficient CR acceleration through the shock acceleration mechanism is that
the shock should have a sufficiently strong jump between the upstream and downstream
material. Therefore, a collisionless shock mediated by plasma instabilities would be
necessary rather than a radiation-mediated shock where velocity discontinuities are
smeared out [327, 328]. Motivated by this, we obtain one necessary constraint on the
upstream of the shock for particle acceleration (see Ref. [40,277] for details)

τu = nuσT lu . min[1,Π(Γsh)] (4.9)
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where τu is the upstream optical depth, nu is the comoving number density of upstream
material, σT is the Thomson cross section, lu is the length scale of the upstream fluid,
Γsh stands for the relative Lorentz factor between the shock downstream and upstream,
Π(Γrel) is the function that depends on details of the pair enrichment. Although the pairs
are important for ultrarelativistic shocks, we impose τu < 1 for conservative estimates.
However, our results are not much affected by this assumption, because the neutrino
production continues to occur when the system becomes optically thin. The Lorentz
factors for the shocks that are considered lie in the range 1 < Γsh . 5, therefore we focus
on the first constraint in Eq. (4.9) for our mildly relativistic shocks. As for the collimation
shocks, combining the number density of the upstream ncs,u ≈ Lk,iso/(4πΓ2

jR
2
csmpc

3) with
the comoving length of upstream fluid lcs,u ∼ Rcs/Γj, we have for the optical depth

τcs,u ≈ ncs,ulcs,uσT ≈
Lk,isoσT

4πΓ3
jRcsmpc3 . (4.10)

In the precollimated region, particles are mainly accelerated by internal shocks. The
downstream of the internal shock can be regarded as the upstream of the collimation
shock, and one may use nis,u ∼ nis,d/Γrel−is ∼ ncs,u/Γrel−is (ignoring coefficients), where
Γrel−is ≈ Γr/2Γj is the relative Lorentz factor between the upstream and the downstream
of internal shocks. Here, we assume Γrel−is ≈ 5 and obtain

τis,u ≈
Lk,isoσT

4πRismpc3Γ3
jΓ2

rel−is
(4.11)

where the relationship lis,u ∼ Ris/Γj/Γrel−is is used because the upstream unshocked flows
are moving with a higher Lorentz factor Γr.

In the jet head, the gas is rapidly decelerated to subrelativistic speeds, implying that
the Lorentz factor is close to unity, e.g.„ Γh & 1. Nevertheless, the shock still satisfies the
criteria for strong shocks. The ambient gas enters the jet head through the forward shock
and forms the outer cocoon, whereas the shocked material from the jet constitutes the
inner cocoon. The dashed lines in Fig. 4.2 show the contact discontinuity that separates
the outer and inner cocoon components. In this case, we estimate that the head shock
upstream number density is nfs,u = next = %w(Rh)/mp, where next is the number density
of the exterior premerger circumstellar material at Rh. With this we can write down the
optical depth as

τfs,u ≈
%w(Rh)σTRh

mp

. (4.12)
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This simplified treatment is computationally convenient, albeit with the caveat that it is
optimistic when computing the maximum energy of CRs accelerated by the FS. Similarly,
repeating this procedure, we can get the corresponding quantities for the reverse shock,
nrs,u = ncs,d ∼ ncs,uΓrel−cs and lrs,u ∼ Rh/Γcj, where Γrel−cs ≈ Γj/2Γcj is the relative
Lorentz factor. Substituting these quantities into Eq. (4.9) yields

τrs,u ≈
Lk,isoσTRh

4πR2
csmpc3Γ3

jΓ−2
rel−cs

. (4.13)

Fig. 4.3 shows the radiation-mediated shock constraints at tj = 10−3 yr (left panel)
and tj = 10−2 yr (right panel). The magenta star corresponds to the parameter set that
is used in this work. The conditions for the jet collimation are shown by the black solid
lines. From this figure, we find that the jet typically gets collimated in a short time
∼ 10−3 yr after the jet is launched. When the jet is collimated, the upstreams of the CS
and IS are optically thin, implying that CRs may be efficiently accelerated at these two
sites. However, the forward shock and reverse shock could still be radiation dominated
for tj . 10−3 yr, and subsequently become optically thin as the exterior gas envelop gets
less denser. Therefore, there is a time t∗ at which the optical depth becomes unity, e.g.,
τfs,u(t∗) = 1, and τfs,u continues decreasing after that time. Since in the time interval
tj . t∗ the CR acceleration and the neutrino production are suppressed, we introduce
a Heaviside function H(tj − t∗) in the expression for the CR and neutrino spectra to
ensure that CRs are only accelerated after the onset time t∗.

4.3 Interaction Timescales

4.3.1 Nonthermal Target Photon Fields

In the following, we focus on the cases where the shock is collisionless and radiation
unmediated. In astrophysical environments, neutrinos are produced through the decay
of pions created by CRs via pp and/or pγ interactions. Since the collimated jet is
optically thin, we focus on nonthermal photons produced by the accelerated electrons
and treat each site as an independent neutrino emitter, where the subtle interactions
between particles from different regions are not considered. Here, we take a semianalytical
approach to model the synchrotron and synchrotron-self-Compton (SSC) components of
the target photon fields.

We assume a power-law injection spectrum of electrons in terms of the Lorentz factor
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dNe/dγe ∝ γ−pe for γe,min < γe < γe,max, where p is the spectral index, γe,min and γe,max

are the maximum and minimum electron Lorentz factors. Defining εe as the fraction
of internal energy that is transferred to electrons and assuming the shocked gas mainly
consists of hydrogen, rather than e+e− pairs, one has γe,min = εeζeΓrel(mp/me), where
the parameter ζe has the typical value in the range 0.3− 0.4 (e.g., Refs. [233,329]), and
Γrel is the relative Lorentz factor between the upstream and the downstream, e.g., Γrel−cs

for electrons from the collimation shock. The maximum electron Lorentz factor from
the collimation shock acceleration can be obtained by equating the acceleration time
te,acc ≈ γemec/(eBcs,d) with the radiation cooling time te,c ≈ 6πmec/[γeσTB2

cs,d(1 + Ỹ )],
where Bcs,d ≈ (32πεBΓ2

rel−csncs,umpc
2)1/2 is the downstream magnetic field, εB ' 0.01 is

the amplification factor that describes the fraction of the internal energy of unshocked
materials converted to the magnetic field, Ỹ is the Compton parameter and given in
Ref. [330]. Explicitly, we write the maximum Lorentz factor as

γe,max =
[

18πe
σTBcs,d(1 + Ỹ )

]1/2

. (4.14)

Another important quantity that characterizes the shape of the radiation spectrum is
the cooling Lorentz factor,

γe,c = 6πmec

te,cσTB2
cs,d(1 + Ỹ )

, (4.15)

above which electrons lose most of their energy by radiation. In this expression,
te,c ≈ min[tj, tcs,dyn] is the radiation cooling time scale, where tcs,dyn ≈ Rh/(Γcjc) is
the dynamical time of the collimation shock.

Using γe,min, γe,c and γe,max, the typical, cooling and maximum synchrotron emission
energies in the jet comoving frame are respectively given by

εγ,m = 3
2~γ

2
e,min

eBcs,d

mec
,

εγ,c = 3
2~γ

2
e,c
eBcs,d

mec
,

εγ,M = 3
2~γ

2
e,max

eBcs,d

mec
.

(4.16)

If γe,min > γe,c, the electrons are in the fast cooling regime and we obtain the energy
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spectrum of the synchrotron radiation (e.g. Refs. [233,329,331])

ε2
γ

dnsyn
γ

dεγ
=

Lsyn
γ

4πR2
csΓ2

cjcC
syn
γ

×



(
εγ
εγ,c

) 4
3 , εγ < εγ,c(

εγ
εγ,c

) 1
2 , εγ,c < εγ < εγ,m(

εγ,m
εγ,c

) 1
2
(

εγ
εγ,m

) 2−p
2 , εγ,m < εγ < εγ,M

(4.17)

where Lsyn
γ = εeLk,iso/(1 + Ỹ ), and Csyn

γ is the normalization coefficient that ensures∫
εγ(dnsyn

γ /dεγ)dεγ = Lsyn
γ /[4πR2

csΓ2
cjc], and εe/(1 + Ỹ ) represents the fraction of jet

kinetic energy transferred to synchrotron radiation. In this work we assume εe = 0.1. As
for SSC, we neglect the Klein-Nishina effect, since the highest energy photons do not
contribute significant pγ interactions. The SSC spectrum in the Thomson regime is then
given by

ε2
γ

dnssc
γ

dεγ
=

Lssc
γ

4πR2
csΓ2

cjcCssc
γ

×



(
εγ
εsscγ,c

) 4
3
, εγ < εssc

γ,c(
εγ
εsscγ,c

) 1
2
, εssc

γ,c < εγ < εssc
γ,m(

εsscγ,m
εsscγ,c

) 1
2
(

εγ
εsscγ,m

) 2−p
2
, εssc

γ,m < εγ < εssc
γ,M

(4.18)

where Lssc
γ ≈ Ỹ Lsyn

γ and the break energies are defined as εssc
γ,m = 2γ2

e,minεγ,m, εssc
γ,c =

2γ2
e,cεγ,c and εssc

γ,M = γe,maxmec
2. Likewise, the normalization factor Cssc

γ is determined
by

∫
εγ(dnssc

γ /dεγ)dεγ = Lssc
γ /[4πR2

csΓ2
cjc]. In the early stage of the jet propagation, the

electrons are commonly in the fast cooling regime, and the equation controlling the
distribution of nonthermal photons is

εγ
dnγ
dεγ

= εγ
dnsyn

γ

dεγ
+ εγ

dnssc
γ

dεγ
. (4.19)

The cooling of the electrons tends to be less efficient when the magnetic field decreases
as jet expands, and the energy spectra for slow cooling electrons should be used if the
order of γe,c and γe,m is reversed, i.e., γe,c > γe,min. In this case, the synchrotron and SSC
spectra should be rewritten by swapping εγ,m and εγ,c in Eq. (4.17), and swapping εssc

γ,m

and εssc
γ,c in Eq. (4.18), respectively. We also need to replace the index 1/2 by (3− p)/2
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Figure 4.4. Collimation shock photon density distribution in the jet comoving frame at
tj = 0.01 yr (blue lines) and tj = 1 yr (orange lines) for the super-Eddington accretion rate
ṁ = 10. The synchrotron and SSC components are shown as dashed and dash-dotted lines,
respectively. The parameters, εe = 0.1, εB = 0.01, ṁ = 10 and Γcj = θ−1

j = 3 are used.

in both equations. Considering that only electrons with γe greater than γe,c can convert
their kinetic energies to electromagentic emission, we introduce one extra parameter

ηe =
∫ γe,max
γe,c

γe(dNe/dγe)dγe∫ γe,max
γe,min

γe(dNe/dγe)dγe
. 1, γm < γc < γM (4.20)

into the photon density for the slow cooling case. We adopt the spectral index p = 2.0
for electrons. Fig. 4.4 shows the distribution of photon densities in the jet comoving
frame for collimation shocks at tj = 0.01 yr (blue lines) and tj = 1 yr (orange lines) for
the super-Eddington accretion rate ṁ = 10.

Similarly we can derive the photon distribution in other shocks given the dynamic
times for IS, FS and RS, e.g., tis,dyn ≈ Ris/(Γjc), tfw,dyn ≈ Rh/(βhc) ≈ trs,dyn, where
βhc = c

√
1− 1/Γ2

h is jet head speed and

Γh = min
[
Γcj,

√
1 + L̃1/2

]
(4.21)
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is the jet head Lorentz factor. In this expression, we follow Ref. [305] to define L̃

L̃ = Ξ2/5L
2/5
k,j %̂

−2/5
w c−2θ

−8/5
j t

−4/5
j . (4.22)

Since the jet head decelerates while sweeping up the exterior circumnuclear material and
ends up being sub-relativistic (Γh & 1.0), we use the jet head velocity rather than the
Lorentz transformation to compute tfs,dyn. The photon spectra for the IS, FS and RS
look similar to Fig. 4.4, so for the purpose of conciseness, we merely show dnγ/dεγ for
the CS case.

4.3.2 Timescales for the CRs and Pions

To calculate the neutrino emission, we need to estimate the cooling and acceleration
timescales of the protons. Here we consider the CS case as an example, and it is
straightforward to rewrite the relevant equations to cover the IS, FS and RS scenarios.
For the CS case, the acceleration time for protons with an energy εp is estimated to be
tp,acc ≈ εp/(eBcs,dc). While propagating in the jet, the high-energy protons are subject
to photomeson (pγ) interactions, the Bethe-Heitler (BH) process, proton-proton (pp)
inelastic collisions and synchrotron radiation. The energy loss rate due to pγ interactions
is

t−1
pγ = c

2γ2
p

∫ ∞
ε̄th

dε̄γσpγκpγ ε̄γ

∫ ∞
ε̄γ
2γp

dεγε
−2
γ

dnγ
dεγ

, (4.23)

where γp = εp/(mpc
2) is the proton Lorentz factor, ε̄th ' 145 MeV is the threshold energy

for pγ meson production, and ε̄γ is the photon energy in the proton rest frame. In this
equation, σpγ and κpγ represent the pγ cross section and inelasticity, respectively. We
use the results of Ref. [38] for σpγ and κpγ. Similarly we use Eq. (4.23) to evaluate the
BH cooling rate, t−1

BH, by replacing σpγ and κpγ with σBH and κBH whose fitting formulae
are given by Refs. [332] and [333], respectively. The time scale of pp interactions can
be written as t−1

pp ≈ ncs,dσppκppc, where κpp ≈ 0.5 is the inelasticity and σpp is the cross
section for inelastic pp collisions. As for the synchrotron radiation, the cooling timescale
for protons is estimated to be tp,syn = 6πm4

pc
3/(m2

eσTB
2
cs,dεp). Assuming εe = 0.1 and

εB = 0.01, Fig. 4.5 shows the cooling rates, acceleration and dynamical timescales for
CS, IS, FS and RS scenarios at the jet time tj = 10−2 yr. The vertical lines represent the
maximum proton energy by Fermi acceleration, εp,acc ≈ 3

20eBi,dti,dync. From Fig. 4.5, we
also find that the pp interactions are subdominant in comparison with photomeson (pγ)
process. Given the timescales for protons, we are able to derive the energy-dependent
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Figure 4.5. Snapshots of cooling, acceleration and dynamic timescales for CS (left up), IS
(right up), FS (left down) and RS (right down) at tj = 10−2 yr. The vertical line represents the
maximum proton energy from acceleration, εp,acc, whereas the hatches imply the unreachable
proton energies. The parameters, εe = 0.1, εB = 0.01, ṁ = 10, Γj = 10 and Γcj = θ−1

j = 3 are
used.

neutrino production efficiencies from pγ and pp interactions respectively

fpγ−cs =
t−1
pγ

t−1
p,c + t−1

cs,dyn
,

fpp−cs =
t−1
pp

t−1
p,c + t−1

cs,dyn
,

(4.24)

where t−1
p,c ≡ t−1

pγ + t−1
BH + t−1

pp + t−1
p,syn is the total cooling rate and the dynamic time tcs,dyn

is included to constrain the timescale of interactions. If t−1
cs,dyn is high, protons tend to

leave this site very fast before sufficiently participating in the interactions listed above.
Likewise, we can obtain the neutrino production efficiencies for the IS, FS and RS. As
expected, in Fig. 4.5 we find that pγ interactions dominate the neutrino production,
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instead of the pp collisions. The reason is that the jet is neither dense enough nor has a
sufficiently large size to allow efficient pp interactions.

The secondary pions produced from pγ and pp interactions may also lose energy
through synchrotron and hadronic processes, e.g., πp collisions. The pion synchrotron
cooling timescale is tπ,syn = (m4

π/m
4
p)tp,syn, wheremπ ≈ 139.57 MeV is the mass of charged

pions. Approximately, the hadronic cooling time scale can be written as tπp ≈ ncs,dσπpκπpc,
where σπp ∼ 5 × 10−26 cm2 and κπp ∼ 0.8 are used in our calculation. Using the rest
life time charged pions, tπ ' 8.2 × 10−16 yr, the charged pion decay rate is estimated
to be t−1

π,dec ≈ 1/(γπtπ). For a PeV pion, the decay rate is approximately 1.7× 108 yr−1,
which is much larger than the reciprocal of the dynamic time (t−1

cs,dyn) and the cooling
rate (t−1

π,syn), implying that the pion decay efficiency is nearly unity, e.g.,

fπ,sup−cs ≈ 1− exp
(
−

t−1
π,dec

t−1
cs,dyn + t−1

π,syn

)
∼ 1. (4.25)

We see that this is true in the other sites as well, and the relation fπ,sup ∼ 1 will be used
in the following text. For neutrinos from secondary muon decay, we introduce another
suppression factor besides fπ,sup, e.g., fµ,sup = 1− exp(−t−1

µ,dec/t
−1
µ,c). For a 100 PeV muon,

the decay rate is t−1
µ,dec ≈ 1/(γµtµ) ' 1.5× 104 yr−1, where tµ is the muon lifetime. We

conclude the ratio t−1
µ,dec/t

−1
µ,c ≈ (m4

µ/m
4
p)tp,syn/(γµtµ) ' 38× (εµ/100 PeV)−2(Bd/10G)−2,

depending on the shock site and jet time tj. In the energy range studied in this paper
and considering that the neutrino emission can last from years to decades (which will be
shown later), the approximation of fµ,sup ≈ 1 is valid. Ultrahigh-energy neutrinos (with
& 1 EeV) from the muon decay can be suppressed by fµ,sup in the very early stage (e.g.,
tj < 10−2yr), which could change the observed flavor ratio.

4.4 High-Energy Neutrino Emission from Shocks in the
Jets

4.4.1 Neutrino Fluences

Assuming that the high-energy protons have the canonical shock acceleration spectrum
with a spectral index p = 2 and an exponential cutoff at the maximum proton energy,
we obtain the single flavor isotropic neutrino spectrum by pion decay at each site in the
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Figure 4.6. Muon neutrino fluxes versus jet time tj for the CS (up left), IS (up right), FS
(bottom left) and RS (bottom right) scenarios. The optimistic parameters (e.g., ṁ = 10, εp =
0.5) are used. The blue, orange and green curves correspond to the specified neutrino energies
in the observer’s frame Eν = 100 TeV, 1 PeV and 10 PeV. For the FS and RS cases, the
neutrino emissions are isotropic and Lk,j is used in Eq. (4.26) instead of Lk,iso. The relativistic
jet is on-axis and located at z = 1.

observer’s frame

EνFEν ,i ≈
εpLk,iso
4πd2

LCp

(1
8fpγ−i + 1

6fpp−i
)
fπ,sup−i

×H(tj − t∗)e
− εp
εp,max |Eν≈0.05εp(1+z)−1 ,

(4.26)

where the label i=CS, IS, FS or RS represents the site of neutrino production, εp is
the CR acceleration efficiency, Cp = ln(εp,max/εp,min) is the normalization parameter,
εp,min ≈ ΓcjΓrel−impc

2 is the proton minimum energy in the cosmological comoving
frame, εp,max is the maximum proton energy, and dL is the luminosity distance between
the source and the observer. In this paper, we assume efficient baryon loading rate
εp = 0.5. Noting that the maximum proton energy is constrained by the cooling energy
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Figure 4.7. Observed muon neutrino fluences for the CS (up left), IS (up right), FS (bottom
left) and RS (bottom right) scenarios at various observation times tobs

ν = 10−2 yr (blue lines),
10−1 yr (orange lines) and 1 yr (green lines) after the merger. The optimistic parameters (e.g.,
ṁ = 10, εp = 0.5) are used to obtain these curves. The solid lines are obtained from fiducial
parameters, e.g., ηw = 0.01, whereas ηw = 0.1 is used for the thin dashed lines as a reference.
For the FS and RS cases, the neutrino emissions are isotropic and Lk,j is used in Eq. (4.26)
instead of Lk,iso. The relativistic jet is on-axis and located at z = 1.

εp,c and the maximum proton energy from acceleration εp,acc in the jet comoving frame,
we conclude that εp,max ≈ Γcj min[εp,c, εp,acc], where εp,c is determined by the equation
t−1
p,c + t−1

i,dyn = t−1
p,acc. For the FS and RS cases, considering that these shocks are initially

relativistic and then rapidly decrease to being sub-relativistic as the jet expands, we
expect that the corresponding neutrino emissions are not beamed and we replace Lk,iso
with Lk,j in Eq. (4.26). In the following text, we show the neutrino light curves and
spectra for each site by fixing the luminosity distance to be dL = 6.7 Gpc (z = 1); (see
section 4.4.2 for the reason of this choice). Fig. 4.6 shows the light curves for specified
neutrino energies Eν = 100 TeV (blue lines), 1 PeV (orange lines) and 10 PeV (green
lines). As for the forward shock and the reverse shock, no neutrinos are expected before
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the onset time t∗. One common feature for all the four light curves is that the neutrino
fluxes decreases monotonically in the later time, due to a decreasing fpγ resulting from a
less denser photon environment.

For the convenience of the detectability discussion below, it is useful to calculate the
observed cumulative muon neutrino fluence at a given time tobs

ν after the jet is launched
by integrating the flux over time

E2
νφνµ−i(tobs

ν ) =
∫ tobs

ν /(1+z)

0
dtjEνFEν ,i. (4.27)

Cumulative muon neutrino fluences for various observation times tobs
ν = 10−2 yr, 10−1 yr

and 1 yr for CS, IS, FS and RS scenarios in the optimistic case are shown in Fig. 4.7.
From Fig. 4.7, we find that the neutrino flux from IS is subdominant comparing to that
from CS. The main reason is that the comoving photon density at IS is much lower than
the CS site, noting that nγ,cs ∝ Γ−2

cj whereas nγ,is ∝ Γ−2
j . The thin dashed lines in Fig.

4.7 depict the corresponding neutrino fluences for a denser circumnuclear material with
ηw = 0.1. Comparing with the solid lines, we conclude that the neutrino emission does
not sensitively depend on ηw and the results obtained from previous assumptions are not
sensitive to the uncertainties of the outflow model. The neutrino fluences of the FS and
RS scenarios are clearly lower than for the CS and IS cases since the neutrinos from the
FS and RS are not beamed.

To calculate the observed flavor ratio, we write down the ratio of neutrino fluences of
different flavors at the source νµ : νe : ντ ∼ 1 : 2 : 0. According to tri-bimaximal mixing,
the observed neutrino fluences after long-distance oscillation is (e.g., Ref. [334])

φνe = 10
18φ

0
νe + 4

18
(
φ0
νµ + φ0

ντ

)
φνµ = 4

18φ
0
νe + 7

18
(
φ0
νµ + φ0

ντ

) (4.28)

implying that the observed favor ratio is νµ : νe : ντ ∼ 1 : 1 : 1. We need to keep in mind
that the flavor ratio may deviate from 1 : 1 : 1 if the muon decay suppression factor
becomes less than unity, e.g., fµ,sup < 1.
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4.4.2 Detectability

Using the muon neutrino fluence φνµ−i at tobs
ν and the detector effective area Aeff(δ, Eν),

we estimate the observed muon neutrino event number to be

Ni(tobs
ν ) =

∫
φνµ−iAeff(δ, Eν)dEν , (4.29)

where Aeff typically depends on the declination δ. For IceCube (IC), the effective areas
for 79- and 86-string configurations are similar and we use the Aeff shown in Ref. [335]
to calculate the 1-year event numbers of downgoing and upgoing+horizontal neutrinos.
In the future, foreseeing a substantial expansion of the detector size, IceCube-Gen2 is
expected to have a larger effective area [336]. Here we assume that the effective area of
IceCube-Gen2 (IC-Gen2) is a factor of 102/3 larger that that of IceCube. The threshold
neutrino energies for IceCube and IceCube-Gen2 are fixed to be 0.1 TeV and 1 TeV
respectively. In our case, we focus on the detectability of track events considering that
the effective area for shower events is much smaller that that of track events. Note that
we only consider the contribution of upgoing+horizontal neutrinos. KM3NeT, a network
of deep underwater neutrino detectors that will be constructed in the Mediterranean
Sea [337], will cover the southern sky and will further enhance the discovery potential of
the jets produced by SMBH mergers as neutrino sources in the near future.

We calculate the expected one-year, e.g., tobs
ν = 1 yr, neutrino detection numbers of

the CS, IS, FS and RS scenarios for an on-axis merger event located at z = 1 (∼ 6.7
Gpc) with the parameters used before, ṁ = 10, εp = 0.5, ηw = 10−2, ηj = 3, εe = 0.1,
εB = 0.01, Γj = 10 and Γcj = θ−1

j = 3. The results are summarized in the upper part
of Table 4.2. Correspondingly, the middle panel of Table 4.2 shows the expected event
numbers for IceCube and IceCube-Gen2 in the 10-year operation (e.g., tobs

ν = 10 yr). One
caveat is that the accretion rate as well as the jet luminosity Lk,j might be optimistic
for SMBH mergers. Hence, we show also the results for a conservative case with a
sub-Eddington accretion rate ṁ = 0.1 and the same baryon loading factor εp = 0.5, for
the purposes of comparison. In this case, the other parameters are unchanged except for
modifying the disk scale height to h = 0.01, which is consistent with thin disk models of
low mass accretion rates. The event numbers in the upper and middle parts of Table 4.2
demonstrate that IceCube-Gen2 could detect & 1 events from an on-axis source located
at z = 1 in a 10-year operation period, whereas the detection is difficult for IceCube.

It is also useful to discuss the neutrino detection rate for all SMBH mergers within a
certain comoving volume V(zlim) at redshift zlim. Given the SMBH merger rate R(z),
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the number of mergers per unit comoving volume per unit time, and assuming that all
SMBH mergers are identical, we obtain the average neutrino detection rate per year from
the i-th component [129,338]

Ṅν,i(< zlim) = c

H0
fi(θj)∆Ωsur

×
∫ zlim

0
dz

Pm≥1(Ni|tobs
ν =1 yr)R(z)d2

L

(1 + z)3
√

Ωm(1 + z)3 + ΩΛ
,

(4.30)

where fi(θj) is the probability of on-axis mergers and the solid angle is ∆sur ≈ 2π for
the upgoing+horizontal detections, and Pm≥1(Ni|tobs

ν =1 yr) = 1− exp(−Ni|tobs
ν =1 yr) is the

probability that a sigle source at z produces nonzero neutrino events. For i = CS and
IS, the neutrino emission is beamed and we conclude that fi(θj) = θ2

j/2, whereas fi = 1
corresponds to the isotropic FS and RS. Note that the critical redshift that satisfies
1
2θ

2
jR(z)V(z)× 1 yr ∼ 1 is z ∼ 1, within which one may expect one on-axis merger in one

year. Simulations based on the history of dark matter halo mergers [339,340] and the
history of seed black hole growth [341] have predicted the redshift evolution of SMBH
merger rate, and we use the results of Ref. [341] for R(z).

It has been expected that LISA can detect SMBHs up to high redshifts (see, e.g.,
Ref. [342] and references therein). SMBH binary coalescences at high redshifts (z & 2−3)
dominate the total event rate, whereas approximately 10% of the event rate may come
from the mergers at redshifts with z . 1 [339,342–344]. The cumulative LISA event rate
is expected to be ∼ 10 yr−1 [342]. But the number is subjected to large uncertainties
coming from binary formation models. For example, Ref. [344] gives ∼ 1 yr−1 for
MBH ∼ 106 M�. We are interested in the neutrino detection rate from SMBH mergers
detected by LISA, i.e., GW+neutrino detection rate. Combining Eqs. (4.29) and (4.30),
we present the neutrino detection rates for SMBH mergers by setting zlim = 6 (given
that LISA can detect such high-redshift SMBH mergers) in the lower part of Table 4.2.
From the neutrino detection rates and event numbers presented in Table 4.2, we find
that it may be challenging for IceCube-Gen2 to detect neutrinos from LISA-detected
SMBH mergers with conservative parameters (ṁ = 0.1). On the other hand, if the
LISA-detected binary SMBH systems are super-Eddington accreters (e.g., ṁ = 10) before
and after the merger, the resulting neutrino emission from the jet-induced shocks may
be detected by IceCube-Gen2 within a decade. Note that the atmospheric neutrino
background would be negligibly small even for a time window of tobs

ν ∼ 1 yr because the
neutrino energy is expected to be very high.
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Figure 4.8. Differential contributions to the diffuse neutrino intensity z×
∑
iE

2
ν(dΦν,i/dz) for

the optimistic case at Eν =1 PeV (blue line) and 10 PeV (orange line). The cyan line depicts
the contributions (×0.25) from starforming/starburst galaxies (SFG/SBG) [140] at Eν =1 GeV.

4.4.3 Cumulative Neutrino Background

It is useful to evaluate the contribution of SMBH mergers to the diffuse neutrino
background and to check if this model can alleviate the tension between the diffuse
neutrino and the gamma-ray backgrounds. In the scenario of jet induced neutrinos, the
all-flavor diffuse neutrino flux from each site is calculated via [48]

E2
νΦν,i = c

4πH0

∫
dz
∫ tν

dtj
R(z)

(1 + z)2
√

Ωm(1 + z)3 + ΩΛ

×
(3

8fpγ−i + 1
2fpp−i

)
fπ,sup−i

θ2
j εpLk,iso

2Cp
×H(tj − t∗)e

− εp
εp,max ,

(4.31)

where the summation takes all neutrino production sites into account. From the light
curves in Fig. 4.6, we find that the neutrino emissions can last as long as one hundred
years. To calculate the contribution to the diffuse neutrino background, we treat these
jets as long-duration neutrino sources and take the rest-frame jet time to be 100 yr in
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Figure 4.9. Redshift-integrated all-flavor diffuse neutrino flux expected from relativistic jets in
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red lines. The solid and dashed lines respectively correspond to the optimistic (ṁ = 10, εp = 0.5)
and conservative (ṁ = 0.1, εp = 0.5) cases. The fiducial value ηw = 0.01 is adopted for both
cases. Parameters for these two cases are listed in table 4.2. For each case, we use tν = 100 yr
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of current (black-dashed; IceCube [345]) and some future ultrahigh-energy neutrino detectors
(gray lines; ARA/ARIANNA, POEMMA, CHANT, GRAND) are also shown.

the integral. The Fig. 4.8 illustrates the differential contributions to the diffuse neutrino
intensity, z ×∑iE

2
ν(dΦν,i/dz), for the optimistic parameters at Eν = 1 PeV (blue line)

and 10 PeV (orange lines). The fiducial parameter ηw = 0.01 is used to obtain these
curves. For the purpose of comparison, we also show in cyan the contribution (×0.25) to
Eν = 1GeV neutrino background from starforming/starburst galaxies (SBG/SFG) [140].
Using the redshift evolution of SMBH merger rate R(z) provided by Ref. [341], we show
the diffuse neutrino fluxes from each shock site for optimistic and conservative cases in
Fig. 4.9. In this figure, the yellow area, green and red data points corresponds to the
diffuse neutrino fluxes deduced from upgoing muon neutrinos, six-year high-energy start
events (HESE) analysis and six-year shower analysis Ref. [26, 188, 290, 346], respectively.
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The results obtained from Eq. (4.31) is consistent with the analytical estimation [48]

E2
νΦν ∼

c

4πH0

3
8fpγfπ,supξzR|z=0tνC−1

p εpLk,j

∼ 10−8 GeV cm−2 s−1 sr−1

× (εpṁ/5)fpγ
(
ξz
12

)(
tν,effR|z=0

0.11Gpc−3

)
,

(4.32)

where fpγ is close to unity at Eν ∼ 10PeV in the effective duration tν,eff = 10 yr,
Cp ' 15− 20 depends on the jet time and ξz is the redshift evolution parameter (see e.g.,
Ref. [347]). Here, the analytical estimation is energy-dependent, since at different Eν , the
effective neutrino emission time tν,eff , during which fpγ remains close to unity, strongly
depends on the neutrino energy according to the light curves in Fig. 4.6. From this figure
we find that the CS and RS contribute to the diffuse neutrino flux roughly in the same
level. The main reason is that these sites can continuously produce very high-energy
neutrinos in a longer duration, e.g., ∼ 10 yr (see the green curves in Fig. 4.6). Moreover,
since the dynamic time of the reverse shock trs,dyn ≈ Rh/(βhc) is longer than that of the
collimation shock, tcs,dyn ≈ Rcs/(Γcjc), the reverse shock scenario predicts higher-energy
neutrinos (in the EeV range).

One simplification in Eq. (4.31) is that all sources have the same physical conditions
and share the same set of parameters throughout the universe. However, in reality, the
situation is more complicated. Nevertheless, one can infer that the jet-induced neutrino
emissions from SMBH mergers could significantly contribute to the diffuse neutrino flux
in the very high-energy range, i.e., Eν & 1 PeV, if the optimistic parameters are applied.

Since SMBH mergers are promising emitters of ultrahigh-energy neutrinos, these
sources will become important candidates for future neutrino detectors, such as the
giant radio array for neutrino detection (GRAND [348]), Cherenkov from astrophysical
neutrinos telescope (CHANT [349]), Probe Of Extreme Multi-Messenger Astrophysics
(POEMMA [350]), Askaryan Radio Array (ARA [351]) and Antarctic Ross Ice Shelf
Antenna Neutrino Array (ARIANNA [352]). An absence of detection can in return
constrain the jet luminosity/accretion rate and the source distribution. Typically, the
source density and jet luminosity are constrained by the nondetection of multiplet
sources [129,353, 354]. However, such multiplet constraint is very stringent in the energy
range Eν ∼ 30− 100 TeV (see e.g., Ref. [129]) and becomes very weak for Eν & 10 PeV.
In this work, the neutrino emission concentrates in the ultrahigh-energy band, e.g., 10
PeV - 1 EeV, implying that the our model can avoid the multiplet constraint.
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From the previous sections we find that the neutrino fluxes produced through the pp
process are negligible compared to that from pγ interactions, implying a low contribution
to the gamma-ray background in the GeV-TeV range covered by the Fermi large Area
Telescope (LAT). Most importantly, pγ interactions in our model mainly produce very
high-energy neutrinos of energies greater than 100 TeV. The accompanied very high-
energy gamma rays can avoid the constraint from Fermi LAT, since the gamma-ray
constraint is stringent for neutrinos in the range 10-100 TeV if the source is dominated by
pγ interactions [296]. On the other hand, according to the redshift evolution of the SMBH
merger rate and the differential contributions to the diffuse neutrino intensity shown in
Fig. 4.8, the sources located at high redshifts z ∼ 4− 6 contribute a significant fraction
of the cumulative neutrino background, and the sources are fast evolving objects with
a redshift evolution parameter ξz ∼ 12. In this case the very high-energy gamma rays
produced through π0 decay can be sufficiently attenuated through γγ interactions with
the extragalactic background light (EBL) and the cosmic microwave background (CMB;
see, e.g., Ref. [355] for the optical depth). Hence, this model can significantly contribute
to the very high-energy (& 1 PeV) diffuse neutrino background without violating the
gamma-ray background observed by Fermi LAT (cf. Figs. 5 and 6 of Ref. [202]).

4.5 Summary and Discussion
In this work, we studied jet-induced neutrino emission from SMBH mergers under the
assumption that the jet is launched after the merger and it subsequently propagates
inside the premerger circumnuclear region formed by the disk wind which precedes the
merger. We showed that with optimistic but plausible parameters, the overall neutrino
emission from four different shock sites, CS, IS, FS and RS, can be detected by IceCube-
Gen2 within ten years of operation. If the accretion rate of the newborn SMBHs are
sub-Eddington, e.g., ṁ = 0.1, it may be challenging to detect neutrinos even with
IceCube-Gen2 because of the low SMBH merger rate in the local Universe. On the other
hand, the expected rapid redshift evolution rate of SMBH mergers implies that they could
be promising sources that contribute to the diffuse neutrino background. In the previous
section, we found that even using the conservative parameters the SMBH merger scenario
can significantly contribute to the diffuse neutrino background flux in the 1-100 PeV range.
Importantly our model mainly produces very high-energy neutrinos of Eν & 1 PeV via
pγ interactions, making it possible to simultaneously avoid the gamma-ray constraints.

As noted before, one crucial parameter of the model is the mass accretion rate
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ṀBH = ṁṀEdd since it determines the jet luminosity Lk,j. Many simulations have shown
that the ratio of the mass loss rate by the wind and the accretion rate, ηw = Ṁw/ṀBH,
strongly depends on the accretion rate, which implies that the density of the circumnuclear
material is also sensitive to the accretion rate. In reality, the mass accretion rates before
and after the merger may range from extreme sub-Eddington cases (e.g., ṁ ∼ 10−4)
to extreme super-Eddington cases (ṁ ∼ 100), depending on the model of accretion
disks. We adopted the moderately super- and sub-Eddington accretion rates as fiducial
values. With such assumptions, the ratio ηw ∼ 10−2 used in our calculation is justified
by the global three-dimensional radiation MHD simulations [320–323]. Our results show
that with the reasonably optimistic parameters, ṁ = 10 and εp = 0.5, it is possible for
IceCube-Gen2 to see neutrinos from SMBH mergers within the operation of approximately
ten years if the jet opening angle θj ∼ 0.3 is comparable with that of AGN.

Noting that a SMBH coalescence will produce strong GWs that will be detected by
LISA, we discussed the expected coincident detection rates of both neutrinos and GWs.
From the bottom part of Table 4.2, we found that it would be possible for LISA and
IceCube-Gen2 to make a coincident detection of SMBH mergers within the observation of
five to ten years in the optimistic case. One advantage of this model is that we can use the
GW detection as the alert of the post-merger neutrino emission. The time lag between
the GW burst and the prompt neutrino emission is approximately ∼ 10−3 − 10−2 yr
(hours to days, similar as tm and/or tvis in Sec. refchapter4phys-condition), depending
on the properties of the circumbinary disk. Since currently there does not exist an
accurate function to describe the redshift and mass dependence of SMBH merger rate,
the single-mass approximation adopted here will unavoidably leads to uncertainties in
equation 4.30. In the future, the GW detections of SMBH mergers will shed more light on
our understanding toward such systems and then our model can provide more accurate
predictions on the GW+neutrino coincident detection rate.

The relativistic jets of SMBH mergers can also produce detectable electromagnetic
emission, analogous to that of GRB afterglows. High-energy electrons that are accelerated
in the relativistic shocks caused by the jets will produce high-energy photon emission
through synchrotron radiation and inverse-Compton scattering. The recent detection
of the IceCube-170922A neutrino coincident with the flaring blazar TXS 0506+056
shows that EM+neutrino multi-messenger analyses are coming on stage and will play an
increasingly important role in the future astronomy. It has been argued that the outburst
signature of TXS 0506+056 could be caused by a “binary" of two host galaxies and/or
their SMBHs [356,357] (in which periodic neutrino emission can be expected by the jet
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precession [358]), although the radio signatures may also be explained by structured
jets [359]. In a continuation of this work, we will explore the electromagnetic signatures
of the relativistic jets of SMBH mergers, which together with the results presented paper
will provide more complete insights into the multi-messenger study of SMBH mergers.
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4.6 Appendix 1: Uncollimated Jets with Accurate ξw
In the previous treatment, we suggested that the jet could be collimated in ∼ 10−3 yr
after the jet is launch if the parameters ηw = 0.01, ηj = 3, θj = 0.33 and ṁ = 10 are
used [268], where ηw is the fraction of the total mass accretion rate that goes into the
winds, ηj represents the efficiency with which the accretion system converts accretion
energy into jet energy, ṁ is defined as the ratio of the accretion rate to the SMBH formed
after the merger and the Eddington value and θj is the jet opening angle. We noticed
that the definition of the average wind density over the cocoon volume, %̂w, in Ref. [268]
was not accurate, and the previous treatment to the jet collimation condition was not
consistent with the modifications to the jet head radius Rh and the position of collimation
shocks Rcs by numerical simulations (e.g., Ref. [360]). In this work, we will correct these
two issues and discuss the impacts on results. We find that a denser wind density (for
example ηw & 0.5) is required to collimate the jet if these two errors mentioned above
are fixed. Using the previous parameters, ηw ∼ 0.01, ηj ∼ 1, ṁ = 10 and θj = 0.33, the
jet is uncollimated and we do not expect the neurino emission from the collimation shock
region. The conclusions in Ref. [268] does not change since the results the internal shock
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Figure 4.10. Left panel: ξw v.s. Rh/RSch calculated with the spherical approximation (type
I, black solid line), the linear approximation (type II, yellow line) and the accurate approach
(type III, dashed green line). Right panel: Comparison of the accurate Rcs, Rh (black lines)
with previous ones (blue lines).

would dominate the neutrino production in the corrected version. In this paper, we use
the conventional notation Qx = Q/10x, unless otherwise specified.

4.6.1 Average Wind Density %̂w
Assuming a jet propagating in the gaseous environment formed by the pre-merger disk
winds, we expect the density distribution of the wind bubble to be

%w(R) = ηw(1 + χ)ṀBH

4πR2vd
≡ Dr−2, R > RSch (4.33)

where RSch = 2GMBH/c
2 is the Schwarzschild radius, χ ∼ 1 takes into account the

contribution of mini-disks and vd ' 0.1c is the velocity of disk winds. Explicitly, we have
D ' 3.8× 1014 g cm−3η′wṁ1MBH,6β

−1
d,−1, where η′w ≡ (1 +χ)ηw ∼ 1 and βd,−1 ≡ vd/(0.1c).

One crucial parameter that determines jet geometry is

ξw = 1
%wVc

∫
%wdVc, (4.34)

where the integration is carried out over the cocoon volume Vc. Generally, the quantity
ξw depends on the position of jet head Rh as well as the shape of the cocoon. Here we
describe three types of the approximation to ξw.

I. Spherical approximation with dVc = 4πR2dR, which leads to ξw = 3R2
h(Rh −

RSch)/(R3
h − R3

Sch). Asymptotically at Rh � RSch, we have ξw = 3 (e.g., Refs.
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[360,361]).

II. Linear approximation (used in Ref. [268]) with dVc ∝ dR, which yields ξw =
Rh/RSch.

III. Accurate approach with ξw =
∫
%wdVc =

∫ ∫
2πrc%wdrcdR, where πr2

c is the cross
section of the cocoon at the radius R along the jet axis. In this case, the integrand
in Eq. 4.34 can be rewritten as %w = D/(R2 + r2

c ).

The left panel in Fig. 4.10 illustrates how ξh depends on Rh/RSch in these three cases.
The accurate ξw (dashed green line) is numerically estimated in the collimated jet regime
with the cocoon boundary rc = L̃1/2θjR. In this expression, L̃ is defined as the ratio
of the energy density of the jet and the rest-mass energy density of ambient medium
(see, e.g., Ref. [361]). We find that the spherical approximation is close to the accurate
case, whereas the linear approximation used in our previous estimation overestimates
ξw, making the jets considered in Ref. [268] easier to be collimated. In the following
literature, we use the accurate ξw to calculate Rh and Rcs.

4.6.2 Jet Collimation Condition

After the coalescence, a jet with kinetic luminosity

Lk,j = ηj(1− ηw)ṀBHc
2

' 1.1× 1046 erg s−1ηj(1− ηw)ṁ1MBH,6,
(4.35)

will be launched and subsequently propagate in the wind bubble formed before merger.
In the collimated regime, the positions of jet head and collimation shock can be written
respectively as,

Rh =
(

16
3π

η̃ξwξ
4
h

ξ2
c

)1/5

t
3/5
j L

1/5
k,j %

−1/5
w θ

−4/5
j , (4.36)

and

Rcs =
(

6
π3/2

ξhξ
2
c

η̃ξw

)1/5

t
2/5
j L

3/10
k,j c

−1/2%−3/10
w θ

−1/5
j , (4.37)

where ξa = ξc = 1 for the wind density distribution and η̃ = 0.01 is introduced to ensure
that the analytical formulae are consistent with numerical simulations. In Ref. [268],
η̃ = 0.01 was missed when discussing jet collimation. Rh and Rcs can be obtained by
combining equations 4.34, 4.36 and 4.37. We find that a denser wind density with
ηw ∼ 0.5 and a less efficient jet parameter ηj = 1.0 are required to collimate the jet with
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Figure 4.11. Time evolution of neutrino fluxes from the IS, FS and RS regions with the
corrected Rcs and Rh. The jet is on-axis and located at z = 1. The parameters, ηw = 0.5, θj =
0.33, ṁ = 10 and ηj = 1.0, are assumed.

η̃ = 0.01 and the corrected ξw. The right panel of Fig. 4.10 shows the time dependence
of Rh (blue lines) and Rcs for the accurate ξw and the previous one used in Ref. [268]. In
both cases, η̃ = 0.01 is applied. In the red region, e.g., tj . 800 s, the jet is uncollimated.
After that the calculation of Rh and Rcs becomes self-consistent since jet collimation is
assumed as a precondition. The blue solid and blud dashed lines correspond to Rh and
Rcs obtained in the original paper.

4.6.3 Results

Figure 2 shows the neutrino light curves for the internal shock (IS), reverse shock (IS)
and forward shock (FS) regions assuming an on-axis jet located at z = 1. We find that
the corrected neutrino flux from each shock site in the collimated jet propagating in a
denser wind bubble (η′w ∼ 2) does not change significantly comparing to the previous
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results. We still expect that in the optimistic case with a super-Eddington accretion rate
ṁ = 10, IceCube-Gen2 could detect the LISA-detected mergers in a 10-year operation
period. In addition, we estimated the contribution to the diffuse neutrino background
from each shock site, which is shown in Fig. 3. The conclusion in Ref. [268] that SMBH
mergers can explain a significant portion of the neutrino background in the energy range
1− 10 PeV is still valid if the binary SMBH systems are super-Eddington accreters before
and after the merger.

One caveat is that after correcting the average wind density %̂w and introducing the
parameter η̃ = 0.01 to Rh and Rcs, a denser wind bubble with η′w = (1 + χ)ηw = 1.0 is
required to guarantee the jet collimation. It is possible for super-Eddington accretors to
produce powerful outflows in magnetically arrested disk (MAD) model [362]. However,
these sources may not be universal in the whole population and it is likely only a small
fraction of SMBH mergers can produce collimated jets. For the mergers that have a
sub-Eddington accretion rate and a less efficient wind conversion rate ηw ∼ 10−3 − 10−1

[320–322], jet collimation would not be achievable and in this case the IS regions would
dominate the neutrino production.
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Chapter 5 |
Post-Merger Jets from SMBH Co-
alescences as Electromagnetic Coun-
terparts of GW Emission

Note: The material in this Chapter is based on my paper [363], with co-authors Kohta
Murase, B. Theodore Zhang, Shigeo S. Kimura, and Peter Mészáros.

5.1 Introduction
Supermassive black hole (SMBH) mergers are ubiquitous in the history of the Universe [70,
71,364] and can produce powerful gravitational wave (GW) bursts when they coalesce [365,
366], making them promising candidates for GW detectors such as Laser Interferometer
Space Antenna (LISA, [72,367]) and pulsar timing arrays (PAT, [368–370]) in single-source
and/or stochastic GW background searches. The accretion activity between the binary
system and the surrounding disk can produce multi-wavelength electromagnetic (EM)
emission [74,319,371–374], and the time-variable EM signatures from the circumbinary
disks could be detectable [375–377]. The spinning SMBH expected to form after the
SMBHs have coalesced may also lead to relativistic jets, in which particle acceleration
will take place. The resulting non-thermal emission from the accelerated electrons may
provide a promising post-merger EM counterpart of the GW emission, and will not only
provide complementary information on SMBH mergers but also shed light on the physical
processes in these systems [378–380]. [381] recently suggested that the SMBH mergers
can also be high-energy neutrino emitters, and demonstrated that they are also promising
targets for high-energy multi-messenger astrophysics [273].

We study the EM emission produced in relativistic jets launched after the coalescence
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of SMBHs. The physical picture is that the disk winds originating from the circumbinary
disk and mini-disks around each SMBH form a pre-merger wind bubble, and jets powered
by the Blandford-Znajek (BZ, [76]) mechanism are launched after the merger. The
jets push ahead inside the pre-merger disk wind material, resulting in the formation of
forward and reverse shocks. In the forward shock region, electrons are accelerated to high
energies with a power-law distribution as observed in afterglows of gamma-ray bursts
(GRBs) [77]. These particles then produce broadband non-thermal EM emission through
synchrotron and synchrotron self-Compton (SSC) processes.

This letter is organized as follows. In Sec. 5.2, we introduce the physical conditions of
the pre-merger wind bubble and model the propagation of jets. The radiation processes
and the resulting photon spectra, light curves and detection horizons are presented in
Sec. 5.3. In Sec. 5.4, we discuss implications of our results. Throughout the letter, we
use the conventional notation Qx = Q/10x and physical quantities are written in the
centimeter-gram-second units, unless otherwise specified.

5.2 Jet Dynamics
We discuss here the physical conditions in a pre-merger circumbinary environment and
derive relevant quantities that describe the jet propagation. We consider on-axis observers,
which is sufficient for the purpose of this work. The emission region is typically expected
to be only mildly relativistic on time scales of interest (the corresponding observation
time after the jet launch is T ∼ 105 − 106 s).

Numerical simulations have demonstrated that binary SMBH mergers can produce
jet-like emissions driven by the Poynting outflow [372]. We assume that a jet is launched
after the coalescence and subsequently propagates in the wind bubble formed by pre-
merger disk winds. Fig. 5.1 schematically illustrates the configuration of the system.
The disk wind expands in the gaseous environment of the host galaxy. We focus on
emissions from the shock between the jet and the wind bubble. Initially, the circumbinary
disk can react promptly to the evolution of the binary system. The ratio between the
disk radius Rd and the semi-major axis of the binary system a remains unchanged
(Rd/a ∼ 2), until the inspiral time scale tGW of the binary system [318] equals the
viscosity time scale tvis [316], which is known as the disk decoupling. After the disk
becomes decoupled, the merger of SMBHs in binary system occurs within the time
interval tm ∼ 3× 10−2 yr MBH,6α

−8/5
−1 h

−16/5
−1 , where MBH = 106 MBH,6M� is the mass of

the binary system, the dimensionless parameter h is defined as h = H/Rd, α ∼ 0.1 is the
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Figure 5.1. Schematic description of our model. Left panel: pre-merger disk winds launched
from the circumbinary disk. The green arrows illustrate the disk-driven outflows that form
a wind bubble. Mini-disks around each SMBH are also shown. Right panel: post-merger
jets launched by a merged SMBH. The forward shock region is shown as the purple area. The
cocoon is not depicted.

viscosity parameter, and H is the disk scale height. The disk gas starts to fill the cavity
between the disk and the SMBHs in the viscosity timescale,

tvis ∼ 0.1 yr MBH,6α
−8/5
−1 h

−16/5
−1 (5.1)

after the coalescence [319]. This leads to a time delay (tdelay ∼ tvis) of days to months
between the GW burst and the launch of post-merger jets, if h ∼ 0.1− 0.3 is assumed.
However, for a thick and highly magnetized disk with h ∼ α ∼ 1, tdelay could be much
shorter.

On the other hand, within the duration of these two short-term processes, e.g., tm
and tvis, the disk wind radius may reach vd(tvis − tm) ∼ 1014 − 1016 cm above the disk,
where vd is the disk wind velocity that is of the order of the escape velocity, vesc(Rd,dec) ≈√

2GMBH/Rd,dec for the circumbinary disk, and Rd,dec ≈ 1.2×1013 cm MBH,6α
−2/5
−1 h

−4/5
−1 is

the radius of the circumbinary disk at the decoupling. In reality, not only the circumbinary
disk but also mini-disks around two SMBHs contribute, which would make the wind
bubble more complicated. For simplicity, we assume the density profile of the winds at
the decoupling to obtain the density distribution of the wind bubble at larger distances,

%w(r) = ηw(1 + χ)ṀBH

4πr2vd
≡ Dr−2, (5.2)
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where ṀBH is the mass accretion rate onto the binary system, χ ∼ 1 is introduced to take
into account the contribution of mini-disks, and ηw represents the fraction of accreted
mass converted to the disk wind. According to the simulations, for SANE (Standard
And Normal Evolution) models, the parameter ηw may vary from 10−4 to 10−1 [382–384]
when the mass accretion rate changes from sub-Eddington to super-Eddington. In
MAD (Magnetically Arrested Disk) models, ηw can reach 10−2 to 10−1 [385]. With
vd ∼ vesc(Rd,dec), we have D ' 5.9 × 1011 g cm−1 η̃w,−1.5(ṁ/0.5)MBH,6β

−1
d,−1, where

η̃w ≡ (1 + χ)ηw, βd,−1 ≡ vd/(0.1c), the parameter ṁ is defined as the ratio of ṀBH, and
the Eddington value ṀEdd ≡ 10LEdd/c

2 (assuming a radiation efficiency of 0.1).
After the coalescence, a powerful jet driven by the spin energy of the newly formed

SMBH can appear, subsequently propagating in the pre-merger wind bubble. Considering
a sub-Eddington accretion rate with the MAD configuration, we estimate the jet kinetic
luminosity to be

Lk,j = ηjṀBHc
2

' 6.3× 1044 erg s−1ηj(ṁ/0.5)MBH,6, (5.3)

where ηj ∼ 0.3− 1 is the ratio of the accretion energy converted to the jet energy [324].
Following the standard jet propagation theory [305,306], we write down the dimen-

sionless parameter that represents the ratio of the energy density of the jet and the
rest-mass energy density of the surrounding medium

L̃ ≈ Lk,iso
4πr2%wc3 ' 63 η̃−1

w,−1.5ηjθ
−2
j,−0.5βd,−1, (5.4)

where θj is the jet opening angle, Lk,iso ≈ 2Lk,j/θ2
j is the isotropic-equivalent luminosity.

Since the quantity L̃ lies in the regime θ−4/3
j � L̃, we expect that the jet is “uncollimated”

for our fiducial parameters1. This situation is similar to that in choked jet propagation
in the circumstellar material [386,387], and βh is evaluated from L̃. In the relativistic
limit, the jet head Lorentz factor is Γh ≈ L̃1/4/

√
2 [386], and we have Γh ∼ 2 in our

fiducial case with η̃w = 10−1.5. Note that the jet head radius is Rh = cβhT̂ ≈ cT̂ , and
T̂ is introduced to represent time measured in the central engine frame, which can be
converted to the observation time T via T = (1 + z)(1−βh)T̂ (that is T ≈ (1 + z)T̂ /[2Γ2

h]
in the relativistic limit) for on-axis observers.

Furthermore, to ensure particle acceleration, we impose radiation constraints requiring
1However, jet collimation, which was assumed in Ref. [381], would be achievable for the super-

Eddington accretion accompanied by disk winds with ηw ∼ 0.1− 0.3.
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Figure 5.2. Left panel: Non-thermal energy spectra expected for uncollimated post-merger
jets from a SMBH merger located at z = 1. The solid and dashed lines represent the synchrotron
and SSC components. The dash-dotted lines show the sensitivity curves for current and future
detectors. Right panel: Multi-wavelength light curves. The yellow and blue dashed vertical
lines illustrate respectively the characteristic times, e.g., Tssa, of 100 GHz and 5 GHz emissions.
The used parameters are ṁ = 0.5, MBH = 106 M�, η̃w = 10−1.5, ηj = 1, θj = 10−0.5, s = 2.0,
ζe = 0.4, εe = 0.1 and εB = 0.01.

that the shock is collisionless, without being mediated by radiation [386, 388]. Here,
ignoring effects of pair production, we use the conservative condition, τT ≈ %wσTRh/mp <

1, where σT is the Thomson cross section. Numerically, this condition is satisfied at
T̂ & 10 s, which is much shorter than the duration of EM emission.

5.3 Electromagnetic Emission from Post-Merger jets
With the jet dynamics presented in the previous section, we calculate the EM spectra
resulting from synchrotron and SSC emission. As in the standard theory of GRB
afterglows [77], we assume that electrons are accelerated at the external forward shock
with a power-law spectral index s. The energy fractions of the downstream energy density
converted to non-thermal electron and magnetic field energy are defined as εe and εB,
respectively. The upstream number density is given by nh,u ≈ %w(Rh)/mp ∝ R−2

h , and
B ≈ [εB32πΓh(Γh − 1)nh,umpc

2]1/2 is the downstream magnetic field strength.
In the relativistic limit (Γh � 1), the characteristic injection frequency νm and the
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cooling frequency νc in the observer frame are written respectively as,

νm ≈
3Γhγ2

meB

4π(1 + z)mec

' 3.4× 103 GHz ε2e,−1ζ
2
e,−0.4ε

1/2
B,−2η

1/2
j T−1

4

× (ṁ/0.5)1/2M
1/2
BH,6θ

−1
j,−0.5

(5.5)

and

νc ≈
3Γhγ2

c eB

4π(1 + z)mec

' 4.6× 102 GHz (1 + z)−2(1 + Y )−2ε
−3/2
B,−2

× η̃−2
w,−1.5θ

−1
j,−0.5(ṁ/0.5)−3/2T4β

2
d,−1M

−3/2
BH,6 ,

(5.6)

where γm = εeζe(Γh − 1)mp/me is the electron minimum Lorentz factor, and γc =
6πmec/[(1+Y )T ′σTB2] is the cooling Lorentz factor. Here, ζe = gs/fe = 1/[fe ln(γM/γm)] ∼
0.3 − 0.4 is constrained by the particle-in-cell simulations [212] (where fe is the frac-
tion of accelerated electrons and the maximum Lorentz factor of electrons is γM =
(6πe)1/2/[σTB(1 + Y )]1/2), Y is the Compton parameter, and T ′ = T̂ /Γh ≈ 2ΓhT/(1 + z)
is the comoving time. For example, at T = 104 s, we have Y ' 2.4, corresponding to the
fast cooling regime. It changes to the slow cooling regime on a time scale from days to
weeks. We obtain the peak synchrotron flux [389]

Fmax
ν,syn ≈

(1 + z)(0.6fenh,uR3
h)Γhe3B√

3mec2d2
L

' 0.24 mJy (1 + z)gs,−1.2ζ
−1
e,−0.4(ṁ/0.5)3/2

× η1/2
j ε

1/2
B,−2η̃w,−1.5β

−1
d,−1θ

−1
j,−0.5M

3/2
BH,6d

−2
L,28.

(5.7)

The low-frequency synchrotron emission is subject to synchrotron self-absorption
(SSA). The SSA optical depth is written as τssa(ν) = ξsenh,uRh(ν/νn)−p/[Bγ5

n], where
ν is the observed frequency, ξs ∼ 5− 10 depends on the electron spectral index, γn =
min [γm, γc], νn = γ2

neB/[(1 + z)mec], p = 5/3 for ν < νn and p = (4 + s)/2 or
p = 3 for ν > νn depending on the slow or fast cooling regime (e.g., Refs. [330, 390]).
The critical time scales set by τssa = 1 for ν < νn and for ν > νn are Tssa ' 5.4 ×
105 s ξ3/10

s,1 (1 + z)1/2(1 +Y )1/2ε
3/5
B,−2

(
ν

1 GHz

)−1/2
η̃

11/10
w,−1.5β

−11/10
d,−1 (ṁ/0.5)9/10M

9/10
BH,6 and Tssa '

3.5 × 105 s ξ1/2
s,1 (1 + z)−1/2(1 + Y )−1/2M

1/2
BH,6

(
ν

100 GHz

)−3/2
(ṁ/0.5)1/2M

1/2
BH,6η̃

1/2
w,−1.5β

−1/2
d,−1 ,

respectively. Thus, we expect that EM emission at 5 GHz and 100 GHz reaches a peak
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about a few days after the jet launch (Tssa ' 7.1×105 s and Tssa ' 3.1×105 s, respectively,
in our fiducial case with ξs = 8.7).

We numerically calculate the electron distribution and the resulting synchrotron and
SSC spectra of the forward shock, following the method used in Refs. [233] and [391].
We solve the continuity equation that describes the evolution of the electron spectra and
calculate the synchrotron/SSC components, in which the trans-relativistic regime can be
consistently treated as in Refs. [391]. Combining the obtained radio, millimeter, optical
and X-ray light curves with the sensitivities of corresponding detectors, we discuss the
possibility of follow-up observations of the EM counterpart.

The left panel of Fig. 5.2 shows the snapshots of synchrotron and SSC spectra at
T = 104 − 106 s for an on-axis source located at z = 1. We assume s = 2.0, εe = 0.1,
and εB = 0.01. The solid and dashed lines correspond to the synchrotron and SSC
components. Very high-energy gamma-ray emission at & 1 TeV energies is suppressed
due to the Klein-Nishina effect [233,391], and the γγ annihilation with the extragalactic
background light (EBL). For the EBL correction, γγ optical depth data from Model C
in Ref. [184] is used. To show how the EM signal evolves with time, we illustrate the
gamma-ray (1 GeV), X-ray (1 keV), UV (1 eV) and radio (5 GHz and 100 GHz) light
curves in the right panel. In particular, before the characteristic time Tssa (shown as the
vertical yellow and blue lines). The radio emission is suppressed by the SSA process,
which is implemented by multiplying (1− e−τssa)/τssa.

It is useful to discuss the detection horizon dlim for some detectors such as the Square
Kilometre Array (SKA), Very Large Array (VLA), Expanded VLA (EVLA), Atacama
Large Millimeter Array (ALMA), Hubble Space Telescope (HST), James Webb Space
Telescope (JWST), Large Synoptic Survey Telescope (LSST) and the high-resolution
camera on the Chandra X-ray Observatory (Chandra) 2 as functions of the observation
time T . Given the observed flux Fν(νγ, T, z) at the observer time T from an on-axis
source located at redshift z, the horizon can be calculated iteratively via

dlim(νγ, T ) = dL

 1
∆Texp

∫ T+∆Texp
T Fν(νγ, t, z)dt
Flim(νγ,∆Texp)

1/2

, (5.8)

where Flim(νγ,∆Texp) is the detector sensitivity normalized to the exposure time ∆Texp.
2For information on these facilities see, e.g., : VLA (http://www.vla.nrao.edu), EVLA (http://

www.aoc.nrao.edu/evla/), SKA (https://www.skatelescope.org), ALMA (https://public.nrao.
edu/telescopes/alma/), HST (https://www.nasa.gov/mission_pages/hubble/main/index.html),
JWST (https://stsci.edu/jwst), LSST (https://www.lsst.org/scientists/scibook) and Chan-
dra (https://cxc.cfa.harvard.edu/cdo/about_chandra/)
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Figure 5.3. Detection horizons for multi-wavelength detectors, e.g., SKA, VLA, EVLA, ALMA,
HST, JWST, LSST and Chandra. The horizontal dotted line shows the 100 GHz detection
window for ALMA assuming a source located at z = 3. Similar to Fig. 5.2, the dotted vertical
lines are the characteristic times of 5 GHz and 100 GHz signals.

For example, specifying the detection frequency ν = 100 GHz, the sensitivity of ALMA is
approximately 34 µJy for one-hour integration, e.g., ∆Texp = 1 hour. Fig. 5.3 indicates
the detection horizons for SKA (5 GHz, ∆Texp = 10 hr), SKA (1 GHz3, ∆Texp = 10 hr),
VLA (5 GHz, ∆Texp = 1 hr), ALMA (100 GHz, ∆Texp = 1 hr), JWST (1 eV, ∆Texp = 10
ks), HST (1 eV, ∆Texp = 10 ks), LSST (r-band, point source exposure time ∆Texp = 30 s
in the 3-day revisit time), and Chandra (1 keV, ∆Texp = 100 ks). The vertical black and
blue dotted lines respectively illustrate the times Tssa at which photons at 100 GHz and
5 GHz bands start to survive from the synchrotron self-absorption.

From Fig. 5.3, we expect that ALMA, SKA and EVLA can detect SMBH mergers in
the radio bands respectively out to redshifts of z ∼ 4− 6. Remarkably, the optical and
X-ray signals from the mergers in the range 1 . z . 2 can also be identified through
targeted searches by Chandra, HST and JWST in a long duration after the merger.
In addition, we can estimate the observation time for each detector if the luminosity
distance of the merger is specified. For example, a source located at z = 3 would remain

3At 1 GHz, the SKA field-of-view can reach &1 deg2
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detectable by ALMA for roughly 20-30 days (see the black dotted horizontal line). One
caveat is that this calculation is carried out in the ideal case where the detectors can
point to the position of the source and start the observation immediately after the EM
signal reaches the Earth. We discuss the sky coverage and a detection strategy in the
following Sec. 5.4.

5.4 Summary and Discussion
We investigated broadband non-thermal EM emission from electrons accelerated at the
external forward shock expected in post-merger jets from the coalescence of SMBHs. In
our model, the jets can be launched at tdelay ∼ tvis ∼ (0.003 − 0.1)MBH,6 yr after the
coalescence. The time lag is primarily determined by the scale height of the circumbinary
disk and the viscosity parameter. We found that, for a moderate accretion rate (ṁ ∼ 0.5),
the multi-wavelength emission from such a system may persist at detectable levels for
months after the jet launch, depending on the facilities and the luminosity distance.
Moreover, according to our model, the sources with moderate ṁ = 0.5 can be detected
up to z ∼ 5− 6, covering the range that LISA-like GW detectors have the best detection
chance, e.g., z ∼ 1−2, in which (1−10)fb mergers per year are expected [339,344,392–395].
Here fb ∼ 1/(2Γ2

h) is the beaming factor in our model. Because the jet head Lorentz
factor is as low as Γh . 2, the EM emission from the forward shock region is not highly
beamed and we expect fb ∼ 0.1− 1. This makes the binary SMBH mergers interesting
targets for future multi-messenger studies. If super-Eddington accretion (e.g., ṁ ∼ 10)
occurs, as was optimistically assumed in Ref. [381], even LSST and Chandra could detect
EM signals from the sources in the redshift range 4 . z . 6. We showed the case of
s = 2.0 for the demonstration. If a larger spectral index, e.g., s ∼ 2.2 − 2.4, is used,
as expected from observations of GRB afterglows, the radio detection would be more
promising whereas a higher accretion rate would be required for successful optical and
X-ray observations.

The density of the premerger bubble, which was assumed to be a wind profile, is
subject to large uncertainties. The extrapolation in the density distribution would be
applicable up to an outer wind radius of ∼ 1014 − 1016 cm. The density predicted by
equation 5.2 would drop below that of the central molecular zone (indicated as the
circumnuclear environment in Fig.5.1), which may lead to the increase of radio emission.
In addition, a cocoon formed along with the jet, depending on uncertain details of the
medium, could produce thermal photons which may not only lead to detectable signals
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but also serve as seed photons for inverse-Compton emission. We focused on the more
secure EM emission from the forward shock region as the jet propagates in the wind. In
this sense, our prediction for the fluxes are conservative.

EM emission from the external reverse shock and internal shocks can also be expected
[396, 397]. Qualitatively, the ratio between the peak fluxes of the reverse and forward
shock emission depends on the value of Γj, and the reverse shock contribution might be
important for Γj � Γh.

Previous studies based on general relativistic three dimensional magnetohydrody-
namics simulations have shown that the circumbinary disk and the corona can emit
light in UV/EUV bands [374], while X-ray and infrared emission from the post-merger
circumbinary disk are expected to last for years [74,375]. In the pre-merger phase, the
orbits of dual SMBH cores may be identified by radio facilities such as VLBI [398]. Blind
searches could identify radio or UV/EUV sources from the binary SMBH systems, which
would provide complementary constraints on the source location, the accretion rate and
the ambient gaseous environment.

Our model can provide a guidance, including the onset times and the detection
windows, in developing detection strategies for future EM follow-up observations, once
GW signals are detected. Considering the large uncertainties in the localization with GW
detectors, an initial follow-up using large field-of-view (FOV) telescopes, like SKA and
LSST, would be necessary to more precisely localize the position of the source. After that,
we can use the putative positional information from the initial follow-up imaging to guide
the observation of narrower FOV telescopes. In particular, for high-redshift mergers in
the range z ∼ 2− 5, EM follow-up observations rely more on radio detectors, and the
detection is possible a few weeks after the merger. SKA needs the source localization
before follow-up observations by VLA and ALMA. On the other hand, if the merger is
close enough (e.g., z ∼ 1), LISA observations staring from a few weeks before the merger
can localize the merger with a median precision of ∼1 deg2 [399]. In this case, LISA and
LSST can jointly guide other X-ray and optical facilities in the very early stage. Amid
these two regimes, e.g., z ∼ 1− 2, detections in the optical and X-ray bands using HST,
JWST and Chandra would be promising if the source is localized by SKA.
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Chapter 6 |
GeV Signatures of Short GRBs in
Active Galactic Nuclei

Note: The material in this Chapter is based on my paper [400], with co-authors Kohta
Murase, Dafne Guetta, Pe’er Asaf, Imre Bartos, and Peter Mészáros.

6.1 Introduction
As one of the most luminous and energetic phenomena in the universe, gamma-ray bursts
(GRBs) have fueled a vibrant field of astrophysics research for several decades. Based on
the duration of the bursts, the population can be divided into two subclasses, long GRBs
and short GRBs, which are thought to arise from different progenitors. The general view
is that short GRBs result from compact binary object (CBO) mergers [78–83], such as
binary neutron star mergers and potentially NS-black hole mergers, whereas long GRBs
are generated during the death of massive stars [84–89]. In 2017, the coincident detection
of gravitational waves (GWs) and the corresponding electromagnetic counterpart from
the binary neutron star merger GW170817, located in the host galaxy NGC 4933, marked
a triumph of multi-messenger astronomy [90–92]. The spatial and temporal association
between GW170817 and the gamma-ray burst GRB 170817A also consolidates the theory
that CBO mergers are the origin of short GRBs. Extensive efforts have shown that
the broadband emission is consistent with a relativistic jet viewed from an off-axis
angle [92–102]. Moreover, Ref. [103] investigated the upscattered cocoon emission as the
source of the γ-ray counterpart. The long-lasting high-energy signatures of the central
engine left after the coalescence was studied in Ref. [104].

Alternatively, unlike in the case of GW170817, one can expect a sub-population of short
GRBs which occur in the accretion disks of AGNs. Studies of the CBO formation and
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evolution in AGN disks demonstrate that hierarchical mergers of embedded binary black
hole systems are promising for reconstructing the parameters of LIGO/VIRGO detected
mergers [105–108]. These mergers can harden the black hole mass distribution [109–112]
as well. [113] pointed out that mergers involving neutron stars, such as GW190814 and
GW190425, could also arise in AGN disks. Recent progress on the optical counterpart to
GW190521 could support this [114], although the confirmation needs further observations
[115]. Ref. [116] systematically studied the electromagnetic signatures of both long
GRBs and short GRBs in AGN disks and discussed the conditions for shock breakout.
Refs. [117] and [118] focused more on the neutrino production of embedded explosions.
However, Ref. [119] showed that CBO environments are likely to be thin because of
outflows that are common in super-Eddington accretion.

In this work, we study γ-ray emission from short GRBs that are embedded in AGN
disks. Inside the accretion disk, the embedded objects can migrate towards a migration
trap due to angular momentum exchange via the torques originated from the disk
density perturbations. At the migration trap, the gas torque changes sign, and an
equilibrium is achieved as the outwardly migrating objects meet inwardly migrating
objects. Numerical calculations show that compact binaries are typically formed near
the migration trap at distances around Rd ∼ 20 − 300RS to the central supermassive
black hole (SMBH, [121]), where RS = 2GM?/c

2 is the Schwarzschild radius. Employing
one-dimensional N-body simulations, Ref. [111] obtained a more distant location for
typical mergers at ∼ 10−2−10−1 pc (∼ 103 − 104RS for a SMBH with massM? = 108M�).
We concentrate on the embedded GRBs with distances Rd ∼ 10− 103RS. We will show
that AGN disks would not influence the γ-ray emission if the CBO mergers happen
further outside in the disk. We also note that Rd = 10RS is an extreme case where
the population is stringently limited. The outflows from the binary systems with super-
Eddington accretion rates are expected to form a low-density cavity-like structure before
the merger occurs [119]. Within such a cavity a successful GRB jet is likely to develop,
since the ambient gas density is not sufficiently high to stall the jet, in contrast to the
choked-jet case discussed in Ref. [118].

In GRB theories, EIC processes can be important when seed photons in the external
regions or late/early-time dissipation processes can be efficiently upscattered to the
GeV-TeV bands by accelerated electrons [103,401,402]. The EIC scenario can be used
to explain the observed very-high-energy (VHE) emission from GRBs [403,404]. In the
present case, the disk black body emission provides an appropriate supply of thermal
photons to the short GRB jets.
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Figure 6.1. Schematic picture of the CBO mergers embedded in AGN disks. A cavity is
formed due to the powerful outflows from the circumbinary disk. In this configuration, ψ
represents the angle between the CBO orbital plane and the AGN disk, and Rd is the distance
between the CBO and the central SMBH. Non-thermal electrons accelerated in the internal
dissipation region are responsible for the production of γ-rays. These electrons can upscatter
the disk photons, leading to the EIC emission.

Adopting a thin-disk model, we derive the conditions for cavity formation and
calculate disk photon spectra in Sec. 6.2. In Sec. 6.3, we numerically solve the steady-
state transport equation to obtain the electron distribution inside the jet. In Sec. 6.4, we
calculate the synchrotron, synchrotron self-Compton (SSC) and EIC components. The
effects of γγ absorption in the AGN disk and electromagnetic cascades are also taken into
account. We also present the detection perspectives for the Fermi Large Area Telescope
(Fermi-LAT) and the VHE γ-ray facilities, such as the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC), the High Energy Stereoscopic System (H.E.S.S.), the
Very Energetic Radiation Imaging Telescope Array System (VERITAS), the Cherenkov
Telescope Array (CTA), and the water Cherenkov detector array in the Large High
Altitude Air Shower Observatory (LHAASO-WCDA), in Sec. 6.4.2. The prompt emissions
are discussed in Sec. 6.4.3. We summarize and discuss the results in Sec. 6.5.

Throughout the paper, we use the notation Qx = Q/10x, and physical quantities are
written in CGS units unless otherwise specified. Quantities with the prime symbol, e.g.,
Q′, are written in the jet comoving frame. We use the symbol F [a, b, c, ...] to represent
the value of a function F evaluated at the point (a, b, c, ...).
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6.2 Cavity Formation and Disk Photon Spectra
In this section we derive the conditions for the formation of a low-density cavity around
the CBO, following the treatment in Ref. [119], and model the AGN disk temperature
distribution assuming a steady thin disk.

6.2.1 Cavity Formation

For a thin AGN disk with an aspect ratio hAGN = HAGN/Rd ∼ 0.01 surrounding a SMBH
with mass M? = 108M?,8M�, we write down the accretion rate onto the SMBH and the
radial drift velocity vR as, respectively, Ṁ? = ṁ?LEdd,?/c

2 ' 1.4 × 1025 ṁ?M?,8 g s−1

and vR = ν/Rd ≈ αh2
AGNvK ' 2.1× 104 α−1h

2
AGN,−2R

−1/2
2 cm s−1 [405], where HAGN is

the scale height of the AGN disk, α ∼ 0.1 is the viscous parameter, ν is the kinematic
viscosity, vK =

√
GM?/Rd is the Kepler velocity, Rd is the distance between the CBO

and the central SMBH, the dimensionless parameter R is defined as R ≡ Rd/RS, and
LEdd,? stands for the Eddington luminosity. The surface density for a stable disk can
then be written as ΣAGN = Ṁ?/(2πRdvR) ' 3.6× 104 ṁ?M?,8R−1/2

2 α−1
−1h

−2
AGN,−2 g cm−2.

When a CBO is present in the AGN disk, the surface density is perturbed, and a density
gap will appear bracketing the binary’s orbit around the SMBH [406]. For a typical short
GRB progenitor, we expect the total mass of the binary system to be MCBO . 10M�. In
this case ΣCBO ≈ ΣAGN is a good approximation to the surface density of the AGN disk
at the binary’s position [119]. We obtain the disk gas density in the vicinity of the CBO

ρCBO = ΣCBO

2HAGN
'6.1× 10−10 ṁ?M?,8

×R−3/2
2 α−1

−1h
−3
AGN,−2 g cm−3,

(6.1)

and the disk magnetic field

Bd =
√

8πβ−1(ρCBO/mp)kBTd
' 2.1× 102 β

−1/2
0.48 ṁ

1/2
? M

1/2
?,8 R

−3/4
2 α

−1/2
−1

× h−3/2
AGN,−2T

1/2
d,5 G,

(6.2)

where β ∼ 3− 30 is define as the ratio of the plasma pressure to the magnetic pressure
and Td is the disk temperature. Henceforth, the sub-index ‘CBO’ will be used to stand
for quantities describing CBOs.

We estimate the accretion rate of the CBO to be ṀCBO ≈ ηCBOṀ? ' 1.4 ×
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1024 ṁ?M?,8ηCBO,−1 erg s−1, where ηCBO is the ratio of the CBO accretion rate to the
SMBH accretion rate. This approximation is justified in Ref. [119]. We find that the accre-
tion is highly super-Eddington, e.g., ṁCBO = ṀCBOc

2/LEdd,CBO ' 106ṁ?M?,8M
−1
CBO,1ηCBO,−1,

and expect a wind bubble to be produced by the strong radiation-driven outflows
[407–409]. The bubble’s expansion in a uniform medium can be described by the
formula rB ≈ 0.88(Lwt3/ρCBO)1/5 [410, 411], where rB is the bubble radius, Lw =
ηwṀCBOv

2
w ' 1.4 × 1042 ṁ?M?,8ηCBO,−1ηwv

2
w,9 erg s−1 and vw ∼ 109vw,9 cm s−1 is the

outflow velocity. Since the accretion is highly super-Eddington, the factor ηw can reach
∼ 90 − 100% [412, 413]. However, we use a conservative value ηw ∼ 0.3 ηw,−0.5 [414].
Equating the bubble radius rB to HAGN/ cosψ, we obtain the timescale to create a cavity
reaching the approximate boundary of the AGN disk along the direction of the GRB jet,

tcav ≈ 1.2
(
ρCBOH

5
AGN

Lw cos5 ψ

)1/3

' 4.0× 105 (cosψ)−5R7/6
2 α

−1/3
−1 h

2/3
AGN,−2

× η−1/3
CBO,−1η

−1/3
w,−0.5v

−2/3
w,9 s,

(6.3)

where ψ is the angle between binary orbital plane and the AGN disk (see the schematic
picture in Fig. 6.1). One caveat is that we assumed a spherical outflow to derive the
cavity timescale, equation 6.3. Ref. [409] pointed out that the outflow is concentrated in
a wide-angle funnel that surrounds the jet if the accretion rate is highly super-Eddington.
In the following text, we will continue using the spherical cavity timescale for simplicity
to obtain sufficient but unnecessary conditions for the cavity formation.

The formation of a cavity for a CBO located at Rd before the merger occurs requires

tcav . min [tgw, tmig, tvis] , (6.4)

where tgw, tmig, tvis are binary merger, migration and AGN disk viscosity timescales,
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respectively. We write down the timescales for an equal-mass binary explicitly as

tgw = 5
128

ṁ4
CBO
A4

in

GMCBO

c3

' 1.9× 1014 ṁ4
CBO,6A

−4
in,1MCBO,1 s,

tmig = h2
AGNM

2
?

MCBORdvKΣAGN

' 1.47× 1014 α−1h
4
AGN,−2M

1/2
?,8 M

−1
CBO,1ṁ

−1
? s,

tvis = Rd

αh2
AGNvK

' 1.39× 1011 α−1
−1h

−2
AGN,−2R

3/2
2 M

−1/2
?,8 s,

(6.5)

where Ain ∼ 10 is the ratio of the inner edge of the circumbinary disk surrounding the
CBO and the major axis of the binary’s orbit [415]. We define a critical angle ψc above
which the condition described by equation 6.4 is no longer satisfied, and obtain

ψc '
π

2 −max
[
hAGN, 0.076R−1/15

2 h
8/15
AGN,−2M

1/10
?,8

]
. (6.6)

In the equation above, the dependence on the parameters α, ηw, ηCBO and vw are not
shown, to simplify the notation. Varying R in the fiducial range 10−103, we estimate the
critical angle ψc ' 85.6◦ and find that ψc depends very weakly on R and M?. This result
supports the argument that in most cases a cavity surrounding the CBO is unavoidable
and the jet is not choked, except if the binary orbital plane is perpendicular to the AGN
disk [119].

6.2.2 Disk Photon Spectra

The accretion disk can become optically thick to ultraviolet/infrared photons as the
plasma gets ionized. We estimate the vertical optical depth, for a fully ionized disk with
temperature Td & 104 K,

τd ≈ ΣAGNκR

' 7.2× 103 (1 +X)ṁ?M?,8R−1/2
2 α−1

−1h
−2
AGN,−2,

(6.7)

where κR ≈ 0.2(1 +X) is the Rosseland mean opacity for Thomson scattering and X is
the hydrogen mass fraction. Since the disk remains optically thick (τd > 1) in the range
R ∼ 10− 103, we use a black-body spectrum to approximate the local photon density
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Figure 6.2. Left panel: Energy loss rates of accelerated electrons in the internal dissipation
region. The green solid and red dash-dotted lines respectively show the synchrotron and SSC
rates. From thick to thin, the blue dashed lines depict the EIC cooling rate for the CBOs at
R = 10, 102 and 103, respectively. The reciprocals of the dynamic and acceleration times are
illustrated as the yellow dotted and black solid lines. Right panel: The electron number spectra
as functions of the electron Lorentz factor. The minimum injected Lorentz factor is γ′e,m = 100.
The blue solid, green dashed and red dash-dotted lines correspond to R = 10, 102 and 103

cases. The black solid line is the electron injection function.

(in the units of eV−1 cm−3), e.g.,

n(eic)
εγ = 8π

(hc)3
ε2
γ

exp
(

εγ
kBTd

)
− 1

, (6.8)

where εγ is the energy of seed disk photons in the engine frame. The disk temperature
Td at the position of the CBO can be written as [405]

Td =

2GM?Ṁ?

8πσSR3
d

[
1−

(
R∗
Rd

)1/2]
1/4

' 2.0× 104 ṁ1/4
? M

−1/4
?,8 R

−3/4
2 K,

(6.9)

where σS is the Stefan-Boltzmann constants and R∗ is the innermost edge of the disk. In
this paper, we consider three distances R = 10, 102 and 103. The corresponding disk
temperatures are kBTd = 9.1 eV, 1.7 eV and 0.3 eV. For Rd � R∗, we have Td ∝ R−3/4,
implying that the EIC component becomes increasing important when we move the CBO
close to the central SMBH.
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6.3 Non-Thermal Electrons
We consider a successful (i.e.non-choked) GRB jet whose extended emission has a
luminosity Lj,iso = 1048.5 erg s−1. We focus on the internal dissipation model in which the
jet kinetic energy is dissipated at Rdis = 2Γ2

jctvar ' 1.5× 1012 Γ2
j,1.7tvar,−2 cm via internal

shocks [416] or magnetic reconnections [417], where Γj = 50Γj,1.7 is the jet Lorentz factor,
tvar = 10−2tvar,−2 s is the variability time of velocity fluctuations. One necessary condition
for electron acceleration is that the upstream region should be optically thin for the
shock not to be radiation mediated, namely, τin = n′σTRdis/Γj . 1 [268,418,419], where
n′ = Lj,iso/(4πR2

disΓ2
jmpc

3) ' 9.6× 1011 Lj,iso,48.5Γ−6
j,1.7t

−1
var cm−3 is the comoving number

density and σT is the Thomson cross section. Explicitly, we write down the optical depth
as τin ' 1.8×10−2 Lj,iso,48.5Γ−5

j,1.7t
−1
var,−2, which indicates that efficient electron acceleration

is plausible.
To get the electron distribution we numerically solve the steady-state transport

equation
Nγ′e
t′dyn
− ∂

∂γ′e

(
γ′e
t′e,c
Nγ′e

)
= Q̇′e,inj, (6.10)

where γ′e is the Lorentz factor, Nγ′e = dNe/dγ
′
e is the differential spectrum, t′dyn =

Rdis/(Γjc) is the dynamical time that may represent adiabatic losses or escape, t′e,c
represents the electron cooling time scale, and the function Q̇e,inj is the electron injection
rate from shock acceleration. Specifying a spectral index s = 2.2, e.g., Q̇′e,inj ∝ γ′e

−s,
we normalize the injection function via

∫
dγ′e(γ′emec

2Q̇′e,inj) = εeLj,iso/Γ2
j . The factor εe,

defined as the fraction of jet kinetic energy that is converted to electrons, is assumed to
be εe = 0.1. The minimum Lorentz factor γ′e,m for injected electrons is assumed to be
γ′e,m = 100.

In the dissipation region, the magnetic field is B′dis = [8πεB(Γrel − 1)n′mpc
2]1/2 '

3.8× 104 ε
1/2
B,−2L

1/2
j,iso,48.5Γ−3

j,1.7t
−1/2
var G, where Γrel ' 5 is the relative Lorentz factor between

the fast and slow shells. The ratio of B′dis to the disk magnetic field Bd is B′dis/(ΓjBd) '
3.8R9/8

2 β
1/2
0.48. Here, we focus on theR-dependence of the magnetic fields, using the fiducial

values for all other parameters. We use the modulated magnetic field B′ = max[B′dis,ΓjBd]
to calculate the electromagnetic emission in the dissipation region.

The accelerated electrons lose energy through synchrotron, SSC, and EIC processes
within the corresponding timescales t′e,syn, t′e,ssc and t′e,eic. The net cooling timescale is
given by t′e,c = (t′−1

e,syn + t′−1
e,ssc + t′−1

e,eic)−1. Electrons with higher γ′e cool down faster while a
longer acceleration time, e.g., t′acc = γ′emec/(eB′), is required to reach such a high energy.
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We thus expect a cutoff Lorentz factor γ′e,cut determined by the equation t′acc = t′e,c,
above which electrons cannot accumulate energy due to the rapid radiation. Using these
arguments, the injection function for a spectral index s > 2.0 can be written as,

Q̇′e,inj = (s− 2)εeLj,iso
Γ2
jmec2γ′2e,m

(
γ′e
γ′e,m

)−s
exp

(
− γ′e
γ′e,cut

)
. (6.11)

The photons from the synchrotron process play the role of seed photons in EIC scattering.
Therefore, we need a trial electron spectrum, e.g. N (0)

γ′e
∼ (t′−1

dyn + t′−1
e,syn + t′−1

e,eic)−1Q̇′e,inj,
to evaluate t′ssc, and solve the differential equation 6.10 iteratively to obtain a convergent
solution as in Ref. [403].

The left panel in Fig. 6.2 shows the energy loss rates. The blue dashed lines show the
EIC cooling rate for R = 10, 102 and 103. The synchrotron (green line) and SSC (red
dash-dotted line) cooling rates are not sensitive to the CBO’s position, whereas the EIC
rate increases as the distance between the CBO and the SMBH reduces. This tendency
is consistent with equation 6.9, which predicts a hotter and photon-denser environment
close to the SMBH. Remarkably, the EIC process starts to dominate the electron cooling
at a distance range R . 102, leading to a softer electron spectrum, e.g., the blue line
(R = 10) in the right panel of Fig. 6.2, in contrast to the high-R cases. The black solid
line in the right panel shows the electron injection function. In the low-energy band,
there is no injection, e.g., Q̇e,inj = 0 for γ′e . γ′e,m, we can analytically solve equation
6.10 and connect this segment to the γ′e > γ′e,m part. Using the simplification t′−1

c ∼ bγ′e,
which is consistent with the EIC and synchrotron cooling rates in the left panel, we
obtain

Nγ′e = Nγ′e,m exp
[
− 1
bt′dyn

(γ′e,m − γ′e)
]
, γ′e . γ′e,m, (6.12)

where Nγ′e,m represents the electron number distribution at γ′e,m. Equation 6.12 explains
the electron spectrum softening at lower values of R (equivalently at larger values of b).

6.4 Results

6.4.1 γ-Ray Spectra

Using the electron spectra obtained in Sec. 6.3 and following the formalism and procedures
presented in Refs. [401], [403] and [363], we numerically compute the γ-ray spectra taking
into account the synchrotron, SSC and EIC processes. We consider three merger-induced
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Figure 6.3. The blue (R = 10), yellow (R = 102) and red (R = 103) lines are the optical
depth τγγ for γγ annihilation between γ-rays and disk photons. The solid and dashed lines
correspond to the inclination ψ = 0 and ψ = 45◦. The optical depth to cosmic γγ annihilation
becomes greater than 1.0 in the energy range Eγ & 220 GeV (the gray shaded area), assuming
that the CBO merger is located at z = 1.0.

GRBs in an AGN located at redshift z = 1 (the equivalent luminosity distance is
dL ' 6.7 Gpc). We focus on the on-axis case and assume the CBOs’ orbit planes are all
aligned with the AGN disk plane, e.g., ψ = 0. A discussion on the influence of ψ will be
given in Sec. 6.4.2.

While propagating in the jet and in the AGN disk, high-energy γ-rays will annihilate
with ambient UV/IR disk photons, resulting in their attenuation and EM cascades. The
optical depth for γγ annihilation depends on the photon energy in the short GRB’s
engine frame εγ = Γjε′γ, the position of the jet and the misalignment angle ψ, via

τγγ[εγ,R, ψ] ≈
∫ HAGN

0

dy

cosψλ
−1
γγ [εγ, Rd + y tanψ], (6.13)

where the reciprocal of the mean free path λγγ [Rd] for an isotropic disk photon field can
be calculated as [420]

λ−1
γγ [εγ, Rd] = 1

2

∫ 1

−1
dµ(1− µ)

∫
dε̃γn

(eic)
εγ [ε̃γ]σγγ[x]. (6.14)
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In this expression, x = ε̃γεγ(1 − µ)/2 is the particle Lorentz factor in the center-of-
momentum frame and σγγ is the γγ annihilation cross section.

Fig. 6.3 shows the optical depth in the observer’s frame, where the observed energy
is connected with εγ and ε′γ via Eγ = εγ/(1 + z) = Γjε′γ/(1 + z). The solid blue, yellow
and red lines illustrates τγγ at R = 10, 102 and 103 with ψ = 0, whereas the dashed
lines correspond to the case of an inclined jet, e.g., ψ = 45◦. The universe becomes
opaque for γ-rays produced at z = 1 with energies Eγ & 220 GeV (see the gray area
in Fig. 6.3) due to γγ annihilation between γ-rays and cosmic backgrounds [421] e.g.
extragalactic background light (EBL) and cosmic microwave background (CMB). From
Fig. 6.3, we find that γ-rays with energy Eγ & 10 GeV are strongly suppressed due to γγ
annihilation for a GRB close to the SMBH, i.e. R ' 10. For a GRB at positions with
a larger R ∼ 102 − 103, γ-ray photons with energy Eγ ∼ 100 GeV can escape from the
AGN disk.

Applying the factor exp(−τγγ) to the γ-ray spectra, we obtain the γγ-attenuated
spectra for embedded GRBs at redshift z = 1, as shown in Fig. 6.4. In this figure, ψ = 0
is used. The blue solid, yellow solid, and red dashed lines respectively illustrate the
synchrotron, SSC, and EIC components. The dotted lines with corresponding colors show
the fluxes before γγ attenuation. The gray dash-dotted lines indicate the Cherenkov
Telescope Array (CTA) flux sensitivity for the 103 s observation time [422]. The magenta
dashed lines show the disk photon fluxes multiplied by 104. From the red dashed lines in
Fig. 6.4, we find that a closely embedded GRB can produce brighter γ-ray emission due
to the EIC enhancement. The “Compton dominance" induced by EIC enhancement can
be used as the prominent feature to distinguish these embedded short GRBs from others.

The e+/e− pairs produced in the γγ annihilation process will induce electromagnetic
cascades while diffusing and cooling down in the AGN disk via synchrotron and inverse
Compton processes. Following the treatment in Ref. [423], we write down the distribution
for the secondary electrons and positrons,

N cas
γe ≈ 2N ph

ε̂γ

(
dε̂γ
dγe

)(
1− e−τγγ[ε̂γ ,R,ψ]

)
(6.15)

where Nph
ε̂γ is the pre-attenuation gamma-ray number spectra (in the units of eV−1) in

the engine frame and ε̂γ = 2γemec
2 is the energy of primary electrons. Using the cavity
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z = 1.0, whereas a closer short GRB at z = 0.1 is considered for the thin yellow line. The
point-source performance for Fermi-LAT and CTA at corresponding energies are shown as the
yellow, blue and red areas, respectively. The upper and lower bounds show the sensitivities
for the observation time Tdur = 102 s and Tdur = 103 s. Right panel: The red solid lines from
thick to thin show the R-dependence of 300 GeV γ-ray fluxes from the embedded short GRBs
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magnetic field

Bcav ≈ (2εBηwṀCBOvw/H
2
AGN)1/2

' 98 ε1/2B,−2η
1/2
w,−0.5h

−1
AGN.−2η

1/2
CBO,−1R−1

2 ṁ1/2
? M

−1/2
?,8 v

1/2
w,9 G,

(6.16)

we numerically calculate the cascade emission. The green dotted lines in Fig. 6.4 show
the cascade emission. Comparing to the beamed emission produced in the jet, the cascade
emission is subdominant for R & 100 and typically peaks at a lower energy ∼ 100 MeV.
We find that the cascade flux drops dramatically as R increases, which is consistent
with the R-dependence of the γγ optical depth in Fig. 6.3. When the disk becomes
transparent to the γ-ray photons, the e−/e+ pair production is suspended and the cascade
emission is strongly suppressed. Typically, we need to solve the time-dependent equations
to obtain the secondary electron/position distributions and the cascade spectrum. Our
approach can provide a good estimation since these secondary particles cools down very
fast, e.g., tcas

e,c . 10 s.
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6.4.2 Detectability with Fermi-LAT and VHE γ-Ray Facilities

It is useful to compare the expected γ-ray fluxes in the extended emission phase against
the sensitivities of current and future facilities, such as Fermi-LAT, MAGIC, H.E.S.S.,
VERITAS, CTA, and LHAASO-WCDA, and discuss how the parameters R and ψ

influence the results.
Observationally, a significant fraction of short GRBs exhibit ‘long-lasting’ extended

or plateau emission peaking in X-ray bands [424–427] with the duration Tdur ∼ 102 − 105

s, following the prompt phase where 90% of the kinetic energy is dissipated in ∼ 2
seconds, e.g., T90 . 2 s. Such prolonged emission may originate from the continuous
energy injection by the accreting black holes formed after the merger or the fast rotating
magnetars [428–434]. Considering a prolonged γ-ray emission of luminosity Lj,iso =
1048.5 erg s−1 and the corresponding duration in the observer’s frame Tdur ∼ 102 s− 103 s,
we show the integral sensitivities within Tdur for Fermi-LAT1 and CTA [422] at the Eγ =
1 GeV (yellow area), 25 GeV (blue area) and 100 GeV (red area) in the left panel of Fig.
6.5. The upper and lower bounds of each shaded area demonstrate the performances for
the detectors given the observation time Tdur = 102 s and Tdur = 103 s, respectively. We
plot also the 1 GeV (yellow lines), 25 GeV (blue lines) and 100 GeV (red lines) fluxes as
functions of R in the left panel of Fig. 6.5. The solid lines correspond to the ψ = 0 case,
whereas the dashed and dash-dotted lines depict the ψ = 45◦ and ψ = 75◦ cases. The
thick lines are for the GRBs at z = 1, while the thin yellow line shows the 1 GeV fluxes
for a closer GRB at z = 0.1 (dL ' 460 Mpc).

The influence of disk photons is encoded in the shapes of the yellow, blue and red
curves. The 1 GeV flux decreases to a flat level as R increases because the EIC component
gradually becomes less important as the CBO is moved to a cooler outer region. In the
ranges R . 50 and R . 300, the γγ attenuation caused by dense disk photons suppresses
the 25 GeV and 100 GeV emission, respectively. Since the γγ annihilation is negligible
for 1 GeV photons even if the CBO is very close to the SMBH (see the blue lines in Fig.
6.3), we expect that the flux does not depend on ψ. On the other hand, the 25 GeV and
100 GeV fluxes decrease as ψ approaches ψc ' 85.6◦.

From the left panel of Fig. 6.5, we find that CTA will be capable of detecting 25 GeV
and 100 GeV γ-rays up to z = 1 if an embedded short GRB is appropriately distant from
the SMBH, e.g., R & 40 for 25 GeV γ-rays and R & 200 for 100 GeV γ-rays. By contrast,
it is challenging for Fermi-LAT to detect the 1 GeV photons from sources located at

1The Fermi-LAT sensitivity can be found in https://www.slac.stanford.edu/exp/glast/groups/
canda/lat_Performance.htm

118

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm


z = 1 via point source search within the duration Tdur ∼ 103 s. For the short GRBs
embedded in AGN disks, we would require a nearby CBO merger (dL . 460 Mpc) at the
position with the distance greater than 40RS (R & 40) to the central SMBH in order to
be detected simultaneously by CTA and Fermi-LAT.

MAGIC, H.E.S.S., and VERITAS are current ground Imaging Atmospheric Cherenkov
Telescopes with very good performance in the energy range 150 GeV to 30 TeV. LHAASO
is a new generation multi-component instrument and LHAASO-WCDA is operated in
the energy range ∼300 GeV to 10 TeV. We present the R-dependence of 300 GeV γ-ray
fluxes at z = 0.1, 0.2, and 0.3 (the red solid lines, from thick to thin) in the right panel
of Fig. 6.5. The horizontal dashed lines from top to bottom corresponds to the flux
sensitivities of LHAASO-WCDA [435], MAGIC [436], H.E.S.S. [437], VERITAS2, and
CTA for Tdur = 103 s and ψ = 0. At 300 GeV, the sensitivity of LHAASO-WCDA is
∼ 10−9 erg s−1 cm−2 in 103 s observation. The nearby embedded GRBs with redshift
z < 0.1 can be observed. MAGIC, H.E.S.S., VERITAS and CTA can detect 300 GeV
photons from embedded GRBs upto redshift z = 0.3 if R & 500 is satisfied. For the
sources with farther distance, the Universe could be opaque to VHE γ-rays.

6.4.3 Prompt Emission

As for the prompt emission, besides the cutoff with energy & 100 GeV caused by the
γγ absorption in the AGN disk, we found that there may be no significant difference
between short GRBs embedded in AGN disks and other short GRBs. The reason is
that, given a higher isotropic luminosity Lprompt

j,iso = 1051 erg s−1 and a higher Lorentz
factor Γprompt

j = 200 (Γprompt
j = 100) in the prompt emission phase of T90 = 1 s, the EIC

emission is subdominant (comparable) compared to the synchrotron/SSC components.
Using the parameters in the prompt emission phase, we estimate photon flux in the
energy range 50 - 300 keV,

F prompt
ν,50−300 keV ' 1.9 (1 + z)d−2

L,28 ph s−1 cm−2. (6.17)

Noting that the onboard trigger threshold of the Fermi Gamma-Ray Burst Monitor
(Fermi-GBM) is ∼ 0.7 ph s−1 cm−2 [438], it can detect the prompt emission and
localize the short GRB. At 10 GeV, the flux of the prompt emission is νF prompt

ν,10 GeV ∼
2×10−6 (1+z)d−2

L,28 erg s−1 cm−2, implying the possible detection of the embedded GRBs
2The differential sensitivity of VERITAS can be found in https://veritas.sao.arizona.edu/

about-veritas/veritas-specifications
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at z ∼ 0.5− 1 with the High Altitude Water Cherenkov (HAWC) observatory [439]. If
the short GRB is GRB 090510-like, e.g., Lprompt

j,iso & 1053 erg s−1, Fermi-LAT would also
be able to see γ-ray photons upto ∼ 30 GeV in the prompt emission phase [440]. Above
all, the prompt emission diagnosis can provide valuable information for the follow-up
observations of extended emissions.

6.5 Summary and Discussion
We studied γ-ray emission from short GRBs embedded in AGN disks and showed that
successful jets are expected from these, since the CBOs in the disks are highly super-
Eddington accretors and can produce low-density cavities around the CBO via powerful
outflows. Our work demonstrates that the AGN disks influence the γ-ray emission mainly
in two ways, namely, via the EIC enhancement and γγ attenuation, depending on the
distance to the SMBH and the inclination ψ. If a CBO merger occurs very close to
the SMBH, e.g., R ∼ 10− 40, the dense disk photon field will lead to a luminous EIC
component in the GeV band and a firm cutoff at Eγ ' 10 GeV. On the other hand, the
SSC process dominates the GeV emission for CBO mergers at R & 100, and the disk
gradually becomes transparent for 10-100 GeV photons unless the GRB jet is entirely
buried inside the AGN disk, e.g., ψ & ψc ' 85.6◦. Considering the ratio of the peak flux
of the inverse Compton component to the synchrotron peak flux and the cutoff energy,
we may be able to distinguish the short GRBs embedded in AGN disks from other types
of isolated short GRBs [103,104]. To identify the embedded short GRBs, we can utilize
these two signatures, “Compton dominance" and γγ annihilation cutoff. Such spectral
information can also be used to determine the parameters of the short GRB - AGN disk
system such as Td, R and ψ. According to the simulations of compact binary formations
in AGN disks, it is reasonable to expect the embedded short GRBs to occur in the region
R & 40− 100 [111,121]. The detection of these short GRBs can, in return, be used to
test current AGN-assisted CBO formation theories and constrain the CBO distributions
in AGN disks.

Since approximately fEE ∼ 1/4 − 1/2 [431] of Swift short GRBs are accompanied
by extend emission, we investigated the detectability of GRBs in the AGN disk for
CTA and Fermi-LAT considering a jet of luminosity Lj,iso = 1048.5 erg s−1 lasting for
Tdur ∼ 102 − 103 s. From now on, we discuss the detection perspectives of the extended
emissions with Tdur = 102 − 103 s, Lj,iso = 1048.5 erg s−1 cm−2, and Γj = 50. For the
embedded short GRBs within z = 1.0, CTA will be able to detect the γ-rays in the
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energy range Eγ ∼ 25− 100 GeV if the requirements R & Rc and ψ . ψc are satisfied,
where Rc ∼ 40 − 100 is the critical distance defined by τγγ[(1 + z)Eγ,Rc, ψ] = 1. To
estimate the CTA detection rate, we use fR and fψ ∼ 1 to represent the fractions of
embedded short GRBs that meet the conditions R & Rc and ψ . ψc, respectively.
Taking into account both NS-NS and NS-BH mergers, Ref. [441] estimated the occurance
rate of short GRB in AGN disks at z < 1, ṘSGRB,AGN ∼ (300 − 2 × 104)fAGN,−1 yr−1,
where fAGN ∼ 0.1 is the fraction of BH-BH mergers. We estimate the CTA detection
rate of the on-axis prolonged γ-ray emission from short GRBs embedded in AGN
disks via ṘCTA ∼ fCTAfbfEEfRfψṘGRB,AGN ∼ (0.2 − 22) fRθ2

j,−1fAGN,−1 yr−1, where
fCTA ∼ 0.3− 0.5 is the CTA detection efficiency defined as the ratio of detectable events
to events that can be followed up by CTA [442], fb = (θj + 1/Γj)2/2 ∼ θ2

j/2 is the
beaming factor and θj ∼ 0.1 is the jet opening angle. Despite the large uncertainty in
the CTA detection rate, we estimate that it is feasible for CTA to detect the prolonged
γ-ray emission from short GRBs embedded in AGN disks in the time scale of one year.

We now discuss the implications to multi-messenger analyses with GWs and γ-rays.
Ref. [443] estimated that the merger rate of binary black holes (BBHs) embedded in
AGN disks within the advanced Laser Interferometer Gravitational-wave Observatory’s
(aLIGO’s) horizon, e.g., Dh ' 450 Mpc, could be ṘL,BBH ∼ 20 yr−1. Implementing the
ratio of the cumulative NS-BH and NS-NS merger rates to the BBH merger rate in
the AGN channel, fL,CBO/BBH = (ṘL,NS−NS + ṘL,NS−BH)/ṘL,BBH ∼ 0.1 − 7.0 [441], we
estimate the occurrence rate of on-axis short GRBs with extended emission originating
from LIGO-detectable CBO mergers in the AGN channel,

Ṙ
(L)
SGRB−AGN = fEEfbfL,CBO/BBHṘL,BBH

∼ (2.5× 10−3 − 0.35) θ2
j,−1 yr−1.

(6.18)

The physical meaning of this equation is that among all detectable mergers within
LIGO’s horizon, MAGIC, H.E.S.S., VERITAS, CTA, and LHAASO-WCDA can observe
2.5× 10−3 − 0.35 short GRBs with extended γ-ray emission each year. In the optimistic
case, it is possible to detect the on-axis extended emission simultaneously with GWs
originated from CBO mergers embedded in AGN disks in one decade.

We note also that, while this is not the subject of the present work, the model predicts
that short GRBs from CBO mergers are efficient neutrino emitters. Our model does
not require choked jets, unlike Ref. [118, 444]. The CRs accelerated in the successful
jet can efficiently interact with disk photons and produce high-energy neutrinos via the
photomeson production process. Using equations 8 and 9 of Ref. [445] and Fig. 6.3 of

121



this work, the photomeson optical depth is fpγ ∼ 1 for R ∼ 10 and fpγ ∼ 0.1 for R ∼ 100.
High-energy neutrinos are expected in the PeV range, and they will make additional
contribution to those predicted by Ref. [446]. The enhancement is more prominent for
prompt neutrino emission, because the efficiency is low for usual short GRBs.

In conclusion, future multi-messenger analyses of AGN short GRBs can provide
unprecedented insights for understanding the formation and evolution of CBOs inside
the AGN disks as well as on the origin of their high-energy emission.
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Chapter 7 |
Complementarity of Stacking and
Multiplet Constraints on the Blazar
Contribution to the Cumulative
Diffuse Neutrino Flux

Note: The material in this Chapter is based on my paper [447], with co-authors Kohta
Murase, and Peter Mészáros.

7.1 Introduction
Since the initial detection of high-energy astrophysical neutrinos by the IceCube Neutrino
Observatory [263,264], a cumulative flux of astrophysical neutrinos in the energy range
from ∼ 10 TeV to several PeV has been unveiled and measured to a higher precision
[26,188,265]. The isotropic distribution of the cumulative flux as well as the background-
only results from recent searches for point-like sources and multi-messenger analyses
support an extragalactic origin of these neutrinos [131,448,449]. Up to now, however,
the main origin of the cumulative neutrinos still remains unknown.

The flavor ratio measured at Earth, (νe : νµ : ντ ) ≈ (1 : 1 : 1), is consistent
with the prediction from the long-distance oscillations of neutrinos produced through
pion decays [450], which provides one common framework for the astrophysical models
dedicated to explain the cumulative neutrino flux. Many candidates have been proposed
and studied [451,452]. Among these candidates, blazars, which are known as a subclass
of AGNs with a relativistic jet pointing nearly towards the Earth [453, 454], have
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been frequently considered as promising ultra-high-energy cosmic-ray (CR) accelerators
and high-energy neutrino emitters [52, 455–457]. Recently, the IceCube collaboration
announced the spatial and temporal coincidence between a muon track neutrino event
IceCube170922A and a blazar TXS 0506+056 [122] at the significance ∼ 3σ. Intuitively,
if this association is physical, the intimate link between this IceCube neutrino event and
the blazar may favor blazars as the main sources of the cumulative neutrino flux, but
this is not the case [123].

The maximum likelihood stacking searches for cumulative neutrino flux from the
second Fermi-LAT AGN catalog (2LAC) as well as the point-source searches using
the IceCube muon track events and blazars in Fermi-LAT 3LAC have independently
shown that Fermi-LAT-resolved blazars only contribute a small portion of the IceCube
cumulative neutrino flux [124–126] and the hadronic models of blazar activity are strongly
constrained [127], if the specific correlation Lν ∝ Lph is assumed as a prior. Ref. [128]
evaluated the contribution of unresolved sources, and showed that the blazar contribution
to the cumulative neutrino flux is constrained unless one makes an ad hoc assumption
that lower-luminosity blazars entrain a larger amount of CRs.

Here we argue that, in addition to the stacking analysis, the absence of clustering
in high-energy neutrino events, i.e., neutrino multiplets and auto-correleation, can also
provide relevant constraints on various classes of proposed sources as the dominant
origin of the cumulative neutrino flux [129–134]. The constraints are sensitive to the
redshift evolution of the sources, which are especially powerful for weakly or non-evolving
sources such as BL Lac objects [123,129]. But the limits are weaker for rapidly evolving
sources such as FSRQs, which could significantly alleviate the constraints, as remarked by
Ref. [123]. Ref. [135] studied the constraints on evolving blazar populations and confirmed
that fast evolving sources (e.g., ξz = 5.0) may indeed relax the neutrino multiplet limits.

In this work, we consider the “joint” implications of these independent analyses for
the global blazar population and extend the constraints to a common case where a
generic relationship between neutrino and gamma-ray luminosities, e.g., Lν ∝ (Lph)γlw ,
is presumed, which is more general than what has been previously considered in such
analyses. Physically, the correlation between Lν and Lph is determined by the interactions
between particles and radiation fields inside the sources. Most of physically reasonable
models developed on the basis of photohadronic (e.g., pγ) interactions predict Lν ∝
(Lph)γlw with indices of 1.0 . γlw . 2.0 [48, 51, 52, 123, 129, 458–461]. The index γlw

characterizes the source models and may deviate from this fiducial range for models with
increasing complexity. Motivated by this, we treat γlw as a free parameter and attempt to

124



reveal the γlw-dependence of the upper limits on all-blazar contributions. In addition, a
new feature of our analysis is that we also consider the effect of Fermi-unresolved blazars.
One caveat is that, in this study, we assume all sources are equal and emit steadily
with a single power-law spectrum. Prior to the the IceCube-170922A alert, IceCube
collaboration has found a neutrino excess from the direction of TXS 0506+056 during a
158-day time window in 2014-2015 [266], which reveals the the transient nature of the
neutrino emission. We need to keep in mind that the multiplet limits are stronger for
flaring sources [123]. The stacking limits are also applicable to time-averaged emission of
the flaring sources, as long as the scaling between neutrino and gamma-ray luminosities
hold [123].

In the first part (Sec. 7.2), we calculate the ratio of neutrino fluxes from Fermi-LAT-
resolved blazars and all blazars (including both resolved and unresolved contributions).
Combining this ratio with the existing constraints on Fermi-LAT-resolved blazars, we
estimate the upper limits for all-blazar contributions. The multiplet constraints are given
in the second part (Sec. 7.3) where we also derive the effective number densities neff

0 (γlw)
and the redshift evolution factor ξz(γlw) for blazars and the subclasses, FSRQs and BL
Lacs. In either case, we use the blazar gamma-ray luminosity functions provided by
Refs. [462–464] to reconstruct the neutrino luminosity density. In Sec. 7.4 we conclude
with a discussion.

7.2 Implications of Stacking Limits
Given the differential density of blazars as a function of rest-frame 100 MeV-100 GeV
luminosity Lph, redshift z and photon index Γ defined by the gamma-ray flux F ∝ ε−Γ

ph ,

d3Nbl

dLphdzdΓ = φbl(Lph, z)
dPbl

dΓ
dV

dz
, (7.1)

where the subscript “bl" represents blazars considered in the calculation, φbl(Lph,Γ) =
d2Nbl/dLphdV is the luminosity function and dPbl/dΓ is the probability distribution of
spectral index Γ, we can directly write down the (differential) luminosity density of
neutrinos from Fermi-LAT-resolved blazars at redshift z,

ενQ
(bl,R)
εν (z, γlw) =

∫ Lph,max

Lph,th

∫ Γmax

Γmin
C−1φbl(Lph, z)Lν(Lph)

× dPbl

dΓ dΓdLph

(7.2)
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where Lν ∝ (Lph)γlw is the neutrino luminosity, Lph,max is a fixed upper limit of blazar
luminosity and the lower limit Lph,th(Lph, z,Γ) is determined by the Fermi LAT threshold
flux F100,th in the energy range of 100 MeV – 100 GeV. In this equation, C is the
normalization coefficient determined by εCR,max and εCR,min, the maximum and minimum
energy that CRs in blazars can achieve. Since we aim to estimate the neutrino flux from
a general luminosity relationship, Lν ∝ (Lph)γlw , and the physics may be unknown for a
general γlw, we do not try to provide the details of the gamma-ray and neutrino radiation
processes. In this work, we assume that the maximum CR energy is the same for all
blazars, as is the normalization factor once the spectral index s of the IceCube neutrino
flux is specified.

Here, we present one method to rewrite the integrals in equation 7.2 by incorporating
the Fermi-LAT detection efficiency. For a blazar at redshift z with the luminosity
Lph ∝

∫ εmax
εmin

F (ε)εdε, where εmax = 100(1 + z) GeV and εmin = 100(1 + z) MeV, and the
photon index Γ, the integrated photon flux at earth can be written as

F100(Lph, z,Γ) =
∫ εmax

εmin
F (ε)dε

= Lph

4πd2
L(z) ×



ln
(
εmax
εmin

)
1

εmax−εmin
Γ = 1

εmax−εmin

εmaxεmin ln
(
εmax
εmin

) Γ = 2

2−Γ
1−Γ

ε1−Γ
max−ε1−Γ

min
ε2−Γ
max−ε2−Γ

min
Γ 6= 1, 2,

(7.3)

where dL is the luminosity distance between the blazar and the detector. Then the lower
limit of the integral in equation 7.2 can be obtained by requiring F100(Lph,th, z,Γ) =
F100,th. Alternatively, thanks to the Fermi-LAT detection efficiency ε(F100) provided
by Ref. [465], we can simplify equation 7.2 by using the equivalent detection efficiency
ε(Lph, z,Γ) = ε(F100),

ενQ
(bl,R)
εν (z, γlw) =

∫ Lph,max

Lph,min

∫ Γmax

Γmin
C−1φbl(Lph, z)Lν(Lph)

× ε(Lph, z,Γ)dPbl

dΓ dΓdLph,

(7.4)

where the lower limit Lph,min reduces to a constant and represents the minimal luminosity
of blazars that are considered in this work. To eliminate the instrumental selection
effect produced by the low detection efficiency for dimmer blazars and to take all blazars
into account, we replace the Lph,th in equation 7.2 by Lph,min, which yields the neutrino
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luminosity density from all blazars ενQ(bl,all)
εν (z, γlw), which can be written explicitly as

ενQ
(bl,all)
εν (z, γlw) =

∫ Lph,max

Lph,min

∫ Γmax

Γmin
C−1φbl(Lph, z)Lν(Lph)

× dPbl

dΓ dΓdLph.

(7.5)

Meanwhile, using the LFs for luminosity-dependent density evolution (LDDE) models and
parameters provided by Refs. [463,464], we successfully reproduced the redshift evolution
of FSRQ and BL Lac luminosity densities illustrated in the Figure 6 of Ref. [464]. At
this stage, during the integration of Lph, we set the maximum and minimum luminosities
to be 1050 erg s−1 and 1040 erg s−1, respectively. We also found that the results are
consistent with the uncertainties in Ref. [464] when the limits of the integration were
varied by one or two orders of magnitude. Another thing that we need to keep in mind
is that we assume the Fermi-LAT-unresolved blazars share the identical LFs with the
resolved ones. Ref. [466] pointed that the index distributions for different blazar classes
both for the detected ones and undetected ones are slightly different: the photon spectra
of newly-detected FSRQs are slightly softer than the 2LAC ones (∆Γ < 0.1) while in
contrast there is no significant spectral difference between the two sets of BL Lacs. For
the completeness, we also consider a deviation, e.g., 0.2, of the photon spectral index
from the best-fit values provided by Refs. [462–464]. Such a test reveals that the resulting
F(γlw) remains almost unchanged under a slight derivation of Γ.

Assuming the neutrino spectra from all blazars have the similar power-law form, e.g.,
ε2
νΦεν ∝ ενQ

(bl,R/all)
εν ∝ ε2−s

ν , and using the comoving neutrino luminosities ενQ(bl,all)
εν (z, γlw)

and ενQ
(bl,R)
εν (z, γlw), the all-flavor neutrino fluxes from Fermi-LAT-resolved and all

blazars at earth are expected to be

E2
νΦ

(bl,R/all)
Eν (γlw) = c

4π

∫
dz

ενQ
(bl,R/all)
εν (z, γlw)

(1 + z)

∣∣∣∣∣ dtdz
∣∣∣∣∣ , (7.6)

where εν = (1 + z)Eν . Hence, we can write down the fraction of Fermi-LAT-resolved
blazars to the cumulative neutrino flux in a simple way that depends only on γlw,

F(γlw) = E2
νΦ

(bl,R)
Eν (γlw)

E2
νΦ

(bl,all)
Eν (γlw)

. (7.7)

Ref. [462] presented the best-fit parameters in the blazar luminosity functions φbl, which
enables us to compute F(γlw). Since the redshift correction to the energies leads to one
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extra term (1 + z)2−s to the integrand in equation 7.6 and another factor (1 + z)−1 to the
integrated flux in equation 7.3, we conclude that, as a consequence, low-redshift blazars
become more important when s = 2.5, in comparison with the s = 2 case. Therefore,
considering nearby blazars are easier to be detected, a steeper neutrino spectrum predicts
a larger F(γlw), which is confirmed by the thin lines in Fig. 7.1. Moreover, noting that the
selection of the minimum and maximum luminosities, e.g., Lph,min and Lph,max of a blazar
is arbitrary, we tested the reliability of F(γlw) by varying the integral limits and found
that the results are not sensitive to Lph,max and F(γlw) does not change dramatically in
the range γlw . 1.0 as Lph,min increases from 1041 erg s−1 to 1043 erg s−1, as shown in Fig.
7.1. Intuitively, a lower Lph,min implies that more low-luminosity blazars in the sample
are less likely to be detected. Also, for a weaker luminosity dependance (γlw . 1.0), the
low-luminosity blazars dominate the luminosity density due to the large population. The
combined effect is that F(γlw) decreases in the range γlw . 1.0. Remarkably, from Fig.
7.1, we can conclude that the contribution from Fermi-LAT-resolved blazars is nearly
the same as the neutrino flux from all blazars when γlw is larger than 1.0. The reason is
that, assuming a stronger luminosity dependance ( on other words, a higher γlw), the
brighter blazars become increasingly important. These high-luminosity blazars have a
higher chance to be detected and in this case the neutrinos luminosity densities from
Fermi-LAT-resolved blazars and all blazars are comparable.

To compute the upper limit of cumulative neutrino flux from all blazars, we use
the existing constraints, E2

νΦ
(2LAC,stacking)
Eν and E2

νΦ
(3LAC,stacking)
Eν , from blazar stacking

analyses and point-source searches [124,126], which are based on Fermi-LAT 2LAC and
3LAC blazars. Combining these existing limits with the fraction of the neutrino flux from
Fermi-LAT-resolved blazars, we estimate the upper limits of all-blazar contributions
from Fermi-LAT 2LAC and 3LAC analysis,

E2
νΦ

(2LAC/3LAC)
Eν = E2

νΦ
(2LAC/3LAC,stacking)
Eν

F(γlw) . (7.8)

The stacking results themselves have some model dependence. Here, to obtain conservative
limits, we adopt the results based on the equal flux weighting for E2

νΦ(2LAC/3LAC,stacking)
Eν .

In general this gives conservative limits, and the luminosity weighting improves the
constraints. We will see that, even in this most conservative case, the combined constraints
of stacking and multiplet analysis are stringent.

Fig. 7.2 illustrates the upper limits for the all-blazar neutrino flux from Fermi-
LAT 2LAC and Fermi-LAT 3LAC analysis. We show all-flavor neutrino fluxes for
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Figure 7.1. The fraction of Fermi-LAT-resolved blazars in the cumulative neutrino flux,
F(γlw). The thick and thin lines are calculated for the neutrino spectral indices s = 2.0 and
s = 2.5. The blue dashed, black solid and red dash-dotted lines correspond to the minimum
luminosities Lph,min = 1041 erg s−1, 1042 erg s−1 and 1043 erg s−1, respectively. The upper
limit is fixed to be Lph,max = 1050 erg s−1.

all curves and data points in this figure. In the left panel, we assume s = 2 for the
neutrino spectrum. In this case, the stacking analysis of Fermi-LAT-2LAC blazars gives
1.2×10−8 . E2

νΦ(2LAC,stacking)
Eν . 1.6×10−8 (in the unit of GeV cm−2 s−1 sr−1, hereafter).

The corresponding upper limits for all blazars calculated using equation 7.8 are illustrated
as the magenta area. The green area in the left panel shows the constraints derived from
Fermi−LAT 3LAC analysis which predicts 8.0× 10−9 . E2

νΦ(3LAC,stacking)
Eν . 1.4× 10−8.

For the illustration purpose, we include the IceCube all-flavor neutrino flux 4.8× 10−8 .

E2
νΦ

(IC)
Eν . 8.4× 10−8 in Fig. 7.2 (the cyan area). To avoid underestimating the upper

limits due to the uncertainties of the existing results, we introduced a 50% uncertainty
to the constraints derived from stacking analysis, which broadens the areas in the left
panel of Fig. 7.2. The right panel shows the energy-dependent upper limits for an ε−2.5

ν

neutrino spectrum. The solid lines are obtained by assuming γlw = 1.0 whereas the
dashed lines correspond to the case γlw = 2.0. The upper limits from Fermi-LAT 2LAC
and 3LAC analysis are illustrated as magenta lines and green lines, respectively. In
this figure, we showed also the all-flavor neutrinos flux (red points, [26, 188]), the 6-year
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Figure 7.2. All curves and data points in this figure illustrate all-flavor neutrino fluxes. Left
panel: Stacking constraints on the contributions of all blazars to the cumulative neutrino flux
(Lph,min = 1042 erg s−1 is used) and high-energy neutrino multiplet constraints on the blazar
contributions in the neutrino sky for an ε−2

ν neutrino spectrum. The magenta and green areas
correspond to the all-blazar upper limit from Fermi-LAT-2LAC and Fermi−3LAC equal
weighting analysis, respectively. The cyan horizontal area shows the cumulative neutrino flux
detected by IceCube. The blue dashed, red dash-dotted and thick black lines illustrate the
m ≥ 2 multiplet constraints for FSRQs, BL Lacs and all blazars whereas the corresponding
areas show the uncertainties. The thin black line is the m ≥ 3 multiplet constraint for all
blazars. Right panel: the energy-dependent upper limits from the stacking analysis for the
all-blazar contributions, assuming a neutrino spectral index s = 2.5.

high-energy starting events (cyan points, [189]) and the the best fit to the upcoming
muon neutrinos scaled to three-flavor case (yellow area). The previous discussion reveals
that F(γlw) may depend on Lph,min moderately, when γlw is smaller than 1.0. We will
further demonstrate in Sec. 7.3 that, in the range of γlw . 1.0, the neutrino multiplet
constraints are more stringent than the upper limits derived from the stacking analyses,
which manifests its complementarity in constraining the cumulative neutrino flux from
all blazars over a wide range of γlw.

7.3 Implications of High-Energy Neutrino Multiplet Lim-
its
Here, we present another type of constraints on the origins of IceCube diffuse neutrinos,
using the negative results from the clustering test of neutrino-induced muon track events.
These high-energy track events are generally detected by IceCube with the angular
resolution ∼ 0.5 deg, which enables us to determine the incoming directions and perform
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clustering analysis on their time and spatial distributions. So far, all the clustering tests
based on high-energy muon neutrinos have found no statistically significant evidence of
clustering in the arrival distribution of neutrinos [265,467–469].

In this section, we investigate the implications of the non-detection of neutrino
multiplet sources, and consider the limits on blazar contributions to the cumulative
neutrino background. To achieve this goal, we follow Ref. [129] and write down the
limits on the effective source densities. The formalism presented by Ref. [129] is appli-
cable to blazars with a general luminosity weighting Lν ∝ (Lph)γlw since the functions
Lν(dNbl/dLph) ∝ (Lph)γlw+1φbl are sharply peaked around some effective luminosities
Leff

ph, which demonstrates that the effective source densities and the neutrino luminosity
densities are well defined and constrained. Below, we define these crucial quantities and
derive the neutrino multiplet constraints for our blazar case.

Assuming the number of sources that produce more than k − 1 multiplet events is
Nm≥k, the constraint from the non-detection of m ≥ k multiplet events can be obtained
by requiring Nm≥k ≤ 1. Ref. [129] studied the implications to the neutrino sources using
the absence of “high-energy” multiplet neutrino sources, and calculated the upper limit
on the local source number density for an ε−2

ν neutrino spectrum,

neff
0 . 1.9× 10−10 Mpc−3

(
ενL

ave
εν

1044 erg s−1

)−3/2 (
bmqL
6.6

)−1

×
(

Flim

10−9.2 GeV cm−2 s−1

)3/2 ( 2π
∆Ω

)
,

(7.9)

where ενLave
εν is the time-averaged neutrino luminosity of the source, Flim ∼ (5 − 6) ×

10−10 GeV cm−2 s−1 is the 8-year IceCube point-source sensitivity at the 90% confidence
level [470], qL ∼ 1− 3 denotes a luminosity-dependent correction factor, ∆Ω represents
the sky coverage of the detector and the details of m ≥ k neutrino multiplet constraints
are encoded in the factor bm. Ref. [129] find bm ' 6.6 for m ≥ 2 multiplets and bm ' 1.6
for triplets or higher multiplets (e.g., m ≥ 3). Note that the point-source sensitivity
enters the above expression but the numerical results are obtained by calculating the
number of tracks using the muon effective area [129].

The purpose of this work is to explore the implications for blazar models using existing
equations from previous work without making new analyses on multiplet sources. We
simply use the results of the previous analysis by Ref. [129], which gives the upper limit
on the effective number density, neff

0 (ενLave
εν ). Moreover, another reason that we choose

this approach is that these results are also consistent with the latest limits on transient
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sources (after the number density is converted into the rate density, [471]) 1

One can write the limit on the cumulative neutrino flux from the sources as a function
of neff

0 and the redshift evolution factor ξz [123]:

E2
νΦ

(m)
Eν ≈ 3ξzctH

4π neff
0 (ενLave

εν )

. 6.9× 10−9 GeVcm−2s−1sr−1
(

∆Ω
2π

)2/3 (
ξz
0.7

)

×
(
bmqL
6.6

)−2/3 (
neff

0
10−7 Mpc−3

)1/3

×
(

Flim

10−9.2 GeV cm−2 s−1

)
, (7.10)

where tH is the Hubble time. In this expression, ξz represents the redshift weighting of
the neutrino luminosity of the sources and can be evaluated through [347]

ξz(γlw) =
∫
dz(1 + z)−1

∣∣∣ dt
dz

∣∣∣ f(z, γlw)∫
dz
∣∣∣ dt
dz

∣∣∣ , (7.11)

where f(z, γlw) is the redshift evolution function of the neutrino luminosity density
normalized to unity at z = 0 for the luminosity correlation Lν ∝ (Lph)γlw , e.g., for
blazars we have f (bl)(z, γlw) = [ενQ(bl,all)

εν (z, γlw)]/[ενQ(bl,all)
εν (0, γlw)]. Similarly, we can

also calculate the ξz for the blazar subclasses, FSRQs and BL Lacs using the luminosity
functions from Refs. [463, 464]. The black, blue and red areas in Fig. 7.3 illustrate
the redshift evolution factor ξz(γlw) for all blazars, FSRQs and BL Lacs, respectively.
When γlw = 1, we find ξz ∼ 7 − 8 for the gamma-ray luminosity density evolution
of FSRQs and ξz ∼ 0.6 − 0.7 for that of BL Lacs, which are consistent with the
values found by Refs. [48] and [129]. The solid and dashed boundaries in Fig. 7.3
correspond to the sample schemes, (Lph,min = 1042 erg s−1, Lph,max = 1050 erg s−1) and
(Lph,min = 1040 erg s−1, Lph,max = 1052 erg s−1), respectively. If γlw is lower than 1.0,
low-luminosity sources at lower redshift contribute a significant component to the total
neutrino luminosity density, therefore, a smaller Lph,min results in a smaller ξz. On the

1The limit on the rate density of neutrino transients accounting for the diffuse flux is ρeff
0 &

1.7× 104 Gpc−3 yr−1 (bmqL/6.6)2(∆Ω/2π)2(Tobs/8 yr)2(ξz/0.7)−3
φ−3

lim,−1
max[Nfl, 1], where Nfl ≈ fflTobs/tdur ≈ Tobs/∆Tfl is the number of flaring periods and ∆Tfl is the typical
flare interval [123]. For ∆Tfl . Tobs, the density and diffuse limits become similar to those for steady
sources. Substituting the time-averaged sensitivity gives conservative results because of Flim > φlim/Tobs.
For ∆Tfl & Tobs, we expect ρeff

0 Tobs ≈ neff
0 (Tobs/∆Tfl). Because of neff

0 (Tobs/∆Tfl) . neff
0 , the limits for

steady sources can be regarded as conservative.
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contrary, a strong luminosity correlation with γlw & 1.5 boosts the contribution from
high-redshift bright blazars, which leads to a larger f(z, γlw) at higher redshift and as a
result makes ξz larger, as Lph,max increases.

Besides the factor ξz, it is also necessary to calculate the effective local number density
neff

0 , which characterizes the the number density of sources that dominate the neutrino
luminosity density for each specified source population. In this work, we use the luminosity
functions in combination with the luminosity weighting relation Lν ∝ (Lph)γlw to estimate
the effective number densities neff

0 for blazars, FSRQs and BL Lacs. Here, we follow
the procedure presented by Ref. [129]. For each class of neutrino sources, we define an
effective neutrino luminosity Leff

ν ∝ (Leff
ph)γlw using the corresponding effective gamma-ray

luminosity Leff
ph obtained by maximizing (Lph)γlw(dN/dlnLph) = (Lph)γlw+1φ(Lph, z = 0),

where φ(Lph, z = 0) is the local luminosity function of the sources that we are interested
in. Since the function (Lph)γlw+1φ(Lph, z = 0) has a maximum around its extreme point
for each source population, we may regard blazars, FSRQs and BL Lacs as “quasi-
standard candle" sources, among which the neutrino productions are dominated by the
sources distributed closely around one certain effective luminosity Leff

ph. In this case, we
have justified the applicability of the equation appeared in this section to constrain the
neutrino fluxes from blazars and the subclasses. The left panel of Fig. 7.4 shows the
effective gamma-ray luminosity densities for all blazars (black solid line), FSRQs (blue
dashed line) and BL Lacs (red dash-dotted line). Intuitively, Leff

ph of FSRQ should be
larger than that of BL Lacs since FSRQs are more luminous than BL Lacs. Moreover,
the function (Lph)γlw+1φ(Lph, z = 0) achieves its maximum at higher luminosity as γlw

increases, which naturally explains the monotonic increase of Leff
ph(γlw). Considering

that low-luminosity BL Lacs dominate the neutrino luminosity density if the luminosity
correlation is weak (e.g., γlw . 1) whereas bright FSRQs become increasingly important
as γlw increases, the blazar effective luminosity Leff

ph converges to the BL Lac case when
γlw is less than 1.0 and then gradually approaches to the FSRQ curve, as is confirmed
in Fig. 7.4. With the effective neutrino/gamma-ray luminosity, we can write down the
effective local number density of the sources

neff
0 = 1

Leff
ν

∫
dLphLν(Lph)φ(Lph, 0). (7.12)

The right panel of Fig. 7.4 shows the effective number densities of all blazars (black solid
line), FSRQs (blue dashed line) and BL Lacs (red dash-dotted line). As expected, BL
Lacs dominate the number density and the blazar effective number density converges
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to BL Lac and FSRQ curves respectively when γlw . 1.0 and γlw & 2.0. Different from
F(γlw) and ξz, Leff

ph and neff
0 does not depend sensitively on the value of Lph,min and

Lph,max in the range 0 . γlw . 2.5. To interpret this, we need to keep in mind that the
former two quantities are determined by the integrations over Lph, while Leff

ph depends
only on the shape/slope of the function (Lph)γlw+1φ(Lph, z = 0). From the left panel of
Fig. 7.4, we find that Leff

ph lies roughly in the range 1043 − 1049 erg s−1 which is covered
by the interval 1042− 1050 erg s−1, the fiducial range used in our calculation. Meanwhile,
the integrand in equation 7.12 peaks around Leff

ph, therefore once the peak is included,
the effective number density neff

0 will not vary too much as the lower and upper bounds
of the integral changes.

The above calculations provide the preliminary work and the ingredients needed for
calculating the neutrino multiplet limits. Selecting bmqL ' 6.6 for m ≥ 2 multiplets
and Flim ' 109.2 GeV cm−2 s−1 for an ε−2

ν neutrino spectrum, the blue dashed, red
dashed-dotted and thick black lines in the left panel of Fig. 7.2 illustrate the neutrino
multiplet limits for FSRQs, BL Lacs and all blazars, respectively. The blue, red and
black areas shows the corresponding uncertainties due to Lph,min and Lph,max, as discussed
before. From this figure we find that the all-blazar multiplet constraint converges to the
FSRQ case at higher γlw and to the BL Lac case if γlw is less than 1.0, just as expected.
We also considered the upper limits for triplet or higher multiplets (m ≥ 3) by changing
the value of bmqL to 1.6. In this case, the constraints relax to the thin black line. This
consequence can be interpreted as the concession of allowing blazars to produce m = 2
multiplet events. So far, all calculations on the multiplet constraints were based on the
ε−2
ν neutrino spectrum, and to extend the results to a general spectrum, e.g., s = 2.5,
detailed calculations on Flim and neff

0 (equation 7.12) are needed, and our results are
conservative in this point. Therefore, in the right panel of Fig. 7.2, only upper limits
inferred from stacking analysis are shown.

7.4 Discussion
In this paper, we considered how two types of analyses, namely stacking and multiplets,
constrain on the contribution of blazars to the cumulative neutrino flux, assuming
a generalized luminosity weighting Lν ∝ (Lph)γlw . Using the gamma-ray luminosity
functions for blazars, FSRQs and BL Lacs, we estimated the ratio of the neutrino
fluxes from Fermi-LAT-resolved blazars and from all blazars (including unresolved
ones), F(γlw), and the effective number densities, neff

0 (γlw), and the redshift evolution
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factor, ξz, for different source classes. The joint use of a stacking and multiplet analysis,
as well as the use of a generalized luminosity function and inclusion of the effect of
unresolved blazars, are new aspects which distinguish this analysis from previous ones.
The main results are summarized in Figure 7.2. From this figure we found that the
multiplet constraints are the most important at lower values of γlw, e.g. γlw . 1.0,
whereas all-blazar constraints derived from the existing stacking upper limits are more
stringent for a stronger luminosity correlation, e.g., γlw & 1.5. The joint consideration
of these two kinds of limits supports the extended argument that all blazars, including
Fermi−unresolved ones, are unlikely to dominate the cumulative neutrino background
for a generic correlation between the neutrino and gamma-ray luminosities, Lν ∝ (Lph)γlw ,
with the index 0 . γlw . 2.5. Canonical blazar models, which are physically motivated
and based on the leptonic scenario, predict γlw ∼ 1.5− 2.0 [48]. Our results suggest that
the stacking constraints are the most stringent for such physically motivated cases. The
multiplet and stacking limits are “complementary”, in the sense that these methods have
their own advantages in different regimes, and in combination they provide a stronger and
tighter constraint than previously, over a wide range of γlw, as pointed out by Ref. [123].
We also found that while the multiplet constraints are weaker at larger values of γlw

they become more stringent again for γlw & 1.5 due to the rapid decrease of the effective
source density.

In this work, we focus on power-law spectra. The limits are stringent for the neutrino
flux in the 0.1 PeV range and become weaker at higher energies. For example, neutrino
multiplet limits are weaker if one is interested in the origin of ∼ 1 PeV neutrinos [123,
128, 129]. It is possible for blazars to explain the dominant fraction of PeV neutrinos
by introducing a lower-energy cutoff of the proton maximum energy [458], although
neutrinos at 0.1 PeV and lower energies should come from another population of the
sources [472].

One of the uncertainties in this work comes primarily from the selection of the
lower and upper limits of the luminosity integral, Lph,min and Lph,max. As discussed
above, we showed that these uncertainties are well controlled, and the final results are
reliable if Lph,min and Lph,max are selected in the fiducial ranges 1040 − 1042 erg s−1 and
1050 − 1052 erg s−1, respectively. From the joint constraints illustrated in Fig. 7.2, we
conclude that blazars are disfavored as a dominant source of the cumulative neutrino
flux measured by IceCube for a luminosity weighting Lν ∝ (Lph)γlw with 0.0 . γlw . 2.5.
Since different blazar models considered for explaining the cumulative neutrino flux can be
commonly characterized by the correlation index γlw within this range, our calculations on
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the upper limits and effective number densities would provide rather general constraints
for future studies of blazar neutrinos.
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Chapter 8 |
Summary and Outlook

8.1 Summary
We are currently in the stage where we are able to unveil the nature of the extreme
astrophysical phenomena with the synergies between electromagnetic photons, neutrinos,
gravitational waves, and cosmic rays. In this thesis, we studied the neutrino and
electromagnetic signals from various promising sources, such as galaxy mergers, SMBH
mergers, short GRBs in AGN disks, and blazars. We attempted to answer these two
essential questions in theoretical aspects: what physical mechanisms and processes
produce the high-energy astrophysical electromagnetic and neutrino signals, and how
we can reconstruct the physical conditions of the source and the environment from
the observations using different messengers. All works included in this dissertation are
summarized below.

In chapter 2, we calculated the cumulative diffuse neutrino and γ-ray fluxes contributed
by galaxy/cluster mergers. We found that high-redshift mergers contribute a significant
amount of the cosmic-ray luminosity density, and the resulting neutrino spectra could
explain a large part of the observed diffuse neutrino flux above 0.1 PeV up to ∼ PeV.
We also showed that our model can somewhat alleviate tensions with the extragalactic
γ-ray background. First, since a larger fraction of the CR luminosity density comes
from high redshifts, the accompanying γ-rays are more strongly suppressed through γγ
annihilations with CMB and EBL. Second, mildly radiative-cooled shocks may lead to a
harder CR spectrum with spectral indices of 1.5 . s . 2.0. Our study suggests that halo
mergers, a fraction of which may also induce starbursts in the merged galaxies, can be
promising neutrino emitters without violating the existing Fermi γ-ray constraints on
the non-blazar component of the extragalactic γ-ray background.

In chapter 3, we demonstrated that the synchrotron and inverse Compton emissions
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produced by secondary electrons/positrons can explain the radio and X-ray fluxes of
merging galaxies such as NGC 660 and NGC 3256. Using our model in combination with
the observations, we can constrain the gas mass, shock velocity, magnetic field and the
CR spectral index s of these systems. For NGC 660 a single-zone model with a spectral
index 2.1 . s . 2.2 is able to reproduce simultaneously the radio and X-ray observations,
while a simple one-zone scenario with s ∼ 2 can describe the radio and a large fraction
of X-ray observations of NGC 3256. Our work provided a useful approach for studying
the dynamics and physical parameters of galaxy mergers, which can play an important
part in future multi-messenger studies of similar and related extragalactic sources.

In chapter 4, we considered neutrino counterpart emission originating from the
jets launched after the SMBH merger. We modeled the jet structures and relevant
interactions therein, and then evaluated neutrino emission from jet-induced shocks. We
found that month-to-year high-energy neutrino emission from the post-merger jet after
the gravitational wave event is detectable by IceCube-Gen2 within approximately five to
ten years of operation in optimistic cases where the cosmic-ray loading is sufficiently high
and a mildly super-Eddington accretion is achieved. We also estimated the contribution
of SMBH mergers to the diffuse neutrino intensity, and found that a significant fraction
of the observed very high-energy (Eν & 1 PeV) IceCube neutrinos could originate from
them in the optimistic cases. In the future, such neutrino counterparts together with
gravitational wave observations can be used in a multi-messenger approach to elucidate
in greater detail the evolution and the physical mechanism of SMBH mergers. In chapter
5, we showed that the non-thermal EM signals from SMBH mergers would be detectable
up to the detection horizon of future GW facilities such as the LISA. Calculations based
on our model predict slowly fading transients with time delays from days to months after
the coalescence, leading to implications for EM follow-up observations after the GW
detection.

In chapter 6, we focused on a special scenario where short gamma-ray bursts produced
by CBO mergers are embedded in disks of AGN, and we investigate the γ-ray emission
produced in the internal dissipation region via synchrotron, synchrotron self-Compton
and EIC processes. In this scenario, isotropic thermal photons from the AGN disks
contribute to the EIC component. We showed that a low-density cavity can be formed
in the migration traps, leading to the embedded mergers producing successful GRB
jets. We found that the EIC component would dominate the GeV emission for typical
CBO mergers with an isotropic-equivalent luminosity of Lj,iso = 1048.5 erg s−1 which
are located close to the central supermassive black hole. Considering a long-lasting jet
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of duration Tdur ∼ 102 − 103 s, we find that the future CTA will be able to detect its
25− 100 GeV emission out to a redshift z = 1.0. In the optimistic case, it is possible to
detect the on-axis extended emission simultaneously with GWs within one decade using
MAGIC, H.E.S.S., VERITAS, CTA, and LHAASO-WCDA. Early diagnosis of prompt
emissions with Fermi-GBM and HAWC can provide valuable directional information for
the follow-up observations.

We investigated also the blazar contribution to the cumulative neutrino intensity in
chapter 7, assuming a generic relationship between neutrino and gamma-ray luminosities,
Lν ∝ (Lph)γlw . Using the gamma-ray luminosity functions for blazars including flat
spectrum radio quasars (FSRQs) and BL Lac objects, as well as the Fermi-LAT detection
efficiency, we estimated contributions from blazars resolved by Fermi-LAT as well as the
unresolved counterpart. Combining the existing upper limits from stacking analyses, the
cumulative neutrino flux from all blazars (including Fermi-LAT resolved and unresolved
ones) are constrained in the range 0 . γlw . 2.5. We also evaluated the effects of the
redshift evolution and the effective local number densities for each class of FSRQs, BL Lacs,
and all blazars, by which we place another type of constraint on the blazar contribution
using the non-detection of high-energy neutrino multiplets. We demonstrated that these
two upper limits are complementary, and that the joint consideration of the stacking
and multiplet analyses not only supports the argument that blazars are disfavored as
the dominant sources of the 100-TeV neutrino background, but it extends this argument
by including also Fermi-LAT-unresolved blazars as well, for a more generic luminosity
correlation Lν ∝ (Lph)γlw .

8.2 Outlook
More joint multi-messenger detections are expected in the next few decades with upgraded
instruments and newly built next-generation facilities. For high-energy neutrinos in
the energy range Eν & 1017 eV (100 PeV), POEMMA, ARA/ARIANNA, CHANT, and
GRAND would shed more light on the cosmogenic neutrinos produced by UHECRs and
test our SMBH merger models. Here I list some possible projects for the future research
program on multi-messenger astrophysics.

• HE neutrinos from short GRBs in AGN disks
In addition to the γ-ray emitters, CB mergers are also promising origins of high-
energy neutrinos. The cosmic rays accelerated in the jet will interact with the dense
non-thermal photons and produce neutrinos via the photohadronic process, which is
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also crucial for neutrinos originating in AGNs. The CRs accelerated in the successful
jet can efficiently interact with disk photons and produce high-energy neutrinos via
the photomeson production process. High-energy neutrinos are expected in the PeV
range, and they will make an additional contribution to those predicted by isolated
short GRBs, e.g., Ref. [446]. Future multi-messenger analyses of the embedded
short GRBs can provide unprecedented insights into understanding the formation
and evolution of CBs inside the AGN disks and the origin of high-energy emissions.
Next, I propose to study the high-energy neutrino emission associated with GRBs
in AGN disks and discuss the implications for future astrophysical surveys and how
the AGN-assisted short GRBs contribute to the diffuse neutrino background.

• Asrophysical neutrinos from AGNs
Despite the fact that the current constraints disfavor the blazars as the primary
source of diffuse neutrino background, it would be intriguing to study the contribu-
tion from γ-ray faint blazars, low-luminosity AGNs, AGN cores, disks, jets, and
cluster regions. The motivation is that the IceCube collaboration searched the
archival data and found that the neutrino flux from the blazar TXS 0506+056 is
dominated by a previous neutrino flare in 2014 [473]. One prominent task is to
unveil the physical mechanism of neutrino flares in the γ-ray quiet epoch. The
multizone scenarios that systematically model the particle interactions in the AGN
disk, jet, and core regions to interpret the neutrino flares should be implemented
to explain the efficient neutrino production and strong γ-ray suppression.

• Proton synchrotron model for the VHE γ-ray emissions from GRBs
The recent detection of TeV photons from GRB 190114C [3,4] and GRB 180720B [5]
has opened a new window for multi-messenger and multi-wavelength astrophysics of
high-energy transients. The detection of VHE γ-rays from GRBs can exert stringent
constraints on the physics of relativistic shocks involving particle acceleration, as
well as the radiation mechanisms of GRBs. [391, 404] suggest that the VHE γ-rays
reported by MAGIC Collaboration at a ∼ 3σ statistical significance could be
attributed to the EIC emission associated with the extended and plateau emission.
Such EIC VHE γ-rays are promising targets for future Imaging Atmospheric
Cherenkov Telescopes. In the following work, we propose to calculate the VHE
γ-ray emission from protons and nuclei synchrotron process in the ultra-relativistic
jets with the presence of very strong magnetic fields. We plan to implement the
hadronic model to explain the origins of the TeV γ-ray photons detected by MAGIC
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and HESS and discuss the implications for CTA and LHAASO.

In addition to the breakthroughs with more specialized theoretical models and
advanced next-generation detectors, the multi-messenger collaboration programs will also
play an integral role in exploiting the synergies between the four messengers. Among
the existing programs, the Astrophysical Multimessenger Observatory Network (AMON)
will enhance the coincident discovery abilities of astrophysical transients by combining
the sub-threshold signals received by collaborating observatories [474, 475]. Another
purpose of AMON is to send following-up alerts to guide the other observatories rapidly.
The Scalable Cyberinfrastructure to support Multi-Messenger Astrophysics (SCiMMA)
program enables the multi-messenger astrophysics organizations, including AMON,
IceCube, and LIGO, to rapidly handle, combine, and analyze the very large-scale
distributed data from all types of astronomical measurements [476], which makes the
multi-messenger analyses faster and more reliable in the data transfer, storage, and
processing levels. Our understanding of the most energetic and extreme processes in the
universe will keep refreshing by combining detailed analytical and semi-analytical models,
numerical simulations, powerful detectors, and well-designed data analysis networks. We
may also observe the unknowns in the uncharted universe.
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