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Abstract

The recent advanced LIGO/Virgo detections of gravitational waves (GWs) from stellar binary black hole (BBH)
mergers, in particular GW 190521, which is potentially associated with a quasar, have stimulated renewed interest
in active galactic nuclei as factories of merging BBHs. Compact objects evolving from massive stars are
unavoidably enshrouded by a massive envelope to form accretion-modified stars (AMSs) in the dense gaseous
environment of a supermassive black hole (SMBH) accretion disk. We show that most AMSs form binaries due to
gravitational interaction with each other during radial migration in the SMBH disk, forming BBHs inside the AMS.
When a BBH is born, its orbit is initially governed by the tidal torque of the SMBH. Bondi accretion onto a BBH at
a hyper-Eddington rate naturally develops and then controls the evolution of its orbits. We find that Bondi
accretion leads to efficient removal of the orbital angular momentum of the binary, whose final merger produces a
GW burst. Meanwhile, the Blandford—Znajek mechanism pumps the spin energy of the merged BH to produce an
electromagnetic counterpart (EMC). Moreover, hyper-Eddington accretion onto the BBH develops powerful
outflows and triggers a Bondi explosion, which manifests itself as an EMC of the GW burst, depending on the
viscosity of the accretion flow. Thermal emission from the Bondi sphere appears as one of the EMCs. The BBHs
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radiate GWs with frequencies of ~10% Hz, which are accessible to LIGO.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Supermassive black holes (1663)

1. Introduction

The outer parts of the accretion disks of supermassive black
holes (SMBHSs) in active galactic nuclei (AGNs) host many
poorly understood, complicated processes. Star formation is
unavoidable in these regions because of self-gravity (Paczyriski
1978; Kolykhalov & Sunyaev 1980; Shlosman & Begelman 1989;
Collin & Zahn 1999; Goodman 2003; Goodman & Tan 2004,
Collin & Zahn 2008), producing compact stellar remnants from
the rapid evolution of massive stars (Artymowicz et al. 1993;
Cheng & Wang 1999; Cantiello et al. 2021; Grishin et al. 2021;
Moranchel-Basurto et al. 2021; Wang et al. 2021). Stellar
evolution rapidly releases metals into the outer parts of the self-
gravitating (SG) disk (Wang et al. 2010, 2011, 2012), offering an
explanation for the supersolar metallicities observed in AGNs
across cosmic time (Hamann & Ferland 1999; Warner et al. 2003;
Nagao et al. 2006; Shin et al. 2013; Du & Wang 2014).
Interestingly, quasiperiodic ejections have been found in normal
galaxies by eROSITA (Arcodia et al. 2021), implying that stellar-
mass black holes (BHs) do reside around SMBHs in galactic
centers. Compact objects form binaries in the very dense gaseous
environment of SMBH disks, leading to 4-ray and gravitational-
wave (GW) bursts from galactic nuclear regions (Cheng &
Wang 1999). The detection by Advanced LIGO/Virgo of GWs
from the mergers of stellar binary BHs (BBHs; e.g., Abbott et al.
2016a, 2016b, 2017) has renewed theoretical interest in this
problem (Bartos et al. 2017; McKernan et al. 2019, 2020; Yang
et al. 2019; Grobner et al. 2020; Samsing et al. 2020; Secunda
et al. 2020; Tanaga et al. 2020; Yang et al. 2020; Kaaz et al. 2021;

Li et al. 2021). The GW190521 event has garnered special
attention, not only because of the large masses of the two
constituent BHs (85 and 66 M, ; Abbott et al. 2020) but also
because the event was potentially hosted by the quasar SDSS
J1249+3449 (Graham et al. 2020; Palmese et al. 2021). Quasars
and AGNs could be natural factories of high stellar mass BBHs
efficiently formed in situ in SMBH disks.

Compact objects deeply enveloped by the extremely dense gas
of the SMBH disk form a new kind of stellar population. Since
their fates are modified by accretion from the massive envelope,
we call them accretion-modified stars (AMSs). This general
terminology covers a wide range of possible cores, ranging from
main-sequence stars (Cantiello et al. 2021), to white dwarfs, to
neutron stars, to BHs. The massive envelope of an AMS generally
is associated with inflow from the Bondi accretion (Bondi 1952).
It should be noted that AMSs are different from Thorne—Zytkow
objects (Thome & Zytkow 1975, 1977), not only in terms of their
core, which consists of a neutron star, but also in terms of the
physics of their massive envelope. As discussed in Wang et al.
(2021; see also Section2.1), AMS BHs are fed bg hyper-
Eddington accretion® with rates reaching up to 10°7'° Lgqq/c?
for 10107 M., BHs, where Lggq is the Eddington luminosity
and ¢ is the speed of light. Such an accretion rate is
much higher than the usual regime of slim accretion
disks (Abramowicz et al. 1988; Wang & Zhou 1999). Hyper-
Eddington accretion develops powerful outflows (e.g.,

6 Usually when accretion rates exceed (10% ~ 10" Ligq / 2, super-Eddington
accretion is usually called hyper-Eddington accretion (e.g., Takeo et al. 2020).
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Takeo et al. 2020), which have a profound effect on the
evolution of AMSs. As described in Wang et al. (2021), the
outflows in AMSs are so strong that they can halt the accretion.
The cumulative kinetic energy of the outflows drives an
explosion. We call it a Bondi explosion, which in a typical
quasar manifests itself as a slow transient in the radio, optical-
UV, soft X-ray, and «-ray bands with an occurrence rate of
~1 yrf1 (see Equation (24) in Wang et al. 2021). On the other
hand, AMSs trapped in an SMBH disk migrate radially with
the accreting gas and gravitationally interact with each other if
they experience close encounters over several orbital periods.
This results in the formation of AMS binaries, giving rise to
additional phenomena such as GW bursts.

This paper explores the formation of AMS binaries as an
unavoidable consequence in SMBH disks. The orbits of the
binaries evolve through several phases until their final merger
generates a GW burst. Newly born BHs from the mergers are
rotating very fast due to orbital angular momentum (AM).
Therefore, three kinds of electromagnetic counterparts (EMCs)
are considered due to (1) Blandford—Znajek (BZ) power from
the spin of the merged BHs (Blandford & Znajek 1977), (2)
thermal emission from a Bondi sphere, and (3) nonthermal
emission from a Bondi explosion of AMSs with BBHs. They
have very different timescales for BHs of 100 M. The AGNs
could be a factory of GW bursts.

The paper is organized as follows. In Section 2, the
formation of BBHs is investigated based on the properties of
the AMSs, and their formation rates are derived analytically.
We study the evolution of the binaries in Section 3, in
particular the observational appearance of EMCs of GW bursts
when the binaries merge. Three kinds of EMCs driven by
different mechanisms could appear as transients from radio to
~-rays. We draw conclusions in Section 4.

2. Formation of Binary AMSs
2.1. Two Types of AMS

Compact objects will be formed through rapid evolution of
massive stars in SMBH disks, which originate either from
captures of stars from nuclear star clusters (Artymowicz et al.
1993; Cheng & Wang 1999; Cantiello et al. 2021) or star
formation in the SG disks (Collin & Zahn 1999, 2008;
Goodman 2003; Wang et al. 2010, 2011, 2012). In this paper,
we focus on AMS BHs, whose properties depend on the mass
density of the SMBH disks. Since the SG region of AGN
accretion disks is still poorly understood, we continue to use
the solution of the outer part of the standard accretion disk as
the characteristic structure for discussions of AMSs and related
issues. The half-thickness, density, midplane temperature, and
radial velocity of the SMBH disk are

H =43 x 104 Oéa'll/]OMg/m:%.S/zorf/S cm,

Py =09 x 10711(0‘0.1M8)77/10%11/20}’;15/8 gem-3,
- 23/10 —

T. = 4.6 x 103(ao My) V/5.7° " 3/* K,

v = 2.6 x 102 oMy 3.7% % V4 em s,

ey

respectively (e.g., Kato et al. 2008). Here the dimensionless
quantities are the viscosity parameter ag; = «/0.1, the gravita-
tional radius of the SMBH disk to that of the SMBH
r,=R/ 104Rg, the gravitational radius Rg:GM./cz, and the
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gravitational constant G, and Mg= M./ 108 M., is the central
SMBH mass in units of 10° M. The dimensionless accretion
rate of the central SMBH is defined by .# = M./Mg4q, Where
Mpggq = Lgagc™2 is the Eddington rate, with the Eddington
luminosity Lggg = 1.3 X 10*My erg s !, and M. is the accretion
rate of the central SMBH. The parameter (Toomre 1964), defined
as Q = Qe,/mGpgH, describes the disk self-gravity, where c; is
the local sound speed of the disk (¢; ~ 15.7 Ti/ 2 km s 1), and

Qx = JGM./R3. The disk becomes SG beyond a critical
radius where Q =1, which is given by Rsg/R, = 1.2 X
103 a23/¥ Mg 77 “2/% We consider AMSs in the region
beyond Rsg. As shown by Wang et al. (2021), most AMSs are
trapped by and corotate with the gas in the SMBH disk. The AMS
BHs undergo episodic hyper-Eddington accretion driven by
powerful outflows, leading to a Bondi explosion and maintaining
very low-level accretion onto the BHs during every episode. The
AMS BHs with hyper-Eddington and low-accretion rates are
denoted as type I and type I AMSs. The basic properties of type I
AMSs can be estimated from the Bondi accretion of cold gas in
the SMBH disk, as described in Wang et al. (2021) and below.

However, the BHs are still accreting from the hot, postshock
gas in the cavity of the SMBH disk after the Bondi explosion.
The hot gas in the cavity determines the orbital evolution of the
BBH. As shown in Wang et al. (2021; see Equation (16)), the
cavity radius

Rexp = 9.0 x 105 EY*al/PM/™ .77 ¥r> % em, (2

where Esy = Eqy/ 10°? erg is the kinetic energy of the outflow
from the hyper-Eddington accretion of typel AMSs. The
temperature of the shock-swept medium is

- 2(Lha — l)mprol

2 2
=T V2, =23 x 100V2 K, (3)

exp

where Vixp s = Vexp /10° km s™1, 0, is the mass of the proton,
k is the Boltzmann constant, and we take the adiabatic index
I'.a =5/3. Since the vertical direction is open, most of the gas
in the cavity will escape from the SMBH disk. In order to
estimate the gas density of the cavity, we use the pressure
balance between the cavity and the cold disk,

ngT;

=44 x 10° ng, 14721!4‘/_2 5 Cm73, 4)

Neay = exp,

cav

where ng 14 = ng/ 10 cm ™ and T.4a=T./ 10*K are the number
density and temperature of the SMBH disk, respectively, which
allow us to estimate the accretion rate of the type I AMSs and
their mass. It should be noted that the cooling timescale of
ti ~ 103 Tlll/ 2ng ! yr is comparable with the rejuvenation time-
scale of type I AMSs (see Equation 8), where T = Teay/ 10K
and ng=ne,/ 10°cm™>. The Bondi accretion rate can be
expressed simply by Mgy, = 47G*m? Py / cs3 for AMSs of both
types but with different surrounding density and temperature,
where m. is the AMS BH mass (i.e., m, and m). In this paper, we
give characteristic values of the AMS for BHs with 10% M., for a
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brief application to GW190521. Its dimensionless rates are

)89 x 107 ma(aoiMey /5.4 r 3% (type 1 AMS),
6.3 x 107 mancay.7Vern s (type I AMS).
Q)

where my =m./ 10> M., and Reay7 = Neay/ 10 cm . The Bondi
radius of type I AMSs given by Rpo, = Gm./ CSZ, however, is

limited by the tidal force of the SMBH. For m.= 10" M.,
we find the Bondi radius Rpon = 1.2 % 10 my(cg  Mg)/?

M -3/ lorf /4 cm, which is about 10 times the thickness of the
SMBH disk, and thus have a tidal-limited radius

H  (type ] AMS),
Rpon =

Rexp (type I AMS). ©)

The Bondi sphere, limited by the tidal force of the SMBH, has
the maximal height of the SMBH disk. Here only the sound
speed appears in the expression for the Bondi accretion rate; the
relative velocity between the BH and SMBH disk is neglected
because of corotation (see Equation (7) in Wang et al. 2021).
Moreover, separations of the binary AMSs are much smaller
than the Bondi radius when the relative velocities of the two
BHs are larger than the sound speed of the SMBH disks.
Viscosity very efficiently dissipates the orbital AM of the
formed BBHs (see Equation (17)). The validity of the Bondi
accretion approximation is guaranteed by Rpo, < R,, where
R, =|dInpy/dR|"" ~ R (i.e., e-folding variations of the disk
density over R,) is the density scale of the SMBH disk. Since
the Bondi accretion of a typel AMS is hyper-Eddington,
powerful outflows develop from the slim accretion disk
(Ohsuga et al. 2005; Kitaki et al. 2018). Radiative feedback,
which operates in super-Eddington accretion (Wang et al.
2006; Milosavljevié et al. 2009a, 2009b), may be dominated by
outflows in hyper-Eddington accretion (Takeo et al. 2020). In
the present context, we consider powerful outflows as the
dominant mechanism that drives episodic accretion of the AMS
BHs (Wang et al. 2021).

The Bondi mass, which is defined as the gas mass within the
Bondi radius, can be approximated by

47
Mgon = ?ngnn (pd’ pcav)

- (N

2.1 x 10°M,, proHis (type IAMS),
3.5 x 10°°M¢, R3,, 156 (type IIAMS),

where p;, = p;/107'% g cm=3, Hys = H/10" cm, and Rgon 15 =
Rgon/ 10" cm. The tidal force limits the size of the Bondi sphere
and hence its mass similar to that of a 10 M, BH (Wang et al.
2021). Without the tidal limit, the Bondi sphere of a 100 M., BH
will be 107 times that given by Equation (7). A type II AMS has a
much lower accretion rate and mass compared to its typel
counterpart. Type Il AMSs are expected to contain an advection-
dominated accretion flow (Narayan & Yi 1994) and are generally
too faint to be observed. On the other hand, the cavity formed by
the Bondi explosion is replenished by the infall of gas from the

Wang et al.

SMBH disk, rejuvenating the AMS on a timescale of

R exp

= 267.0 o}/ OMIV/20 7 B OIOE Ay (8)

Trej =
s

We then have the duty cycle of hyper-Eddington accretion
episodes of the AMS BHs, 6.~ 5.3 x 1075, namely, the ratio
of hyper-Eddington accretion time to the rejuvenation time (see
details in Wang et al. 2021).

Here it is helpful to distinguish between two kinds of
hyperaccreting cases. Hyper-Eddington accretion onto the BHs
produces nonrelativistic but powerful outflows, or mildly
moving blobs from the choked jet if the BH is rotating
maximally. This differs from the case of long ~-ray bursts
(Woosley 1993), whose highly relativistic jets are produced by
accretion of neutrons (also some stellar envelope gas) onto BHs
at hyper-Eddington rates. The cores of massive stars, where
neutrino cooling dominates, typically supply an accretion rate
of 1 M, s~ ~ 10'5 Mgg4. Unlike long ~-ray bursts, jet produc-
tion could be suppressed in typel AMS BHs, despite their
hyper-Eddington accretion rates. This is evidenced by the fact
that AGNs with high accretion rates are usually radio-quiet
(e.g., Ho 2002, 2008; Sikora et al. 2007), for jets are quenched
in BHs accreting in their high, soft states (e.g., Fender et al.
2004). However, the current situation for merging BHs with
>10°Mggq is uncertain based on the latest numerical simula-
tions (Sadowski & Narayan 2015, 2016). Usually neutrino
cooling, which is extremely sensitive to temperature (its rate is
proportional to (T /10" K)°), is triggered when the temperature
is higher than 10" K (e.g., Popham et al. 1999). However,
accretion rates of 10°710 Mgyq are still not high enough to
trigger neutrino cooling, since the overall temperature of a self-
similar disk is only SJIOQK (Wang & Zhou 1999), and the
temperature will be significantly lower if strong outflows are
developed. Under such conditions, we expect powerful
outflows (Takeo et al. 2020), which have much wider opening
angles than jets.

On the other hand, strong magnetic fields play a key role in
the formation of the highly relativistic jets in ~-ray bursts. In
the same spirit, we explore the possibility that powerful
relativistic jets could be produced either by the radiation
pressure of super-Eddington accretion of nonrotating BHs
(Sadowski & Narayan 2015) or by the BZ mechanism of fast-
rotating BHs (Blandford & Znajek 1977). Considering the
many uncertainties of hyper-Eddington accretion and the lack
of clear observational tests, we explore both BZ-powered jets
and Bondi explosions as potential mechanisms for generating
an EMC.

2.2. Binary AMSs

Three cases of binary AMSs are possible: (1) type I4+1, (2)
type I+11, and (3) type II+II. Considering that the duty cycle of
type I AMSs is only ~5 x 10>, we expect most AMSs to be
type II. While cases 1 and 2 are possible, their numbers are
much smaller than those of case 3. In this paper, we only focus
on the case where both members of the binary are typell
AMSs, as shown in Figure 1.

Since AMSs are trapped by the SMBH disk, they migrate
with the gas and form binaries through their gravitational
interaction once they are sufficiently close. Given N. BHs in the
SMBH disk, their surface density is Y. = N./7R*. Considering
velocity differences of AV = Qg Ao/2, AMSs will encounter
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SMBH

Wang et al.

Figure 1. Top view of the SMBH disk. Surrounded by the SMBH disk cold gas, stellar-mass BHs form AMSs through hyper-Eddington accretion. They are denoted
type I AMSs. A Bondi explosion of the AMS creates cavities with a high-temperature and low-density medium (red), but the BHs remain there and are still accreting
with very low rates, forming type II AMSs. A pressure balance remains between the cavity and the cold gas of the SMBH disk. The cavities are orbiting the central
SMBH with velocities V; and V,, respectively. The differential velocity |V, — V| determines the timescale of binary formation when they encounter after many orbits
around the central SMBH. The BBHs are formed in the cavities initially appearing as type II AMSs. Subsequent evolution of the BBH orbit undergoes three different

phases, as detailed in the text.

within a timescale of #,;, = 2R /n.AV after many orbits around
the central SMBH, where n. = 27RAyX. is the number of BHs
in an annulus of width A,. In principle, an AMS binary can
form when the gravity between the individual BHs is stronger
than the tidal force of the SMBH acting on the binary. Given
the tidal force F;q = GM.m.(Ay/R) /R? and the gravity of the
BBH F, = Gm2/A3, the condition Fy;, > Fg4q places an
upper limit on the distance between two AMSs,

1/3
ap = (m) (5) = 1.0 x 108 M *my*ny, )
M. Iy

where ag = Ao/r, and ry = Gmy,/ 2. This condition can also be
derived from the virial relation that the sum of the kinetic and
potential energy of the BBH vanishes. As shown by
Equation (9), the upper limit of the separation between the
two BHs is much smaller than the Bondi radius. This validates
the approximation of Bondi accretion onto the BBH during the
orbital evolution. Moreover, the relative velocities of the two
BHs are only ~30 kms ' initially, which is much smaller than
the sound speed of the SMBH disk and cavity. The bounded
BBHs remain inside a type II AMS corotating with the gas of
the SMBH disk.” The appearance of GW bursts and EMCs
depends on the evolution of the BBH orbit and details of its
accretion history.

For simplicity, we only discuss BHs of equal mass. Once
BHs enter the annulus R — (R — Ag) of the SMBH disk,
BBHs form nearly instantaneously compared with the AGN
lifetime, faon ~ R/ ~ 1.8 x 107 ag ¥ SME/5 .7 7308/ 4 yr
(from Equation (1)). For binaries formed from neighboring
BHs, the timescale for BBH formation is

foin =
me

47 (M

1/3
) = 2.5 X 10* Nyg' M Pm; 23 r)2 yr
}’l.QK

(10)

7 1In the scenario of Cantiello et al. (2021), stars in the SMBH disk are from

captures from a nuclear star cluster. The BHs from these stars could have
different dynamics. This is beyond the scope of the present paper.

in the formation zone, with a rate from one quasar

Noin = - (i) = 3.2 x 1073 Njgm3 Mg > 21,2 yr!,
toin \ Ao
(1)

where Nyg = N./40 from the entire SMBH disk,® and the factor
R/Ay is the number of formation zones. The rate in
Equation (11) is an order of magnitude higher than the rate
for tidal disruption events of stars in normal galactic centers
(e.g., Rees 1988). The estimate of N. depends on the number of
massive stars in the SMBH disk, whose formation efficiency
relies on the initial mass function. Here we conservatively
estimate N. assuming a star formation efficiency of 0.1 and a
top-heavy initial mass function with a power-law index of 0.5
(see Wang et al. 2021). In this paper, we neglect AMSs
composed of neutron stars, which likely undergo more
complicated processes than BHs.

We note that the number of BHs in the SMBH disk
could be decreased by BBH mergers. For the binary rates
given by Equation (11), dN./dt = —Ny, implies N. = N/
[1 4+ 7 'Qx (m./M.)**N¢t], where N, is the initial number of
BHs. The asymptotic evolution of the number of BHs is N.oc 7'
when ¢ > Ny 7! (m./M.)"2/3. Here we neglect the growth of
the merging BHs. This binary rate is the maximum value for the
initially given number of BHs.

3. Mergers of BBHs
3.1. Orbital Evolution of BBHs

Differential rotation of the SMBH disk gives rise to an
initial orbital AM for the binary typell AMS corotating
with the disk. As shown in Figure 2, the velocities of the
primary and secondary BHs relative to the center of mass
are Av, = Vkap/2R and Avg = —Vka,/2R, respectively, where
Vk =RQx is the Keplerian velocity, a, = qAo/(1 + ¢) and

8 Wang et al. (2021) estimated the number of 10 M., BHs, but the number of

10%> M., BHs is hard to estimate for a number of reasons, including uncertainties
in the initial mass function of the progenitor stars and the growth of the BHs in
the SMBH disk. Considering the possibility that the initial mass function in the
diszk might be top-heavy, we assume N. oc m.”! and have N. =40 BHs with
107 M.
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a; = Ao/(1 + ¢q) are the distances of the primary and
secondary BHs to the center, .4, is the initial separation of
the BBH, and ¢ = m,/ m,, is the mass ratio of the binary. Here
the negative sign of Avg means that the two BHs have opposite
velocities in the center-of-mass frame. The initial orbital AM
is then given by J, = mpVK(.A%/2R)q(1 + ¢)~!. For a BBH
in Keplerian rotation, its circular orbital AM is Jor =
(GAYm)?q/(1 + q)1/2 and A= (M. /mp)(Ao/R)3A0/
41 + g) ~ Ay from Jy = Jc,r for M.=108 Mg, m,=10
M., Ag = 10" cm, and R = 10* R, from J.;; = Jo. The initial
BBHs are expected to have mrcular orbits. Figure 2 outlines the
evolutionary track of the BBH from its birth.
The SMBH exerts a tidal torque on the BBHs given by

.A 2
Tia ~ Vigmy(1 + ‘”(E) (12)
on a tidal timescale of
tia = g =157 g1+ q) ¥ ag ¥ m; M2} yr,  (13)
tid

where ag =a/10® and a = A/r,. During its orbit evolution, a
type I AMS undergoes rejuvenation and accumulates gas
through Bondi accretion. Compared with the rejuvenation
timescale of AMSs, the tidal timescale will be longer than #,;
after a < 107. In other words, the tidal torque does not
efficiently remove the orbital AM of the BBHs after a period of
fiia ~ trej. Since the subsequent process is much more efficient
than tides, we neglect tidal effects such as the evolution of
eccentricity and semimajor axis by the Kozai-Ledov mech-
anism (e.g., Naoz 2016). However, accretion onto the BBH
should be considered (e.g., Antoni et al. 2019; Comerford et al.
2019). We approximate the accretion as if the binary were a
single BH because the binary separation is much smaller than
the Bondi radius. In the future, the orbital evolution of the BBH
should consider accretion onto each BH.

An AMS with a single BH should have a very low spin AM.
The spin AM of the Bondi sphere from the differential rotation
of the SMBH disk is given by

R}
jBon ~ MBon VK ZBI;“

(14)

However, an AMS trapped in the SMBH disk will be
synchronized with the orbital rotation by the tidal torque. This
is just opposite to the AM of the accreted gas from the disk.
Similar to Equation (12), the tidal torque exerting on the Bondi
sphere, 75" ~ VI%MBon(RBon /R)?, removes the spin AM of
the Bondi sphere on a timescale

1o = ‘71;‘(’)‘; = 0.50" = 7.8 /> Mg yr. (15)
Ttid

This indicates that the tidal torque efficiently removes the spin
AM. We thus expect that the Bondi sphere has a very low spin
AM. After the tidal interaction phase with the SMBH, the BBH
enters the rejuvenation phase, during which it will undergo
accretion from the Bondi sphere and efficiently remove the
BBH orbital AM.

Assuming that the viscosity in the Bondi sphere follows the
standard « prescription (Shakura & Sunyaev 1973), the torque
due to viscosity is given by 7y = ozpBoncs2 Y Bon = E,
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where 7po, is the volume of the Bondi sphere and
Eq = pBoncS2 ¥ Bon 18 the thermal energy of the sphere. Since
the BBH is accreting from the sphere at a hyper-Eddington rate,
powerful outflows heat the Bondi sphere with an energy

Eout = Loutta =13 x 1052 770‘1]% M27fl10la,6 erg, (16)

where Loy = 1f, igon LEdq 18 the kinetic energy of the outflows,
f, = 1073; is the fraction of the Bondi flow to fall into the BH,
1o = titgon /10'°, 10, =n/0.1 is the efficiency of accretion,
and 1,6 =1,/ 10%s is the episodic accretion timescale (depend-
ing on some other parameters of the SMBH disk). We
conservatively assume that the thermal energy of the Bondi
sphere is Ey, = aEqy = 10°" o 1Es» erg from the kinetic out-
flows. This can be justified by the role of turbulence in the
thermalization of the kinetic energy of the outflows. The
timescale for removing the orbital AM of the BBH is

lj('lll’

vis

= 028 agiEx'miag?q(1 + ¢y~ /2 yr.  (17)

yis =

It should be noted that this timescale is very sensitive to «,
which is quite uncertain.

After rejuvenatlon the accretion rates of type I AMSs reach

~10° lOLEddc (see Equation 5), and powerful outflows will
be developed (Ohsuga et al. 2005; Kitaki et al. 2018; Takeo
et al. 2020). The outflows have a strong impact on the hyper-
Eddington accretion through strong shocks heating the AMS.
The accretion terminates if the temperature of the postshocked
medium is higher than the virial temperature, and the hyper-
Eddington accretion is thus episodic with a timescale (z,). See
details in Wang et al. (2021). The accretion episode of the
AMS, approximated by the model for a single BH, occurs on a
timescale

3/5
o ( 16V3 c4/3r§/3MBm)
W=

9 23
=45 x 105
X (MBon,2/2-1)3/5 S, (18)

~1/5

2/5f 3/5,7-11703/5”12

where Mpo, 2 = MBon/IO2 M.

Subsequent evolution of the AMS with BBHs depends on
the three timescales of tyi, fGw» and fyge (ti.), Which are given
by Equations (17) (19) and (26) or (32) in Section 3.3. The
observational appearance of the EMCs is due to two kinds of
mechanisms driven by the BZ process (depending on BH spin)
and dynamics of the Bondi sphere (Equation (19)), respec-
tively. Figure 2 shows a cartoon depicting three channels
producing EMCs and GW bursts. Since the orbital evolution
strongly depends on viscosity (« in Equation (17)), generally,
they are divided by the viscosity timescale of the Bondi sphere
compared with the rise timescale of radiation from the sphere.
Case A appears when the viscosity efficiently removes orbital
AM, case B is inefficient, and case C is moderately efficient.

3.2. BBH Mergers

The initial separation of a BBH, Ao = 10%r,, will be greatly
reduced by an amount that depends on the AM of the rest of the
hot gas within the cavity after the Bondi explosion. Eccentricity
evolution is also important for GW bursts (Grobner et al. 2020;
Secunda et al. 2020), but we only take into account circular
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orbits of BBHs. The GW process dominates when t,;; (given by
Equation (17)) is longer than the timescale for the BBH to
merge due to GW radiation,

S
oW 64g(1 +g)\ c
~2.8(ay/1.27)*mrq'(1 4+ ¢)~ ' hr, (19)

where a,=a/10*> (Peters 1964), and the corresponding
separation of the BBHs

a=1269ag1"¢*7(1 + )" E> " m3/". (20)
The GW frequencies are
fow = 56701 + @)'/?my '(a/5)3/% Hz, (1)

which fall within the regime of LIGO. The GW bursts due to
the present mechanism occur at a detectable rate of

Raw ~ nq ¥ emNoin = 3.0 ng 67 15sN3 yr=', (22)

where ng6=nq/6 Gpe ™ is the number density of quasars (for
7z~ 1; see Richards et al. 2006), 7153 = ¥em/158 Gpc? is the
comoving volume within z = 1, and N3 = Ny, /3.2 x 103 yr!
(in one quasar). Here we assume the cosmological parameters
Q, =03, Q4 =07, and Hy="70kms ' Mpc ™.

The LIGO-Virgo collaboration estimates a BBH merger rate
of 53.273%3 Gpc =3 yr~! for the local universe from the O1 and
02 observing runs (LIGO Scientific Collaboration & Virgo
Collaboration 2019a, 2019b). This rate can be explained by
BBH mergers from dense star clusters (e.g., Antonini &
Perets 2012; Martinez et al. 2020). Our present BBH merger
rate is lower than the detected rate by 1 order of magnitude,
although the detection of GW190521 is consistent with the
predictions of this paper. The present prediction is also lower
than that of 12Gpc > yr ' by Secunda et al. (2020; see their
Equation (7)) and McKernan et al. (2019), but they used a BH
number of N. =2 x 104, much larger than ours. Moreover, the
difference comes from the fact that the present scenario favors
mergers of high-mass BBHs in the very dense environment of
an SMBH disk. Mergers of BBHs less than 10 M., would be
fainter, and their EMCs are hard to detect.

The abundance of AMSs related to GW bursts in SMBH
disks can be plausibly tested by AGN variability. As predicted
by Wang et al. (2021), the characteristic light curves decay as
/3, with no intraband delays from radio to ~-rays. Identifying
these features of AGN light curves will greatly advance our
understanding of AMS physics in the SMBH disk, as well as
the role they play in supplying gas to the central engine.

3.3. Electromagnetic Counterpart

In this subsection, we outline the characteristics of AMS
emissions as EMCs of GW bursts. Emissions from the AMS
depend on the details of the merged BHs and the Bondi sphere
but also on the specifics of the broad-line region (BLR) of the
AGN:Ss. Except for the Bondi explosion, some energy pumped
from the BH spin is released, as the AMSs must rotate very
quickly from the orbital AM, whatever their spins prior to the
merger (e.g., Hughes & Blandford 2003). In this paper, we
explore two possible channels for generating EMCs: (1)
relativistic jets from the hyper-Eddington accretion driven by
a BZ mechanism pumping the rotating energy of the BHs and
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(2) a Bondi explosion driven by outflows from the hyper-
Eddington accretion.

3.3.1. Relativistic Ejecta after BHs Merge

In the Appendix, we derive the BZ power during the
accretion episode of the BH in an AMS. The BZ-powered jet is
choked by the dense medium of the Bondi sphere, forming a
blob as ejecta from the Bondi sphere. In this paper, we neglect
the details of the choking processes in order to estimate the
average Lorentz factor of the ejected blob in light of the energy
equation given by Epy ~ Ey;, = 2y AMgc?, which yields

I =18 EBZ,SleE&zRB_o]anPms (23)

where Epzs, = Epz/ 10°! erg is the energy pumped from the
BH spin, Ey;, is the kinetic energy of the blob, Rie 1> = Rjet/

10" cm is the jet radius, and AMpy ~ WRjze;RBonpd ~ 1.6 x

10~ RjzetﬁnRB(,n, 15P1n Mo 1s the mass contained in the volume of
the jet configuration. Here the factor 2 accounts for the double-
sided nature of relativistic jets. Equation (23) shows that the
ejected blobs are moving mildly relativistically, but Doppler
boosting significantly enhances the luminosity by a factor

of I‘ﬁ. The initial radius of the blob is approximated by
Rilob ~ (RiyRpon)' /> ~ 10 RY3,RY |5 cm, corresponding
to the initial optical depth of 7O = ke deg)lob = 340 pp,
(RS4p/103 cm) 2, where ke, = 0.34 is the opacity of electron
scattering. The total energy of the blob is composed of two
components, Egz = Ey, + Ey,, Where Ey, is its thermal energy.
The relative strength of the two components depends on the
details of the dynamics of the choked jet inside the Bondi
sphere. Meanwhile, collimation supported by the cocoon of the
dense surroundings keep the choked jet in the inner part of the
SMBH disk (Bromberg et al. 2011; Perna et al. 2021; Zhu et al.
2021). Considering the opening angle 6 ~ ¢,/c ~ I';!, where
¢, is the sound speed of the choked jet, we have Ey;, =~ Ff,Elh
when the blob is ejected outside the SMBH disk (or atmosphere
of the disk). The ratio Ey;,/Ey, decreases with the expansion
and motion of the blob as it sweeps through the BLR after it
is born.

The blob undergoes three phases: (1) free expansion; (2)
blast wave, when the swept medium is comparable with the
mass of the blob; and (3) snowplow, when the swept mass is
about ¢ = 10-30 times the initial mass of the blob (e.g., details
in latest numerical simulations of Petruk et al. 2021). The
characteristic expansion velocity of the blob is approximated
by

Vop {1 (fort < 1), o4

¢ 1.0(t/t.)=3/> (fort > t.).

Namely, the blob expands with the speed of light before ¢,
and then with the Sedov velocity, where #.~2.9 x 10%s is
given by Viyp /c = 1and R, = ct. = 8.8 x 10'* cm. We find that
Re ~ Reyp = (E/p)'/31>/> (Sedov expansion) for E = 10" erg
and p~ 1077 gecm 3. At this moment, the ejected blob has an
optical depth Tes = ppyop KesRolob = 1072 AMpz 1Ry 1%, 15, Where
Poiob = 3AMpz / 47RJ, is the blob density, AMpz 1 = AMpz/
1074 M, and Rpiop.15 = Roiob/ 10 cm. The swept mass for
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t 2 t. is given by

AMgir

AE
~ 2.4 x 10—5(—) . (25)
M

fe

As shown by numerical simulations, the kinetic energy can be
converted into thermal energy when the swept mass is about
¢ =10-30 times the mass of the blob (e.g., Petruk et al. 2021).
The luminosity peaks because no significant energy is supplied
by the conversion of the kinetic energy to the blob, as thermal
energy drives the expansion. For AMg; g = 15 {|5AMgpz, we
have a rise timescale of

tise 2 10.7 ¢/ 6AM§égngL11{}7E;/ 2 days, (26)

where ;5= (/15, and ngir 7 = nprr/ 10’ cm 2 is the number
density of the BLR. The observed luminosity of the blob is

L% ~Thélez = 32 x 109 T3¢, firmoma ergs™!,  (27)

where 'y, =215, and £ =0.1& is the radiative efficiency of
the kinetic energy of the blob. This is consistent with the
estimation from FﬁfEBZ /tise, Where Egy is the total energy
pumped from the BH spin (see the Appendix). The rise
luminosity is proportional to dAMg g /df x R3opnpLr o t*/°
(swept by the transverse motion of the blob). After ., the
blob is significantly slowed down, and no significant fraction of
the kinetic energy of the blob is converted into thermal energy
for expansion, causing the radiation to decay. Considering that
the luminosity radiated from the blob is from the expansion, we

have Lops o V3, o 1~%/5. We approximate the light curve as

LE2 (t/tase)? (fort < tiige),
Lobs = (28)

Ll?e%k(t/[rise)76/5 (fOI'l Z Frise)-

After one GW burst, the AMS first forms an ejected blob
through the BZ mechanism (mainly determined by 7,), and then
the ejected blob appears as a giant flare with rise and decay
timescales of a few x 10° s. The EMC appears more than 10
days after the GW burst.

For a simple estimation of the spectral energy distribution,
we follow the treatment in Wang et al. (2021). Relativistic
electrons are produced by Fermi acceleration (Blandford &
Eichler 1987) but lose their energy via synchrotron and inverse
Compton (IC) scattering. The maximum Lorentz factor is given
by the balance between the acceleration and radiation. Shocks
from the Sedov expansion accelerate electrons to the relativistic
regime, generating a flare of nonthermal radiation from radio to
~-ray energies. For a magnetic field in equipartition with the
postshocked gas, we have B = 6.0(npir77)"/> G, where
To=T/ 10°K is the temperature of the postshocked gas. The
maximum Lorentz factor of the electrons is determined by the
balance between energy loss and gain. For a typical quasar with
M.=10%M_ and .7 = 1.0, the energy density of the radiation
field is about upy, = Lyt /4TRE e = 0.16 LysRs* erg cm 3,
which peaks at UV frequencies of vyy~ 102 Hz, where
Lys = Lyot/ 10% erg s~ and Rs is the BLR radius in units of 50
lt-days (Wang et al. 2021). We find u,, <ug, where
ug = Bz/ 8w is the energy density of magnetic fields; namely,
synchrotron radiation dominates over IC. Taking the balance
between the acceleration and synchrotron loss, we have the
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maximum Lorentz factor of v, = 1.5 x 10°(B/6 G)'/2T}/>
at the peak time of luminosity. The synchrotron and IC
luminosities are

blob
Lsyn

blob
[ (NP PR (VALY | B A P
1€ : 10% erg s~! ’

1.6 x 10% &3t ¢ erg s,

0.1
29)

with the synchrotron and IC frequencies, respectively, where
6
trise,6 = trise/lo S,

Vign = 206.4(%)mﬁm keV,

vic = 8.2 Dyl euv.is TeV, (30)

where 3. o = Yax /10% and vyy 15 = vuv/ 10'> Hz. After the
luminosity peak, the characteristic frequencies shift toward
lower frequencies with time. The ejected blob will release
energy over a wide range of frequencies from radio to TeV. It
should be pointed out that all calculations for radiations are
estimated in a rough rather than self-consistent way.

It should be noted that the BZ-powered EMC depends on a
sufficiently high BH spin and accretion rate, which implies that
the BZ mechanism does not work in type Il AMSs. There is an
absence of BZ-powered blobs in cases B and C.

3.3.2. Bondi Explosion

The huge energy accumulated from the hyper-Eddington
accretion (Equation 16) during ¢, will drive the Bondi
explosion, which can be divided into three phases. As briefly
discussed in Wang et al. (2021), internal shocks due to the
collision between the outflows and the Bondi sphere efficiently
dissipate kinetic energy into thermal energy. The Bondi sphere
freely expands and then enters the blast wave and snowplow
phases. We approximate its expansion velocity as

Viee & 3.2 x 10° EJ{*Mg,\/3 kms™! (fort < 1)),
Vexp =
Voedov = 3.2 x 103(¢/t.) 3 kms~! (fort > t)),

€1y

where Viee = +/2Eou/Mpon is the free expansion velocity,
t!~40yr, and R/ ~ 3.9 x 10'® cm by setting the free
expansion velocity equal to the velocity during the Sedov
phase. The thermal emission of the Bondi sphere dominates at
this moment () and ends the free expansion, and the optical
depth of the Bondi sphere is 72, &~ 3kesMpon /4TR/2 = 21.9
for Mpon = 2.1 x 10> M, and R, = 3.9 x 10' cm. When the
Bondi sphere becomes transparent, its thermal emission reaches
the peak with the timescale of photon diffusion

0 p/ o\ L
R M, R
tr/ise _ Tesltc _ 092( Bon,Z)( C,16) yr, (32)
c

2.1 39

where R/ ;¢ = R!/10'° cm, and the peak luminosity

_1/p!
Lion ~ 2 = 3.5 x 104 Esz(%) (R;j;) ergs™l. (33)
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Considering that blackbody radiation increases with the surface
area of the sphere, the rise light curve is Lg,, RezXp o 1473,
Meanwhile, the thermal energy decays with the expansion
kinetic energy as Lgo, o VezXp o t7%/5. We approximate the

light curve as

LBon (t/trflge )4/5
obs =

LBon(l‘/trlise)_é/5 (fort Z tr/ise)'

(fort < th),
Se. (34)

The characteristic temperature of the Bondi sphere peaks at

1/4
T _ ( LBon )
peak = | 5

4mosTR/
Loonas ) *( Rise) "
@4200(3—*‘4) Raws | " g (35)
35 3.9

where ogr=15.67 x 107> erg s 'em? K™ is the Stefan—
Boltzmann constant, and Lgo, 44 = Lon/ 10% erg s~ 1. More-
over, the Bondi explosion may convert thermal energy into
nonthermal energy through strong shocks when they pass
through the BLR.

The Bondi sphere, as it expands with the Sedov velocity,
generates shocks in the BLR. We approximate the magnetic
field of the postshock gas as B = 1.9(np g 7%3)'/> G, where
Tg=T/ 10® K. In this case, up ~ upp. With a radiative efficiency
¢£=0.1, the nonthermal emission due to gas shocked by the
Bondi explosion peaks at frequencies

2
Vign = 10.5 (%)(%5“75) keV,

2
Vic = 1.4 ( 'Yr;la;,S) rYuv,15 TCV, (36)

at a luminosity

LET ~ Lig™ & 1.7 x 108 & Esy (1/1.) Lergs™, (37)
where 7. s = Ynax /10°. The synchrotron radiation is approxi-
mately equal to the IC, since ug = up,. The peak luminosity in the
X-rays may be marginally detectable when compared to the
expected level of emission from the SMBH disk. Estimating the
radio emission as a power law (L, o< v 03 ), Ls grz &~ 10*° erg s !
at 5 GHz, which is comparable to the brightness of AGNs of
moderate radio power (e.g., Elvis et al. 1994). The rise and decay
light curves follow 7 and £°/° , respectively, which can be used
as a diagnostic of the event from AGN light curves.

We note that Kimura et al. (2021) recently studied the
evolution of BBHs formed in nuclear star clusters that are
trapped by the SMBH disk. Their model depends on the in situ
formation of BBHs in a nuclear star cluster, a scenario different
from ours. We consider BBHs formed in the cavities of type I
AMSs. The rejuvenation of AMSs due to Bondi accretion of
BBHs efficiently removes the orbital AM of the binaries,
leading to a merger event and a GW burst. Meanwhile, a Bondi
explosion driven by the powerful outflows from the hyper-
Eddington accretion onto the BBH gives rise to an EMC.
Detailed numerical simulations have been done for the orbital
evolution of BBHs in SMBH disks (Li et al. 2021), but they do
not include outflows. In this paper, we omit detailed
discussions of the accretion onto BBHs, such as in the
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individual mini disks of each BH and the circumbinary disk
(Kimura et al. 2021). Our discussions should be valid, since the
timescale for forming the central cavity could be significantly
longer than the characteristic timescales #, and t,;. Moreover,
the initial separation of the BBH is much smaller than the
Bondi radius. The behavior of Bondi—-Hoyle—Lyttleton accre-
tion onto BHHs (Antoni et al. 2019; Comerford et al. 2019)
differs from the classical one (e.g., Artymowicz et al. 1993). A
cavity around the BBH is, in principle, formed on a dynamical
timescale when the disk around the BBH is geometrically thin,
but the current case of hyper-Eddington accretion (geometri-
cally thick) is more uncertain.

The present scenario of BZ-powered emission and a Bondi
explosion could be a possible mechanism to drive AGN
variability on timescales of months to years. The event rates
depend on the number of BHs. Investigating AGN light curves
requires continuous, long-term observational campaigns with
suitable cadence in order to capture their rise and decay for
comparison with theoretical predictions. Radiation from the
AMS depends on its BH mass, locations, and the vertical
structure of the SMBH disks. In the work of Perna et al. (2021)
and Zhu et al. (2021), AMSs are located at 103Rg. Moreover,
they consider the influence of the vertical structure of the
SMBH disks on the AMSs of neutron stars. In future papers,
we will test how the properties of AMSs change with location
within the SMBH disk.

3.4. The Case of GW190521

We briefly apply the current model to explain the case of
GW190521. This GW burst is a merger of 85 + 66 M. BHs,
which are much higher than the upper limit of BHs produced by
isolated massive stars driven by pair instability (e.g., Woosley
et al. 2002). Our model of AMSs in SMBH disks provides a
promising framework for stellar-mass BHs to rapidly grow to
exceed the pair instability limit. For an exponentially growing
AMS BH, we have m. = m. exp({r.) t/tsaip), Where m is the
initial mass of the BH, (ri.) = ri.é. is the average rate of
accretion onto the BH over time t, 11, = f, migon, f 1S the fraction
of the accretion rate channeled into the outflow (Takeo et al. 2020;
Wang et al. 2021), and fsy, = m./Mggq = 045 Gyr is the
Salpeter time. The exponential growth reads

Isalp
for 1 = tsap/3, where (i) = (85/6)rg f5, 85 = 6./1076, and
19 = Mpon/10°Mggq for BHs with an initial mass of 10 M,
(see Equation (20) in Wang et al. 2021). Most of the
uncertainty in the growth rate derives from f,, but it is easy
for the BH to grow to ~10> M, from 10 M, within one AGN
lifetime (¢ = fogn) in the context of SMBH disks.

Three kinds of EMCs with GW bursts have been suggested
in Section 3.3. With m.~ 150 M, the characteristic of an
EMC driven by the BZ-powered blob is generally consistent
with the flare of the quasar SDSS J1249+4-3449 monitored by
the Zwicky Transient Facility (Graham et al. 2020). Moreover,
there is a delay of ~20 days (in the quasar’s frame) of the EMC
candidate (J12494-3449) with respect to GW190521. This can
be conveniently explained by ¢, in the case of an ejected blob.
We thus prefer case A of the EMC of GW190521 associated
with the BZ-powered ejected blob, as shown in Figure 2. The

m.=mpexp lé(m)l ~ 74m (38)
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predicted thermal emission from the Bondi sphere and
nonthermal emission from the Bondi explosion can be tested
observationally, as explored in an upcoming work, and all
calculations of radiations will be done in a self-consistent way.

4. Discussion and Conclusions

Compact objects (neutron stars and stellar-mass BHs) manifest
themselves as AMSs in the accretion disks of SMBHs (SMBH
disks) in AGNs. The AMSs around stellar-mass BHs fall into two
classes: cold gas-enshrouded typel and hot gas-enshrouded
typeIl. This paper studies the dynamics of both classes in the
context of SMBH disks. We show that most AMSs dynamically
evolve into tight BBHs. The BBH evolves under the tidal torque
of the central SMBH until it rejuvenates by hot gas accretion
during the type II phase. We show that the orbital AM of the BBH
is efficiently removed by the gaseous drag during the initial type I
phase. With an onset separation of ~10° 1y in this phase, the
subsequent release of GW radiation leads to the merger of the
BBH after ~3 hr. The GW burst rate in a typical quasar is
estimated to be 3.2 x 107> yr~ ! if we conservatively assume that
the SMBH disk contains N. = 40 BHs with 10> M. The predicted
GW frequency of ~10>Hz is accessible by LIGO. Considering
the entire quasar population at z < 1, the rate of GW bursts from
AMS binaries is expected to be ~3 yr ', The binary formation
rates given by Equation (11) are significantly higher than the tidal
disruption rates of stars (~10~*yr~', depending on the SMBH
mass in galactic centers; see details in Wang & Merritt 2004).
However, GW rates depend on the number of BHs, which is
currently poorly known. Since the orbit evolution is much shorter
than the typical lifetime of AGNs, the binary formation rate can be
traced by AGN flares. Detection of ~10* Hz GWs will reveal the
content of stellar BHs in SMBH disks.

Three kinds of EMCs of GW bursts are predicted, driven by the
BZ mechanism or a Bondi explosion from powerful outflows. The
BZ-powered EMCs with mildly relativistic motion appear from
radio to TeV bands with a rise time of a few 10° s and decay with
/. Bondi spheres have thermal emission peaking in the optical,
and the Bondi explosion driven by powerful outflows has
detectable nonthermal emissions from radio to ~-rays. The EMCs
have a rise profile of > and decay with o, Depending on the
viscosity of the Bondi sphere, the EMCs could appear in three
ways. An efficient viscosity results in a GW burst to lead the
EMC:s, but an inefficient viscosity postpones BBH to merge, with
the result that Bondi explosion leads as a precursor of GW bursts.
A moderate viscosity may lead to a simultaneous appearance of
GW busts and EMCs, but the EMCs will have a much longer
duration. A search for these flares from radio to -rays in AGNs
and quasars using the Zwicky Transient Facility, Swift, and Fermi
observations will advance the understanding of the physics
currently discussed. There is the potential to simultaneously detect
GW bursts corresponding to EMCs.

We stress that the GW bursts should be redshifted or
blueshifted if detected by LIGO because the BBH corotates
with and merges within the SMBH disk. The characteristic
shifts would be ~=£3000 r, 12 kms!, depending on the
direction of motion of the BBH with respect to the observer
and its distance to the SMBH. These are pure Doppler shifts.
Moreover, gravitational redshifts could also arise if the BBH
merges close enough to the SMBH (e.g., Chen et al. 2019). The
Doppler and gravitational redshifts of GW bursts are important
diagnostics to probe their birthplace: the SMBH disk. Lastly,
we note that the BBHs and SMBH comprise another binary
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(with an extreme mass ratio inspiral of ~10~’) and radiate
GWs with frequencies of f~ 0.64 Mg 1r4’ 3/2 nHz, which is
only detectable through pulsar timing arrays.
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Appendix
BZ-powered Jets from Hyper-Eddington Accretion

The BZ mechanism is a powerful process of pumping energy
from the BH spin (Blandford & Znajek 1977). Given a BH with
a spin AM 7. and magnetic field B normal to the horizon at Ry,
the pumping power is given by Macdonald & Thorne (1982)
and Ghosh & Abramowicz (1997),

1 2p2p2 t7'2
Lgy; = | — |wgB[Rjc]| ——| ,
s ()i

max

(AL)

where Jn.x is the maximum of the spin AM, and wg =
Qe — Qp)/ Qﬁ is the factor describing the relative angular
velocity of the magnetic field to the BH (£2;,). The BZ power has
been calculated by Armitage & Natarajan (1999) for optically
thin advection-dominated accretion flows. Following this
treatment, we use the self-similar solution of super-Eddington
accretion (Wang & Zhou 1999) for the energy channeled into a
relativistic jet. We take the magnetic field of Bf /8T = Py (in
equipartition with the radiation field) and R, = Gm./ ¢?, where
Pag = MponQx /4maR is the radiation pressure of the super-
Eddington accretion (dominated by gas pressure). Here we stress
that the accretion rate of the BH M. = ];MBOH is only a small
fraction of the Bondi rate, and the factor f; is uncertain (see the
latest simulations of Takeo et al. 2020). For a maximally rotating
BH, the BZ power

Ly ~ (é)M.Cz =20 x 1045]“3 nypmy erg Sil, (A2)

with wg=1/2 as taken by Armitage & Natarajan (1999), and
the total pumped energy during the hyper-Eddington accretion
episode (t,) is given by

Egy = Lgzt, = 2 X 1051]% oMoty 6 €18, (A3)

where f; = £, /1073 and 1,4 =1,/10°s. Chen & Zhang (2021)
recently expressed the BZ-powered jet in an approximate
analytical form. We take the outermost magnetic stream surface
as the radius of the jet from their Equation (105),

1-v/2
Riw =Gy 2(1 + V1 — a2)'//2(ri)
g

rg=1.7 x 102 R3/¥ sm3/® cm, (A4)
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where C, = I'(3/2 — v/2)I'(A + v/2)//7 is a constant, I is
the I" function, and v is the power index of the magnetic fields
along the AMS radius. For a typical value of v=3/4,
C, =0.47. The jet or ejecta are choked by the dense medium
of the SMBH disk (e.g., Matzner 2003; Zhu et al. 2021) to form
a blob moving with a mildly relativistic velocity.
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