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Abstract

Various supernovae, compact object coalescences, and tidal disruption events are widely believed to occur
embedded in active galactic nucleus (AGN) accretion disks and generate detectable electromagnetic signals. We
collectively refer to them as AGN disk transients. The inelastic hadronuclear (pp) interactions between shock-
accelerated cosmic rays and AGN disk materials shortly after the ejecta shock breaks out of the disk can produce
high-energy neutrinos. However, the expected efficiency of neutrino production would decay rapidly by adopting a
pure Gaussian density atmosphere profile applicable for stable gas-dominated disks. On the other hand, AGN
outflows and disk winds are commonly found around AGN accretion disks. In this paper, we show that the circum-
disk medium would further consume the shock kinetic energy to more efficiently produce high-energy neutrinos,
especially for ~ TeV—PeV neutrinos that IceCube detects. Thanks to the existence of the circum-disk medium, we
find that the neutrino production will be enhanced significantly and make a much higher contribution to the diffuse
neutrino background. Optimistically, ~20% of the diffuse neutrino background can be contributed by AGN disk
transients.

Unified Astronomy Thesaurus concepts: Cosmological neutrinos (338); Supernovae (1668); Active galactic nuclei

(16); White dwarf stars (1799); Neutron stars (1108); Black holes (162); Gravitational waves (678)

1. Introduction

It has been suggested that in active galactic nuclei (AGNs),
the accretion disk surrounding the supermassive black hole
(SMBH) may contain a large population of stars and compact
objects, including white dwarfs (WDs), neutron stars (NSs),
and stellar-mass BHs. On the one hand, AGN disks can capture
stars and compact objects from nuclear star clusters (Syer et al.
1991; Artymowicz et al. 1993; Fabj et al. 2020; MacLeod &
Lin 2020). On the other hand, AGN stars can form at the outer
self-gravitating region of the disk via gravitational instability,
migrate into the inner orbit, and end up as compact objects
(Kolykhalov & Syunyaev 1980; Shlosman & Begelman 1989;
Goodman & Tan 2004; Wang et al. 2011, 2012; Dittmann &
Miller 2020). AGN accretion disks provide a natural environ-
ment for embedded stars and compact objects to grow, to
accrete materials, and to migrate within it (e.g., McKernan et al.
2012; Bellovary et al. 2016; Perna et al. 2021b; Wang et al.
2021b; Kaaz et al. 2023; Pan & Yang 2021). There could be
abundant stars and compact objects gathering in the inner part
of the AGN disks and more easily forming binary systems there
due to the high encountered probability and the dynamical
friction within the disk (e.g., Baruteau et al. 2011; Bartos et al.
2017; Yang et al. 2022). Thus, explosions of massive stars and
mergers/collisions between stars and compact objects can
frequently occur there (e.g., Bartos et al. 2017; Leigh et al.
2018; Yang et al. 2019; McKernan et al. 2020; Tagawa et al.
2020; Zhu et al. 2021d; Grishin et al. 2021; Li et al. 2021;
Tagawa et al. 2021; Li et al. 2022; Li 2022).
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Stars in AGN disks can spin up to critical rotation via accretion
and undergo quasi-chemically homogeneous evolution to become
compact stars (Cantiello et al. 2021; Dittmann et al. 2021; Jermyn
et al. 2021), the properties of which are similar to those of Wolf
—Rayet progenitors of long gamma-ray bursts (IGRBs) and
superluminous supernovae (SNe; Woosley & Heger 2006; Yoon
et al. 2006; Zhang 2018). Thus, core-collapse AGN stars are very
likely to drive IGRBs and powerful SNe. Mergers and collisions
between stars and compact objects in AGN disks potentially result
in different kinds of transient phenomena, such as (1) Type Ia SNe
(SNe Ia) from binary WDs and accretion-induced collapses of
WDs (e.g., Whelan & Iben 1973; Nomoto 1982), (2) short GRBs
and kilonovae from neutron star mergers (e.g., Eichler et al. 1989;
Narayan et al. 1992; Li & Paczyriski 1998; Metzger et al. 2010),
(3) tidal disruption events by stellar-mass BHs (e.g., Stone et al.
2020; Yang et al. 2022), etc. However, the surrounding dense
atmosphere may lead to unique observable electromagnetic
(EM) signatures of these transients in AGN disks. SN and
kilonova emissions in AGN disks could be outshone by the AGN
disk emissions (Zhu et al. 2021d, 2021e), while shock breakout
signals and interaction emissions between ejecta and disk
atmosphere can be bright enough to be detected (Zhu et al.
2021d; Grishin et al. 2021; Ren et al. 2022). The EM signals of
AGN GRBs are highly diverse, being dependent on the burst
properties, the disk structure, and the location of bursts (Cheng &
Wang 1999; Perna et al. 2021a; Zhu et al. 2021e; Kimura et al.
2021; Lazzati et al. 2022; Ray et al. 2022; Wang et al. 2022; Yuan
et al. 2022). Although binary BH (BBH) mergers are not expected
to directly generate EM emission,” BBH mergers embedded in
AGN disks can potentially power EM counterparts through
accretion and interaction with disk gas (Bartos et al. 2017;

4 Zhang (2016) predicted that mergers of charged BHs could make EM
counterparts, e.g., fast radio bursts or short GRBs.
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McKernan et al. 2019; Wang et al. 2021a; Kimura et al. 2021;
Tagawa et al. 2022). Interestingly, Graham et al. 2020 reported
a rapidly evolving AGN transient candidate, which was
plausibly associated with a BBH event detected by the
LIGO-Virgo Collaboration (i.e., GW190521; Abbott et al.
2020).

Besides observable EM signals, AGN disk transients are
expected to be important sources of high-energy astrophysical
neutrinos. Zhu et al. (2021b) studied the evolution of GRB jets
embedded in AGN disks and found that detectable TeV-PeV
neutrinos would be produced efficiently through photomeson
interactions when GRB jets are choked by the dense disk
atmosphere. By analogy with SNe Ia of which the ejecta can
have an interaction with the dense circumstellar medium to
generate neutrino production (Waxman & Loeb 2001; Murase
et al. 2011; Waxman & Katz 2017; Murase 2018; Li 2019;
Murase et al. 2019; Wang et al. 2019), Zhu et al. (2021a)
predicted that the interaction between disk atmosphere and
ejecta from AGN disk transients would lead to high-energy
neutrino emissions via inelastic hadronuclear (pp) interactions.
Since stable gas-dominated accretion disks have a Gaussian
density distribution, much sharper compared with that of the
circumstellar medium around SNe II, Zhu et al. (2021a)
showed that the neutrino emission from AGN disk transients
would be burst-like, with predicted duration much shorter than
that of SNe II (Murase 2018). As suggested by the X-ray
spectra of AGNs that usually show the imprint of absorption
from ionized gas, circum-disk media, including AGN outflows
or disk winds, are believed to be ubiquitous around the AGN
disks (Halpern 1984; Reynolds & Fabian 1995). However, a
detailed model for the effect of circum-disk media on EM and
neutrino emissions from AGN disk transients is still lacking.

Outflows have been found in 250% of nearby AGNSs, by
which the central SMBH will be connected with its host galaxy
(King & Pounds 2015; Laha et al. 2021). Powerful outflows
carrying a significant fraction of AGN power can affect the
evolution of their host galaxies through “negative” feedback
(Laha et al. 2021). Based on the blueshifted X-ray absorption
lines, outflow velocities could range from several hundred
kilometers per second to ultrafast speeds ~0.1-0.25 ¢ (Pounds
et al. 2003; Blustin et al. 2005; McKernan et al. 2007;
Mizumoto et al. 2021). These outflows or disk winds may
influence the gas density distribution in the vicinity of the AGN
disk (Proga et al. 2000; Proga & Kallman 2004; Yoshioka et al.
2022). Consequently, for a transient explosion inside AGN
disks, the dynamics of ejecta would be different, and the
production of high-energy neutrinos would be changed. In this
paper, we take the first steps in modeling neutrino production
from AGN disk transients by considering different circum-disk
environments.

The paper is organized as follows. We introduce the
structure of AGN disks and the circum-disk medium in
Section 2. Then we calculate the shock dynamics and the
lightcurves of neutrino emissions in Section 3. In Section 4, the
neutrino emission fluences and the contribution to diffuse
neutrino background are presented. Lastly, we provide a
discussion in Section 5.

2. Structure of the AGN Disk and Circum-disk Medium

We use radial distance r and vertical height £ relative to the
mid-plane to describe the structure of AGN disks and circum-
disk gas, where r is expressed in units of the SMBH’s
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Schwarzschild radius rs=2GM./c* with the gravitational
constant G, the mass of SMBH M., and the speed of light c.
The AGN disk atmosphere is assumed to be a stable gas-
dominated disk whose vertical density distribution obeys a
Gaussian density profile (e.g., Netzer 2013). The gas materials
in the vicinity of the disk can have an extended distribution due
to the existence of mass outflows or disk winds around the
AGNs (see e.g., Proga et al. 2000; Proga & Kallman 2004, for
simulations).

2.1. Spherically Symmetric Wind

First, we assume the circum-disk materials are stationary and
spherically symmetric radiative-line-driven winds. Then, the
outflow mass rate can be estimated for a uniform radial outflow
of velocity v,,, i.e.,

M = 4nr’bp,, (r) vy, (H

where b is the covering factor of the wind and p(r) is the gas
density at a radial distance r. The covering factor b is generally
large or even close to unity, e.g., b~0.75+£0.25 for
PGI1211 + 143 (Pounds & Reeves 2007). Therefore, the gas
density can be evaluated by

Py () 2 107 5b ' Masvy §(r/10%r5) 2 g cm 3 (2)

with a mass-loss rate of M5 ~ 102 gs~! ~ 0.36 M, yr—! and
a wind velocity of vy, g = 10% cm s~ '. Hereafter, the convention
0.=0/10" is adopted in cgs units. The mass-loss rate is
comparable with the Eddington accretion rate Migq =
0.33 M, yr—! for an SMBH mass of M. = 10’M_, accreting at
an efficiency of 10%, whereas the corresponding mechanical
energy is much lower than the Eddington luminosity with a
ratio ~4 x 10~*, consistent with the prediction of continuum
driving (see, e.g., King & Pounds 2015).

For a stationary and spherically symmetric wind, we thus
empirically define the combined vertical density profile of disk
atmosphere and circum-disk material as a function of r and A,
ie.,

po(rexp(—h?/2H?), h < he,

h) = 72 3
palrs B) po(r)exp<—h3/2H2>(1,) Chshe O

e

where /. is the critical height boundary at which the gas density
of the disk atmosphere is equal to that of circum-disk materials.
Beyond A, the gas density becomes dominant by the circum-
disk materials rather than the disk atmosphere with a Gaussian
distribution. ' and 7/, indicate the radial distance from the
SMBH for the vertical height & and the critical height A, i.e.,

r'=r*+ h* and r. = \r? + hZ. The mid-plane radial
density po(r) ~ 1.24 x 1077 M. 7(r/10>rs) > gem=> and
disk scale height compared to the radial distance
H/r ~ 8 x 1073(r/103 rg)'/? are adopted from the disk model
suggested by Sirko & Goodman (2003), where M.;=
M./10” M. The expressions of po(r) and H/r are valid for
the radial region of 10° <r/rs < 10° that we are interested in
for our study. For a specific AGN disk transient occurring at the
mid-plane of the disk with a specific radius r from the SMBH
with the mass of M. (i.e., the fixed py(r) and H), we can
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introduce a critical density p, = p,(r)exp(—hZ/2H?) to
conveniently judge the dominance of the disk atmosphere or
the circum-disk materials during the shock dynamical evol-
ution. Therefore, we treat p. as a free parameter instead of /..

2.2. Cylindrically Symmetric Wind

Although for the larger region around the SMBH, the AGN
disk wind tends to be quasi-spherical in relation to the SMBH,
in the vicinity of the AGN disk, the disk wind streamlines will
be more nearly vertical for the lower velocities of disk winds
(Murray et al. 1995; Murray & Chiang 1997). In addition, the
vertically launched wind can maintain its direction if the
radiation force is effective enough even though it may bend
toward a radial direction at a large height (Risaliti &
Elvis 2010). The angle of the wind’s streamlines with the
mid-plane of the disk can be large so that the disk wind moves
approximately vertically if & <r, eventually forming an
approximately cylindrically symmetric circum-disk material
distribution in the vicinity of the AGN disk. In order to more
comprehensively explore the influence of circum-disk materials
on neutrino production, in this situation, for the extended
region, the gas distribution is assumed to have a power-law
density profile in the vertical direction. We empirically define
the combined vertical density profile of disk atmosphere and
circum-disk material as

po(r)exp(—h?/2H?), h < he,

po(r)exp(—hf/zm)(hi) Chshe @

C

pd(r9 h) -

where « is the power-law index of the circum-disk gas’s
density. The density in the wind scales as p o< 1/vy(h) in the
vertical direction. The disk wind will be accelerated by the
radiation force, and the acceleration can be fast and continue
until ~500-1000 rs (Risaliti & Elvis 2010). Although the
realistic acceleration is complicated, we adopt the power-law
index a=[1.5, 2, 3] to explore this influence on neutrino
production. When initially launched, the wind gas density at
r=10° rs will be comparable with Equation (2) for the same
accretion rate, the SMBH mass, and the wind velocity, i.e.,
pw~ 10" gem ™ for vy, =108cms™". In addition, we also
consider smaller wind velocities that can produce nearly
vertical wind streamlines more easily (Murray et al. 1995;
Murray & Chiang 1997), say, pw~10"'"*gem™ for
Vo = 10" cms™! and Pw ™~ 10713gcm73 for vy, = 10°cms™!
near the wind’s initial launching position. Considering the
diverse wind velocities, we adopt the critical density
pe=[10"", 107", 107" gem™> to explore their influence
on neutrino production instead of adopting 4. as same as for the
spherically symmetric wind. As presented in Table 1,
pe=10"gcem > is large enough to consume almost all
shock energy, and thus a larger p. will not enhance the neutrino
production significantly (please see the details in Sections 3 and
4). Moreover, p.=10"""gcm > is small enough so that the
neutrino fluence tends to be the same as the pure Gaussian
density profile as shown in Figure 2. As a result, we do not
employ p. larger than 10 " gem > or smaller than
10713 g cm ",
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Then, we explore the shock dynamics and the neutrino
production under the gas density distribution described in
Equations (3) and (4) when an AGN disk transient occurs and
the line-of-sight is perpendicular to the disk. The outermost
height of the circum-disk materials is limited within 10° rg as
suggested by the numerical simulations (e.g., Proga et al.
2000), i.e., h < 10° rs. In addition, we neglect the velocities of
circum-disk materials during the interaction between the ejecta
of a transient source and the circum-disk gas since the velocity
of the ejecta is generally much larger than the velocity of the
circum-disk gas for the adopted parameter values here.

3. Neutrino Production
3.1. Shock Dynamics

When a transient explosion occurs embedded in an AGN
disk with energy Ej and ejecta mass M, a forward shock and a
reverse shock at the interface between ejecta and gas can be
produced as the ejecta crashes into the disk atmosphere and
circum-disk gas. Because the high-energy neutrino production
from the reverse shock is much weaker (e.g., Murase et al.
2011), we focus on the neutrino contributions from the forward
shock. To simplify, all AGN disk transients are considered to
explode at the mid-plane of disks. Thus, for a transient located
at a radial distance r away from the central SMBH, the ejecta
shock velocity can be given by Matzner & McKee (1999):

1/2 —u
) Eo (mh)] ’ )
Mej + Msw(h) Po

where ©=0.19 and My, (h) ~ 47rj;h p(WYh'2dh' is the swept
mass. The time when the shock moves to & can be calculated by

t(h) ~ fo " an / vs(h') , and hence, v, can be also expressed as a

function of time 7. With known shock velocity, we can get the
shock kinetic luminosity

Ly ~ 27mpyv 2. (6)

The shock would be radiation mediated when the optical
depth of the Thomson scattering 7> ¢ /v, so that the particle
acceleration is prohibited (Waxman & Loeb 2001; Katz et al.
2012; Murase et al. 2011). Therefore, particle acceleration and
neutrino production cannot occur prior to the shock breakout
(T~ c/vs). When photons start to escape after shock breakout
at hy,, the ejecta shock converts from a radiation-dominated
shock into a collisionless shock. The shock breakout height A,

can be solved by c/vs(hbo) ~ 7(hp) =~ f;oo kp(h)dh, where
a constant electron scattering opacity of solar composition for

k~0.34cm’g " is adopted. The maximum shock velocity is
set to Vs max ~ 2.1 vy, based on Matzner & McKee (1999).

3.2. Maximum Proton Energy

Particle acceleration and neutrino production can occur when
the shock becomes a collisionless shock after the breakout. The
accelerated proton adopted is a nonthermal power-law
distribution with a high-energy exponential cutoff, i.e.,
dn,/de, o< €, exp(—€,/€pma) With s~2, where ¢, and
€pmax are the proton energy and maximum proton energy,
respectively. The proton acceleration timescale is f,..=
ne,/eBc, where 1 ~ 20c2/3v? is for the Bohm diffusion
(Drury 1983; Murase 2018) and e is the electron charge.

B = \/4meg Pst2 is the magnetic eld strength in the shocked
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Table 1
Parameters for AGN Disk Transients
b
Eo 51 Mg M. Pe,—15 Poo.—11 hyo,14 Es g € prmax / TeV N, N, N, N,
Transients (105' erg s7h M) (M) r/rs (107I5 g cm’3) a 10! g cm ™) (10'*cm) (105] erg s7h (TeV) (=5°<8<30°) (30°<6<90%) (~30°<8<—5°) (—90°<5< —30°)
SN Ia 1 1.3 107 10° 100 1.5 1.2 1 522 113 1.4498 1.0454 0.1846 0.0397
SN Ia 1 13 107 10° 10 1.5 1.6 1 63 80 0.0704  0.0538 0.0075 0.0015
SN Ia 1 13 107 10° 1 1.5 1.6 1 15 30 0.0142  0.0132 0.0005 0.00004
SN Ia 1 13 107 10° 100 2 14 1 154 98 0.3364  0.2449 0.0418 0.0089
SN Ia 1 1.3 107 10° 10 2 1.6 1 26 80 0.0218 0.0188 0.0014 0.0002
SN Ia 1 13 107 10° 1 2 1.6 1 12 80 0.0136  0.0128 0.0005 0.00003
SN Ia 1 13 107 10° 100 3 1.5 1 28 85 0.0412  0.0332 0.0034 0.0006
SN Ia 1 13 107 10° 10 3 1.6 1 12 80 0.0148 0.0136 0.0006 0.00005
SN Ia 1 13 107 10° 1 3 1.6 1 10 80 0.0136  0.0127 0.0005 0.00003
SN Ia 1 1.3 10° 10° 10 2 4.19 0.12 14 5167 0.0017 0.0013 0.0002 0.00003
SN Ia 1 1.3 10® 10° 10 2 0.78 7.52 389 0.47 0.5790 0.5164 0.0228 0.0010
SN 1 1.3 107 10° 1 1.6 1 180 80 0.4744  0.3397 0.0636 0.0143
Ia (SS)
Kilonova 1 0.05 107 10° 10 2 1.54 1.0 29 98 0.0241 0.0207 0.0016 0.0002
CCSN 3 10 107 10° 10 2 1.11 1.0 49.8 305 0.0410  0.0339 0.0030 0.0005
GRB-SN 30 10 107 10° 10 2 0.27 1.09 670 44392 0.2186  0.1529 0.0327 0.0079

Notes. Col. (1): the kind of AGN disk transients; Col. (2): explosion energy (in 107! erg sH: Col. (3): ejecta mass (in M.,); Col. (4): SMBH mass (in M..); Col. (5):
radial location; Col. (6): disk density profile breaking point; Col. (7): density attenuation index above the broken height; Col. (8): disk density at the shock breakout (in
1071 g cm™3); Col. (9): breakout vertical height (in 10"cm); Col. (10): shock energy after the shock breakout; Col. (11): the maximum proton energy when the shock
breaks out (in units of TeV); Cols. (12—15): the expected (anti-)muon neutrino event number (in 100 GeV-100 PeV) by IceCube from four groups of incidence decl.
angles for a single event at D;. = 10 Mpc, and the IceCube effective areas for diverse decl. angles are adopted as provided in (Aartsen et al. 2020). SN Ia (SS) means
that the SN Ia ejecta propagates inside the spherically symmetric circum-disk materials.

disk and circum-disk materials, where a typical value of the
magnetic eld energy fraction is used: eg =0.01. Then, high-
energy neutrinos can be produced by the pp collisions. Only the
pp interaction and the adiabatic cooling can exert a prominent
impact on the maximum proton energy, and they constrain the
maximum proton energy at different energy ranges. By only
considering the pp interaction, the cooling timescale is
top = 1/[(ps/mp)Eppoyyc], Where pg = 4pq is the density of the
shocked materials, r,,~0.5 is the pp inelasticity, and
Opp 25 X 1072°cm™2 is the pp cross section (Zyla et al.
2020). The maximum energy of protons by comparing the
acceleration timescale and the pp cooling timescale is
€ nax = 9.4 % 103p;£/125v5?9 TeV. If the proton acceleration
timescale is limited by the adiabatic cooling timescale, i.e.,

tyy =t~ h/vs, the proton maximum energy is ej‘,‘fmaxz
1.7 x 103 pll,/flsvs%ghm TeV. Thus, we can finally get the

maximum proton energy as €, max ~ min (47, ej‘,‘?max).
3.3. Neutrino Emission Lightcurves
The neutrino luminosity via the pp interaction can be
expressed as
34 min(l, f,,)écLs
414+ A) In (6p,max/fp,min)

Q)

&Ly,

where ¢€,~0.05¢, is the neutrino energy, e, =0.1 is the
fraction of energy carried by cosmic rays (Caprioli &
Spitkovsky 2014), A=2 denotes the average ratio of
charged to neutral pions for the pp interaction, f,, ~

tad /tpp ~ 0.18 pdyf15vsf9lh14 is the estimated efficiency of the
pp interaction (e.g., Zhu et al. 2021a), and In (€ max/ €p,min) 1S

the normalization factor with the minimum proton energy
€p,min ~ mpc2 and the proton mass n1,.

We adopt an SN Ia with typical energy E,= 10" erg and
ejecta mass M= 1.3 M<7.j occurring at = 10%rg around an
SMBH of mass M.=10"M_, as the fiducial model hereafter.
We present lightcurves of neutrino emission from a single
source at 1 TeV in Figure 1 with different settings of av =[1.5,
2, 3] and p.=[10"", 107", 1071 gecm ™ for the cylindri-
cally symmetric circum-disk material distribution and
pe=10""gem™ for the spherically symmetric distribution.
The breakout time for each group of parameters is almost the
same ~2.6 days after the AGN disk transients since the shock
breakout height is still dominated by the AGN disk materials
rather than the circum-disk materials. In addition, for the same
critical height h. (or p.), before h., the neutrino emission
lightcurves are determined by the AGN disk and therefore are
initially almost identical. The tendencies of lightcurves before
the critical height 4. are similar to the pure Gaussian density
profile. Since the pp interaction efficiency is in direct
proportion to the gas density, the neutrino emission luminosity
decreases sharply before k., consistent with the expectation of
rapid descent for the Gaussian density distribution. Beyond 4.,
the circum-disk materials start to dominate. Compared with the
single Gaussian density distribution, the gas density drops off
more gently with the increase of shock height, inducing the
slower descent of the neutrino emission or even rise of neutrino
luminosity as mainly determined by the shock kinetic
luminosity with Equation (6). For the circum-disk materials
described by Equation (4), the neutrino emission decreases
more steeply for a larger index «. For the spherically
symmetric circum-disk materials, the neutrino luminosity is
higher than in the cylindrically symmetric case with the same
critical density p. since its gas density decreases more slowly in
the vertical direction.
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Figure 1. Lightcurves of neutrino emission at €, = 1 TeV for an AGN SN Ia
occurring at r = 10% rg away from a 10’ M., SMBH. The vertical black dotted
line indicates the shock breakout time after the stellar explosion. Blue, red, and
yellow lines represent different critical densities p. = 10713, 10714, and 10715,
respectively. The solid, dashed, and dotted lines display different « of 2, 3, and
1.5, respectively. The green line is corresponding to the spherically symmetric
wind described by Equation (3) with p. = 10~'> g cm . The colored lines are
covered by the black solid line before they deviate from the pure Gaussian
density profile.

In addition, we explore the impact of diverse AGN accretion
disks (the SMBH mass) and diverse AGN disk transients on the
neutrino emission and the detectability as listed in Table 1.

4. Neutrino Fluence and Diffuse Neutrino Emission

The all-flavor neutrino fluence for a single event can be
written as

5 1

+o00
24, f e,L,dt, 8)

47D} I,

where dt = dh/v,, Dy is the luminosity distance and f, is the
shock breakout time. We show the neutrino fluence with model
parameters M. = 10’M, and r = 10%rg in Figure 2.
For each case, we estimate the number of (anti-)moun
neutrino v, + 7, events detected by IceCube as
N, = [de,dante),

(4

©)

where the (anti-)muon neutrino fluence is one-third of the all-
flavor neutrino fluence considering the neutrino oscillation, i.e.,
qbyﬂ = %q’)’,, and Aef(c,,) is the effective area (100 GeV-
100 PeV) for a point source given by Aartsen et al. (2020).°

We calculated the total shock energy after the shock breakout
(.e., Es= ft e Lydt ) for reference. For the circum-disk

medium distribution with pe=10""gem > and a =2, the
neutrino fluence below 10 TeV is about 1 order of magnitude
larger than the neutrino emission in the Gaussian density profile
accretion disk, and for the optimistic case with

The adopted IceCube effective area is based on Figure 1 in the supplemental
material of Aartsen et al. (2020), and we obtain four groups of effective areas in
the range of 100 GeV-100 PeV for diverse decl. angles through the data point
capture along the lines.
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Figure 2. Energy fluences of all-flavor neutrinos for a single AGN SN Ia event
occurring at Dy, = 10 Mpc. The line styles are the same as those in Figure 1.
Note that the yellow solid and dashed lines are covered by the black solid line
due to the negligible circum-disk media and become invisible in the figure.

pe=10""gem™ and o= 1.5, the neutrino emission can be
around 40 times larger than the pure Gaussian density profile
accretion disk. Basically, a higher neutrino fluence can be
expected for a denser gas environment due to the higher
efficiencies of pp collisions in Figure 2. As shown in Figure 2,
for the relatively rarefied circum-disk media, e.g.,
pe=10"" gem™> with o =2 (yellow solid) or av =3 (yellow
dashed), the effect of circum-disk media is so weak that the
neutrino fluence tends to be the same as the case of the pure
Gaussian density profile. At a larger height A, the maximum
proton energy is generally determined by the adiabatic cooling
of the shock. For a lower gas density, e.g., larger « for the same
pe or smaller p. for the same «, the maximum proton energy
tends to be lower, inducing a smaller neutrino cutoff energy.
The expected number of (anti-)muon neutrinos from a single
source with different o and p. has been calculated and listed in
Table 1. The results are basically consistent with the prediction
that higher p. and lower « lead to a higher neutrino detection
event rate.

We explore the different kinds of AGN disk transients
including SN Ia, CCSN, GRB-SN, and kilonova with the
consideration of their classical explosion energies and ejecta
masses. A large fraction of stars in the AGN disk are formed in
the self-gravitating region, ie., 10° < r/rs < 10° (Sirko &
Goodman 2003; Thompson et al. 2005). AGN stars will
experience radial migration from the outer to inner parts of the
disks, whereas most of them may not be able to migrate to the
inner trapped orbits of the disk (<10” rg) before their deaths or
within the AGN lifetime. As a result, we mainly consider these
AGN disk transients occurring at the self-gravitating region of
the disk. SMBHs usually have a mass of ~10°~10°M_, with a
nearly uniform local mass function (Kelly & Merloni 2012).
Here we simply set all transients occurring around an SMBH
with a mass of 10’ M., and at the typical radial locations of
r=10° rs. From Table 1, we can see that a transient with a
higher explosion energy, e.g., CCSN and GRB-SN, can drive a
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Table 2
Theoretical Event-rate Densities and Diffuse Fractional Fluxes for AGN Disk
Transients
Diffuse

Fractional
Explosion M. r/rs Ry/Gpcyr'  p._is @ Flux
SN Ia 10" 10° <5000 100 1.5 <22.3%
SN Ia 107 10° <5000 10 1.5 <0.9%
SN Ia 10" 10° <5000 1 15 <0.07%
SN Ia 107 10° <5000 100 2 <5%
SN Ia 107 10° <5000 10 2 <0.19%
SN Ia 107 10° <5000 1 2 <0.062%
SN Ia 107 10° <5000 100 3 <0.48%
SN Ia 10" 10° <5000 10 3 <0.080%
SN Ia 107 10° <5000 1 3 <0.061%
SNIa(SS) 107 10° <5000 1 <7.23%
Kilonova 107 10° <460 10 2 <0.019%
CCSN 10" 10° <100 10 2 <0.008%
GRB-SN 10" 10? <1 10 2 <0.0006%

Note. We assume all binary WD mergers can produce SNe Ia, while all binary
NS mergers and ~20% NSBH mergers can produce power kilonovae
(McKernan et al. 2020; Zhu et al. 2021c). The local event-rate density of
AGN CCSN is based on the constraint by Grishin et al. (2021). The rate
densities of AGN GRB-SNe are assumed to be ~1% of AGN CCSNe
(Dittmann et al. 2021)

more powerful shock and consequently produce a higher
neutrino fluence and a larger maximum neutrino energy. At
Dy, =10 Mpc, the expected (anti-)muon neutrino events from
these AGN disk transients are shown in Table 1 as well.

Note that IceCube developed its low-energy infill array
DeepCore, extending the neutrino detection energy to
~10GeV (Aartsen et al. 2017). The effective area of the
DeepCore sub-array is roughly obeying Apc o ¢,° (Aartsen
et al. 2017). Since our obtained neutrino fluence is flat at the
lower energy range, the neutrino number per square centimeter
is approximately following Eyd)yﬂ o 6,7 !. Therefore, the
expected neutrino number by the DeepCore sub-array is
proportional to ¢,> so that its contribution (mainly at
<100 GeV) to the total expected neutrino number is less even
than that by the IceCube main array at 100 GeV for a flat
neutrino flux. As a result, we focus on the neutrino with
energies of 100 GeV-100 PeV detected by the IceCube main
array.

The diffuse neutrino emission can be calculated by

Ellz(p’/ _ C fzmax ROS(Z)E(fy)
4mHy Jo a+ 1)2\/Qm(l + 23+ M

. (10)

where z is the redshift, R, is the theoretical local event-rate
density of the AGN disk transient that is listed in Table 2,

Ele) ~ J; e €,L,dt is the local neutrino energy budget for a

bo
single explosion, and E, = ¢,/(1 + z) is the neutrino energy

in the observer’s frame. The standard ACDM cosmology with
Hy=67.8kms ' Mpc™', Q. = 0.308, and Q, = 0.692 (Planck
Collaboration et al. 2016) is applied. We assume that the source
evolution traces the cosmological star formation history, which
can be expressed by a redshift-evolution factor as

S() = [(1 + o () 4 ('“)*3'5”]”” (Sun et al. 2015),

5000 9

where 7= — 10 (Yiiksel et al. 2008).
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Figure 3. The upper limits of expected all-flavor diffuse neutrino fluences
contributed from AGN SN Ia. The red points are observed astrophysical diffuse
neutrino background by IceCube (Aartsen et al. 2015).

The predicted diffuse neutrino fluences of AGN SN Ia are
shown in Figure 3. We calculate the contribution of SN Ia,
kilonova, CCSN, and GRB-SN to the diffuse neutrino back-
ground given by IceCube. We present the results of SN Ia and
other AGN disk transients in Table 2. For the most optimistic
outcome, the contribution to the observed neutrino background
is <22%.

The realistic contribution of AGN disk transients to the
diffuse neutrino background depends on the position distribu-
tion of these transients, i.e., the radial distance » and the vertical
height . However, the accurate location of these transients in
the AGN disk is still quite unclear. For the vertical height A,
AGN disk transients are likely to take place at the height with
the higher star-forming rate (SFR), namely, higher gas density.
For a disk with a Gaussian density profile, AGN disk transients
may tend to occur around the mid-plane of the disk where the
gas density is highest in the vertical direction, and a large
position deviation from the mid-plane will lead the gas density
to decrease remarkably for a Gaussian density profile. There-
fore, our assumption that AGN disk transients occur at the mid-
plane of the disk may be reasonable. For the radial distance r,
we can evaluate the radial dependence of AGN disk transients
based on the well-known Kennicutt—Schmidt (K-S) relation
(Kennicutt 1998), which is usually used to estimate the
correlation between the SFR surface density and the gas
surface density. The K-S relation can be written as
Yspr = AYg,, where n>~1.14 is the power relation index
(Casasola et al. 2015; Fan & Wu 2023), Ygsgr is the SFR
surface density, Y, is the gas surface density, and A is the
normalization constant representing the efficiency of the
processes regulating the gas-star’s conversion. Here, the gas
surface density is g < po(F)H o r—3/2 | and then, one gets
YsFER X 7" for n=1.14. Thus, the radial dependence of the
SER can be evaluated as Rgpg o< 7*->°, which dei)ends slightly
on the radius. For the radius in the range of 10° — 10° rs, the
difference of the SFR is no more than a factor of 4. For the
lower density of the circum-disk materials, AGN disk transients
occurring at larger radii will produce higher neutrino fluences
since more disk materials will consume the shock kinetic
energy (Zhu et al. 2021b), which induces the actual
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contribution of AGN disk transients to the diffuse neutrino
background higher than our estimations that base on the radius
r=10%rg. For the high-enough density of circum-disk
materials, the shock kinetic energy will be almost exhausted
by the AGN disk and the circum-disk materials, whether for the
small radius or the large radius, so in this situation, the radial
dependence will be weak. In addition, the SMBH mass will
affect the gas distribution of the disk, especially the mid-plane
gas density pp, and consequently affect the neutrino production.
However, as indicated by the SMBH mass function (Shankar
et al. 2004; Griffin et al. 2019), the SMBH mass distribution
index ranging 10°-10% M, is relatively flat (we ignore the
relatively small number of SMBH with the mass larger than
10® M), and therefore adopting a middle value of the SMBH
mass, i.e., 107 M, can eliminate the effects of uncertainties of
SMBH masses to some extent. As a result, although these
parameters such as positions of AGN transient occurring at
AGN disks and the precise SMBH mass function have
uncertainties, our estimations are located in a reasonable range
and may not deviate from the realistic situation significantly.

5. Discussion

In this paper, we investigate neutrino production by transient
explosions in the AGN accretion disk. By considering the AGN
outflow and disk wind, the circum-disk materials become very
extended compared with the general Gaussian density profile of
a stable gas-dominated disk. Due to the existence of circum-
disk gases, the shock kinetic energy will be further consumed
and eventually contribute more neutrino production. We
present the lightcurves of neutrino emission after the shock
breakout and obtain a longer neutrino signal duration due to the
extended circum-disk gases. Consequently, we determine that
the neutrino fluence for a single source will be enhanced
significantly, inducing a much higher contribution to the
diffuse neutrino background as well. Neutrino detection for a
single source could be expected within a distance of a few
Mpc, and the contribution to the diffuse neutrino background
can reach ~20% for an optimistic circum-disk gas environ-
ment. The precise neutrino production depends on the
explosion energy, the ejecta mass, and the radial and height
distribution of the source, as well as the gas distribution on the
disk and in the circum-disk, which has been explored in the
paper. Basically, the neutrino production will be enhanced
significantly due to the extra materials surrounding AGN disks
compared with the disk atmosphere with a pure Gaussian
distribution as adopted in Zhu et al. (2021a).

In addition to SNe Ia, kilonovae, CCSNe, and GRB-SNe,
other potential sources, e.g., Bondi explosions of stellar-mass
BHs (Wang et al. 2021a), and microtidal disruption events
(Yang et al. 2022) may also take place in AGN accretion disks.
These energetic events are predicted to have high event-rate
densities in AGN disks and may contribute a considerable
fraction of the diffuse neutrino background. Recently, a few
potential AGN disk transients were detected although their
origins were still unclear (Hinkle et al. 2022; Holoien et al.
2022), and more AGN disk transients might be recorded in
previous optical survey projects. Lightcurves of AGN disk
transients could have similar peak brightness, peak time, and
evolution pattern with those of TDEs (Zhu et al. 2021d; Grishin
et al. 2021; Ren et al. 2022) so that some AGN disk transients
could be wrongly identified as TDEs. Future theoretical studies
and observations may extend our understanding and help to
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give a better estimation of the contribution to the neutrino
background by AGN disk transients.

Recently, IceCube performed a neutrino follow-up search on
the candidate optical counterpart to the BBH event GW 190521,
which is thought to possibly occur in the AGN disk (Abbasi
et al. 2023). No significant neutrino emission was observed,
and consequently, a 90% upper limit on the neutrino fluence
(63()23”) of ~0.05GeVcm - is derived. The relatively far
luminosity distance of 3931 + 953 Mpc (Graham et al. 2020)
made the fluence of the possible neutrino production low and
difficult to be detected by a single source. In addition, the
dynamic evolution of the BBH event that may launch
relativistic jets via the hyper-Eddington accretion of the
remnant BH (Wang et al. 2021b; Tagawa et al. 2023) unlike
the isotropic ejecta of SN Ia could be different in the AGN disk
although the interaction between the relativistic jet and AGN
disk could produce the high-energy neutrino emission more
efficiently through p~ interactions as well (Zhu et al. 2021b).
The increasing rate of expected compact object mergers in the
AGN disk can be expected with the upcoming Observing Run
4 of LIGO and Virgo; the search for the association between
gravitational wave events and high-energy neutrinos would
provide more opportunities to conduct multimessenger studies.

AGN disk transients could be the natural hidden cosmic-ray
accelerators that generate a higher ratio between neutrino and
gamma-ray production than the general predictions of hadronic
processes, which can alleviate the tension between the diffuse
neutrino background and the isotropic diffuse gamma-ray
background to some extent (Murase et al. 2016). In the dense
environment of the AGN disk and the circum-disk materials,
the EM radiation of these transients, the disk radiation, or even
the corona radiation could attenuate the gamma-rays signifi-
cantly. Eventually, a much higher neutrino flux than the
gamma-ray flux can be expected, which is similar to the
observational features of the neutrino outburst from the blazar
TXS 0506 4+ 056 (IceCube Collaboration et al. 2018) and the
recent neutrino observations from the nearby active galaxy
NGC 1068 (IceCube Collaboration et al. 2022). Further studies
can help us to clarify the populations of neutrino sources.
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