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Abstract

The astrophysical origin of stellar-mass black hole (BH) mergers discovered through gravitational waves (GWs) is
widely debated. Mergers in the disks of active galactic nuclei (AGNs) represent promising environments for at
least a fraction of these events, with possible observational clues in the GW data. An additional clue to unveil AGN
merger environments is provided by possible electromagnetic emission from postmerger accreting BHs. Associated
with BH mergers in AGN disks, emission from shocks emerging around jets launched by accreting merger
remnants is expected. Here we compute the properties of the emission produced during breakout and the
subsequent adiabatic expansion phase of the shocks, and we then apply this model to optical flares suggested to be
possibly associated with GW events. We find that the majority of the reported flares can be explained by breakout
and shock cooling emission. If the optical flares are produced by shock cooling emission, they would display
moderate color evolution, possibly color variations among different events, and a positive correlation between
delay time and flare duration and would be preceded by breakout emission in X-rays. If the breakout emission
dominates the observed lightcurve, we predict the color to be distributed in a narrow range in the optical band and
the delay time from GW to electromagnetic emission to be longer than ~2 days. Hence, further explorations of
delay time distributions, flare color evolution, and associated X-ray emission will be useful to test the proposed
emission model for the observed flares.

Unified Astronomy Thesaurus concepts: Astrophysical black holes (98); Gravitational wave sources (677); Active
galactic nuclei (16); Transient sources (1851); Jets (870)

1. Introduction

The astrophysical pathways to black hole (BH) mergers
discovered by the LIGO (LIGO Scientific Collaboration et al.
2015), Virgo (Acernese et al. 2015), and KAGRA (Akutsu
et al. 2021) gravitational-wave (GW) observatories have been
actively debated (Barack et al. 2019). Various scenarios have
been proposed, including isolated binary evolution (e.g.,
Dominik et al. 2012; Kinugawa et al. 2014; Belczynski et al.
2016; Tagawa et al. 2018; Spera et al. 2019; Tanikawa et al.
2022) evolution of triple or quadruple systems (e.g., Antonini
et al. 2017; Silsbee & Tremaine 2017; Fragione & Kocsis 2019;
Michaely & Perets 2019; Martinez et al. 2022; Bartos et al.
2023), dynamical evolution in star clusters (e.g., Portegies
Zwart & McMillan 2000; Samsing et al. 2014; O’Leary et al.
2016; Rodriguez et al. 2016; Banerjee 2017; Fragione &
Kocsis 2018; Kumamoto et al. 2018; Perna et al. 2019;
Rasskazov & Kocsis 2019; Antonini et al. 2023), and compact
objects in active galactic nucleus (AGN) disks (e.g., Bartos
et al. 2017; Stone et al. 2017; McKernan et al. 2018; Tagawa
et al. 2020b; Arca Sedda et al. 2023).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

In an AGN disk, BHs are embedded due to capture via
dynamical interactions between the nuclear star cluster and the
AGN disk (Ostriker 1983; Miralda-Escudé & Kollmeier 2005;
Generozov & Perets 2023; Wang et al. 2024) and by in situ star
formation (Levin & Beloborodov 2003; Goodman & Tan 2004,
Milosavljevi¢ & Loeb 2004; Chen et al. 2023b; Derdzinski &
Mayer 2023). The AGN disk environment helps to bring the
BHs closer together (Bellovary et al. 2016; Derdzinski et al.
2019, 2021; Tagawa et al. 2020b; Li et al. 2021; Grishin et al.
2023) and hence form binaries (Li et al. 2022, 2023; Boekholt
et al. 2023; DeLaurentiis et al. 2023; Qian et al. 2024; Rowan
et al. 2023, 2024; Rozner et al. 2023; Whitehead et al. 2023a;
Whitehead et al. 2023b), which then merge over relatively short
timescales. Comparisons to the observed BH masses, spins, and
merger rate indicate that a sizable fraction of the observed
mergers may indeed originate in AGN disks (Tagawa et al.
2021a; Gayathri et al. 2021; Ford & McKernan 2022). The
AGN channel could also explain some of the peculiar
detections, such as those with a high mass (Tagawa et al.
2021a; Gayathri et al. 2023) and possibly high eccentricity
(Tagawa et al. 2021b; Gayathri et al. 2022; Romero-Shaw et al.
2022; Samsing et al. 2022; but see Romero-Shaw et al.
2020, 2023).

Due to the gas-rich merger environment, a key signature of
the AGN channel is the possibility of electromagnetic emission
accompanying the GW signal from the merger (Bartos et al.
2017; Stone et al. 2017). To explore this possibility,
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Figure 1. A schematic picture of breakout and cooling envelope emission from shocks produced by the interaction of AGN gas and a jet launched from a BH accreting
gas in an AGN disk. Since the jet is reoriented at the time of the merger of two BHs (Section 2.1), electromagnetic emission is also produced after the merger.

electromagnetic follow-up observations have been carried out
for many of the mergers, with nine counterpart candidates
suggested so far, including seven optical flares (Graham et al.
2020, 2023) and two gamma-ray flares (Bagoly et al. 2016;
Connaughton et al. 2016).

Recently, several studies have investigated the electro-
magnetic emission from a variety of transients emerging from
AGN disks. Many studies (Perna et al. 2021a; Yuan et al. 2022;
Zhu et al. 2021a, 2021c; Lazzati et al. 2022; Wang et al. 2022;
Ray et al. 2023) focused on the radiation from gamma-ray
bursts, while Perna et al. (2021b) and Zhu et al. (2021b)
discussed the electromagnetic signatures expected from accre-
tion-induced collapse of neutron stars and white dwarfs,
respectively. Yang et al. (2022), Xin et al. (2024), and Prasad
et al. (2023) studied the properties of tidal disruption of stars by
BHs, while Grishin et al. (2021) investigated supernova
explosions, and Bartos et al. (2017) and Stone et al. (2017)
estimated the electromagnetic emission produced by thermal
radiation and/or outflow from circumbinary disks in AGN
disks.

Several recent studies have also investigated whether
transients from BHs merging in AGN disks could explain the
optical flare, ZTF 19abanrhr (Graham et al. 2020), associated
with the BH merger GW190521 detected in GWs. McKernan
et al. (2019) discussed emission from shocks caused by
collisions between gas bound to the merger remnant and
unbound gas after recoil kicks due to anisotropic radiation of
GWs. Graham et al. (2020) assessed the net luminosity and
timescales for gas accretion induced by recoil kicks. De Mink
& King (2017) considered flares emerging from shocks in a
circum-BH disk due to recoil kicks. Kimura et al. (2021),

Wang et al. (2021a, 2021b), and Chen et al. (2023a),
respectively, considered thermal and nonthermal emission
from bubbles and bubble evolution around BHs formed by
strong outflows considering continuous and episodic super-
Eddington accretion. Wang et al. (2021a) further considered
emission from shocks emerging due to interactions of
Blandford—Znajek jets (Blandford & Znajek 1977) launched
from accreting BHs to the broad-line regions, Rodriguez-
Ramirez et al. (2024) considered free—free and bound—free
emission from gas shocked due to interaction of the jets and
AGN disk gas, and Tagawa et al. (2023a) estimated gamma-
ray, neutrino, and cosmic-ray emission from internal shocks in
the jets. Ashton et al. (2021), Calderén Bustillo et al. (2021),
Palmese et al. (2021), and Morton et al. (2023) estimated the
association significance of ZT F19abanrhr to GW190521.

In this paper, we develop an emission model based on the
scenario proposed by Tagawa et al. (2022, 2023b) and discuss
whether or not emission based on this scenario can explain
some of the optical flares reported in Graham et al. (2023).
Tagawa et al. (2022, hereafter T22) indicated that a Blandford—
Znajek jet can be produced from BHs embedded in AGN disks
and investigated its influence on the AGN disk structure. Due
to the high pressure of the shocks emerging around the jet (or
wind; Section 3.3), a cavity is created around the BHs. Just
before the jet breaks out of the AGN disk, photons in the
shocked gas begin to escape. These photons can be observed as
breakout emission (e.g., Nakar & Sari 2010), whose properties
have been investigated in Tagawa et al. (2023c). The BHs can
maintain the jets even after they break out from the AGN disk,
as long as there is leftover circum-BH disk gas. Once this is
depleted, the BHs can no longer power the jets. This is then
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The Properties of the ZTF Flares Sug;‘:st:lfi 1to Be Associated with the GW Events
Pair LIGO/Virgo Alert ID Name of AGN IOgl()(MSMLfH) mp fduration Igelay Lop Laon/Ledd
(M) (day) (day) (ergs ™)
1 GW190403_051519 J124942.304-344928.9 8.6 111 453 89 44.9 0.06
2 GW190514_065416 J124942.30+344928.9 8.6 68 453 48 449 0.06
3 GW190521 J124942.30+344928.9 8.6 164 453 41 449 0.06
4 GW190403_051519 J183412.42+365655.3 9.1 111 41.0 110 43.8 0.02
5 GW190424_180648 J181719.94+541910.0 8.0 73 35.6 189 44.8 0.05
6 GW190514_065416 1224333.95+760619.2 8.8 68 18.3 154 452 0.06
7 GW190731_140936 J053408.41+085450.6 (8.0) 70.1 274 186 44.5 0.04
8 GW190803_022701 J053408.41+-085450.6 (8.0) 65 274 183 44.5 0.04
9 GW190803_022701 J120437.98+500024.0 8.0 65 474 191 44.7 0.02
10 GW190909_114149 1120437.984-500024.0 8.0 75 474 154 44.7 0.02
11 GW200216_220804 J154342.46+461233.4 9.3 81 1234 73 443 0.10
12 GW200220_124850 J154342.46+461233.4 9.3 67 123.4 69 443 0.10

Note. In each pair, the flare is located within the 90% credible volume and detected within the delay time of 200 days from the GW event. Here, Mg\py is the SMBH
mass, mgy is the merged remnant mass, fquraion iS the duration of the flare, #4e14y is the delay time between the detection of the GWs and the flare, L, is the optical
Iuminosity of the flare, and Lagn is the Eddington ratio of the host AGN. For J053408.414-085450.6, the SMBH mass is not constrained, and a fiducial mass of

108 M., is used as in Graham et al. (2023).

followed by an inactive phase, which lasts until gas is
replenished onto the BH and the jet is launched again, with
the cycle hence repeating.

In the case where BHs merge in the cavity while accreting
(upper panel of Figure 1), Tagawa et al. (2023b, hereafter
Paper I) predicted that electromagnetic emission is often
associated with the BH merger. This is because the jet direction
can be reoriented following a merger (Section 2.1), and strong
shocks and emission are produced soon after the jet reorienta-
tion. Paper I investigated the properties of breakout emission
from a jet head associated with BH mergers and found that this
model can explain various properties, including the luminosity,
delay time, duration, and color of the electromagnetic transients
ZTF 19abanrhr, GW150914-GBM, and LVT 151012, as well
as why the transients began brightening only after the merger.
Zhu (2024) and Zhou & Wang (2023) also estimated the
neutrino emission from the breakout of the jets associated with
BH mergers. In this paper, we additionally consider the shock
cooling emission, which is produced in a subsequent adiabatic
expansion phase of the shocked gas (e.g., Arnett 1980; Morag
et al. 2023 for supernovae and Nakar & Piran 2017; Gottlieb
et al. 2018; Hamidani & Ioka 2023 for gamma-ray bursts), in
addition to the breakout emission, which is produced in an
early phase of the shocked gas (see Figure 1 for a schematic
picture). We present the properties of the emission in both
phases, and we then apply this model to the flares reported in
Graham et al. (2023). We further discuss how to test the
proposed emission model in future observations.

The rest of this paper is organized as follows. In Section 2,
we describe a model for producing electromagnetic flares
associated with GW emission and a way to constrain the
physical properties of the flares from the observations using

this model. We present our results in Section 3, discuss how to
test the model in Section 4, and summarize our conclusions in
Section 5.

2. Method

First we describe the model itself. We then specialize to
discuss how to derive the model parameters from the observed
properties of the flares, that is, the delay time (fgeiay), the
duration (fguration)> the luminosity of the flare (L), the merger
remnant mass (mgy), the SMBH mass (Msyph), and the AGN
luminosity (Lagn)- In our analysis, we assume that the shocks
produced by collisions between the jet and the AGN gas are
characterized by nonrelativistic regimes. This is because in
both the breakout and the shock cooling emission, flares with a
delay time and duration of >10days (Table 1) are usually
characterized by this regime (Paper I; Tables 2 and 3). As
possible processes for explaining the properties of the optical
flares, we consider the breakout emission from the jet head (the
breakout emission scenario) and shock cooling emission from
the cocoon composed of the shocked AGN gas (the shock
cooling emission scenario). Note that we use the Shakura—
Sunyaev model (Shakura & Sunyaev 1973) for the accretion
disk in the shock cooling emission scenario and the Thompson
disk model (Thompson et al. 2005) in the breakout emission
scenario. This is because the position of the BH from the
central supermassive BH (SMBH) is subparsec for the former
(Table 2) and a few parsecs for the latter case (Table 3), and the
mechanisms of angular momentum transfer and the disk
properties are likely different in the two regions, with the
Thompson disk model better suited than the Shakura—Sunyaev
one to describe the outer disk.
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Table 2

The Inferred Model Parameters for the Shock Cooling Emission Scenario

Tagawa et al.

Pair Rpn Rgn (Ry) Be hagn PAGN Tgp Apeak L Siet/BHL Toreak taitrcpo (Equation (28))
(pc) (gem™) (K) (m)  (ergs ™) (days) (s)
1 0.1 5 % 10° 0.2 0.004 1x 107" 1.4 x 10* 350 1x10% 40 0.9 200
2 0.1 5 % 10° 0.2 0.004 1x 107" 1.4 x 10* 350 1x10% 50 0.9 200
3 0.1 5% 10° 0.2 0.004 1x107" 1.4 x 10* 350 1 x 10* 30 0.9 300
4 0.08 1x10° 0.08 0.002 7x 1071 1.4 x 10* 350 1 x 10" 2 0.8 200
5 0.1 3% 10* 0.2 0.005 1x107"2 1.8 x 10* 270 2 x 107 40 2 3x10°
6 0.06 2 x 10° 0.4 0.003 9 x 107" 1.3 x 10* 380 2 x 10 3000 0.2 7
7 0.1 2 x 10* 0.1 0.005 2% 1072 1.9 x 10* 250 2 x 107 30 1 2 x 10°
8 0.1 2 x 10* 0.1 0.005 2% 1072 1.9 x 10* 250 2 x 107 30 1 2 % 10°
9 0.3 6 x 10* 0.1 0.005 2% 1071 2.0 x 10* 240 5 % 10% 20 6 5 x 10*
10 0.3 6 x 10* 0.1 0.005 2% 1071 2.0 x 10* 240 5 % 10% 20 6 5 % 10*
11 0.09 9 x 107 0.09 0.003 2% 107" 9.2 x 10° 520 8 x 10% 5 1 60
12 0.09 9 x 107 0.09 0.003 2x 1071 9.2 x 10° 520 8 x 10% 5 1 50

Note. Rpy is the distance from the SMBH to the BH; 3. is the expansion velocity of the shocked gas; hagny = Hagn/Rpr and pagn are the aspect ratio and the density
of the AGN disk at the position of the BH, respectively; Tgg and Apeax are the radiation temperature and wavelength of the shock cooling emission, respectively; L; is
the jet power; fie/rL 1S @ parameter related to the jet power; fyreqi is the breakout timescale of the jet; and t4ier cBo i the diffusion timescale for the breakout emission
from the shocked gas.

Table 3
The Inferred Model Parameters for the Breakout Emission Scenario

Pair Rgn Bn hagn PAGN Mintiow/ MEaa Jop/kin fBH/NsC hagn/hacnTom feorr TOT haGN = haGNTOM
(pc) (gem ™)
1 3.3 0.31 0.004 2x 1071 0.06 0.36 0.38 1.05 3.1
2 3.5 0.33 0.002 1x 1071 0.02 0.98 0.41 1.6 43
3 4.0 0.41 0.002 1x 10710 0.01 0.73 0.46 15 42
4 45 0.29 0.004 2x107'° 0.05 0.02 0.44 1.03 3.1
5 1.6 0.23 0.015 4x107' 0.9 0.11 0.23 1.4 4.0
6 24 0.23 0.008 7 x 1071¢ 0.4 0.22 0.26 1.6 4.4
7 1.4 0.23 0.016 5%x107'° 1.2 0.05 0.21 1.6 43
8 1.4 0.22 0.016 5%x107'° 1.2 0.05 0.21 1.6 43
9 1.7 0.23 0.014 3x 10716 0.7 0.14 0.25 1.3 3.7
10 1.8 0.25 0.011 3x107'° 0.4 0.16 0.26 1.1 33
11 8.1 0.32 0.002 6 x 107" 0.004 0.34 0.74 2.0 5.2
12 8.0 0.31 0.001 6 x 107" 0.004 0.41 0.73 1.9 49

Note. Miyfiow/Mgaq is the Eddington ratio for the gas inflow at the position of the BH, fop/kin s the fraction of the optical luminosity of the flare over the kinetic power
of the jet, fgu/nsc is the fraction of Rgy over the size of the nuclear star cluster, and hagn/facnTom is the ratio of the aspect ratio of the AGN disk derived from our
model to that derived assuming the model in Thompson et al. (2005). In the last column, the value of the correction factor for the delay time, at which
haon = hagn,Tom is satisfied, is listed.

2.1. Shock Formation

Shocked gas is responsible for both the breakout and the
cooling emission, and hence we begin by describing the

process of shock formation.

We first describe the accretion rate onto BHs in an AGN
disk, which is evaluated by the Bondi—-Hoyle—Lyttleton rate.
For a BH embedded in a cool AGN disk, the Bondi—-Hoyle—
Lyttleton radius (rgyr) is large and usually exceeds the scale
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height of the AGN disk (Hagn) and the Hill radius (rgy).
Accounting for the geometrical limitation of the capture regions
by the shear motion and the vertical height of the AGN disk,
the capture rate of gas by the BH is given by

) _ 2 2 2412
meHL = f Fw ' Pacn (Coacn + Ver + v/

1/2
~3 % 104 M. yrl(i) _Haon|( Ren
. 10 J\ 0.003 pc J\ 1 pc

2/3 ~1/6
PAGN MBH / MsvsH / )
4 x 1077 gem=3 )\ 10 M, 10° M,

(e.g., Tanigawa & Tanaka 2016; Choksi et al. 2023), where
pacN 18 the gas density, c;agn 1S the sound speed of the
AGN disk at the position of the BH (R = Rgy, where R is the
distance from the SMBH), vgy is the velocity of the BH with
respect to the local motion of the AGN disk, v, = ry {2 is the
shear velocity at the capture radius r, = min(rgyr, qin),
Q = (GMsygn/Rip)'/* is the angular velocity of the BH,
rn = min(ry, Hagn) is the capture height, G is the gravitational
constant, and f. ~ 10 is a normalization constant (Tanigawa &
Watanabe 2002). In the second line of Equation (1), we assume
veH < Csacn and vy < vg,. Note that ry(cZagn + vi)'/? =~
rainHagn 2 is used to derive the right-hand side, which is
approximately satisfied regardless of whether c; agn 1S larger or
smaller than vg,. By considering the reduction or enhancement
with respect to the Bondi-Hoyle-Lyttleton rate, we parameter-
ize the fraction of the accretion rate onto the BH (72) over the
Bondi-Hoyle-Lyttleton rate (rigur) by f,.. = 7it/riggL as in
Paper 1. For example, low f,.. may be predicted due to winds
from an accretion disk with a super-Eddington rate (see
Section 3.3). On the other hand, recent simulations suggest that
the conversion to wind is moderate (Kitaki et al. 2021) for
accretion flows in which the circularization radius (where gas is
circularized after being captured by a BH) is much larger than
the trapping radius (within which photons are advected to a BH
without escaping), as is the case for BHs embedded in an AGN
disk. In addition, the accretion rate onto a BH in a cavity during
the active phases is estimated to be lower by a factor of a few
compared to that without a cavity (T22).

From rapidly accreting and spinning BHs in an AGN disk, a
Blandford-Znajek jet is expected to be launched, as outlined in
Appendix Al of T22. The jet kinetic luminosity (L;) is
proportional to the mass accretion rate onto the BH (71) as

L; = nyc?, )

where ¢ is the speed of light and 7 is the jet conversion
efficiency, which is approximated by 7; ~ aB%H for a magne-
tically dominated jet (Tchekhovskoy et al. 2010; Narayan et al.
2022), agy is the dimensionless spin of the BH, and agy ~ 0.7
for the merger remnants (Abbott et al. 2023).

At a BH merger (=0, where ¢ is the time from the merger),
the jet direction is reoriented and can collide with unshocked
AGN gas in the following ways. Once two BHs merge, the BH
spin direction is reoriented if the angular momentum direction
of the merging binary is misaligned with respect to the spin
directions of the merging BHs. This is expected for mergers in
an AGN disk due to frequent binary—single interactions
(Tagawa et al. 2020a) and/or the inhomogeneity of AGN

Tagawa et al.

disks. Since the jet is injected in the direction of the BH spin, if
the jet is not aligned with the circum-BH disk due to a strong
jet power (Polko & McKinney 2017), the jet propagates in the
direction of the BH spin and can collide with AGN gas. Even if
the jet aligns with the angular momentum direction of the
circum-BH disk due to magnetic interactions, on average, the
jet can precess by interacting with magnetic fields while the
angular momentum directions of the BH spin and the circum-
BH disk are still misaligned with one other (Liska et al.
2018, 2021). Due to the precession, the jet can collide with
unshocked gas after the merger during the first precession cycle
(after that, the opening angle of the cavity becomes wider than
that of the precession). The other possibility is that once BHs
merge, a merger remnant BH receives a recoil kick in an almost
random direction due to anisotropic radiation of GWs. Then
shocks form in a circum-BH disk within <10'° cm (Tagawa
et al. 2023b), and shocked gas accretes onto the remnant with
the angular momentum direction being modified as a result of
shocks (Rossi et al. 2010). Due to magnetic interactions (Liska
et al. 2021), the jet is then aligned with the angular momentum
direction of the circum-BH disk, which is in turn misaligned
with respect to the jet direction before the merger, and the jet
can therefore collide with AGN gas.

Once the jet collides with unshocked AGN gas around a BH,
two shocks form: a forward shock propagating in the AGN disk
and a reverse shock in the jet. The region sandwiched by the
two shocks is called the jet head. In the jet collimated regime
considered in our work, the dimensionless velocity of shocked
gas in the jet head at the shock breakout is estimated as
(Bromberg et al. 2011)

L 1/5
B ~ (%) , A3

2 4.5
PAGN Toreak 00 ¢

where 6 is the opening angle of the injected jet and #,c.x is the

delay time between the production of the jet and the shock
breakout, roughly given by

3 HaoN

Toreak ~ —

5 /BFsCfCOIT
N Haon Bes) ' fcoxr)

1yr(5 X 1ol6cm)(o.1) ( 3 ) @
Here (rs ~ (7/6)5, is the dimensionless velocity of the forward
shock of the jet head, and f. is the correction factor for the
delay time due to the inclination of the jet and the geometry
of the cavity. Ignoring geometrical corrections due to the existence
of the cavity, we assume f ., = min[l/cosi, 1/6,sini], con-
sidering both the cases in which the shocked gas (cocoon)
breaking out of the AGN disk is from its head and from its sides,
where i is the angle between the jet and the angular momentum
direction of the AGN disk. With this prescription, f., ranges
between ~1 and 1/6,. Note that Equation (3) is valid for 3, < 1,
which can be rewritten as

2 4
Li <3 x 108%ergs™! PAGN Toreak (ﬁ) .
100" gem™3 J\ 1 day ) \0.2
3)

This condition is satisfied for all models in this paper
(Tables 2 and 3).
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After the shock breakout, radiation is produced. Early
emission is characterized by the breakout emission as described
in Section 2.3 and Paper I, while later emission is characterized
by the shock cooling radiation described in Section 2.2. Since
breakout emission is associated with the shock propagation,
both nonthermal and thermal emissions are expected. On the
other hand, we only consider thermal emission from shock
cooling and neglect any nonthermal emission from expanding
ejecta. The latter can also be bright if additional strong shocks
form when the ejecta collide with the interstellar medium. We
use the nonthermal component of the breakout emission and
the thermal shock cooling emission to model the flares reported
by Graham et al. (2023), since these are bright in optical bands.
Note that the peak frequency of the thermal breakout emission
from the jet head falls above the X-ray bands, which is
constrained by the duration of the flare (e.g., Equations (21)
and (27) below), and hence it cannot reproduce the optical
flares.

2.2. Shock Cooling Emission
2.2.1. Physical Model

In the shock cooling emission, photons diffuse and are
released from deep inside the shocked gas, as observed in
supernovae (Arnett 1980). To present the properties of this
emission, we first describe the evolution of the shocked gas.

At the breakout of the shocked gas at f = fiyreax, the thermal
energy of the shocked gas is roughly given by

1
epo = Emsoﬁgcz, (6)

where
Be = Bnbo (7N

is the dimensionless velocity of the shocked gas (Bromberg
et al. 2011), and mpo is the mass of the shocked gas at the
breakout and is roughly given by

mgo = 27THziGNfc30rr 9(2)pAGN7 (3)

considering the cylindrical shape of the shocked gas with the
height of Hagnfeorr and the radius of Hagnfeornfo- After the shock
passage (even before the shock breakout), the internal energy of
the shocked gas is converted to kinetic energy due to the
expansion caused by the radiation pressure. Afterward, the
shocked ejecta expands nearly spherically with velocity
Vej ~ Bec. Here, the velocity of the shocked gas (Equation (7))
is evaluated by assuming that all the energy carried by the jet is
converted into radiation pressure of the shocked gas, and the
radiation pressure then acts to accelerate the shocked gas. Note
that this analytical expression derived by Bromberg et al. (2011)
has been confirmed by numerical simulations (e.g., Mizuta &
Ioka 2013). Also note that, while we consider the emission from
the shocked AGN gas, we neglect that from the shocked jet (e.g.,
Matzner 2003; Nakar & Piran 2017; Chen et al. 2023a;
Hamidani & Ioka 2023). The latter is uncertain due to the
unconstrained fraction of mixing between the jet and the AGN
gas, and further studies would be required to understand its
observability.
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As the ejecta expands to size R, the optical depth of the
spherically expanding ejecta declines as (e.g., Nakar &
Piran 2017; Sapir & Waxman 2017)

~ RejMBO
T~ 47R? "’

where k. is the ejecta’s opacity. We adopt the Thomson
scattering opacity of xej~0.4 g cm 2 assuming ionized gas. If
the ejecta is initially optically thick, as assumed in our fiducial
model, photons deep inside the ejecta can be diffused out once
the optical depth is reduced to

©)

Tej = C/Vej (10)
at the time
oo )72
ej/""BO
Laift = , (11)
ATy
when the corresponding radius is Rgier = t4ifVej and the density
c c
Paitt = = 2" (12)
KejRaiftVej  Kejlaife Ve

Due to the adiabatic expansion, the thermal energy at the
diffusion radius is reduced by a factor of ~(Rao/Riw) ",
where v=4/3 is the adiabatic index for the radiation-pressure-
dominated gas, Rgo = (Vgo/ 47)/3 is the typical size, and Vgo
is the volume of the shocked gas at the shock breakout. Hence,
the luminosity at 7¢; = ¢/v,; is related to epo as

Lgc = =0 (13)
taitr Raire
Using Rpo in Equation (13), the unperturbed AGN density at
the position of the BH (R = Rgy) can be estimated via

R 3

diff

PaGN ™~ pdiff(—) . (14)
Rpo

Furthermore, from the AGN density, the inflow rate of the

AGN disk at R = Rgy can be calculated via

Minniow = 4TH3gx Pacn (15)

assuming an alpha viscosity with parameter «, and where (2 is
the orbital angular velocity of the BH around the SMBH. Here,
the AGN luminosity (Lagn) is related to the inflow rate as

L . .
AGN2 = MsmBH = fions Minflows (16)
nradc

where Mgypy is the accretion rate onto the SMBH, 7,4 is the
radiation efficiency, and f . = MSMBH/MinﬂOW <1 is the
fraction of the inflow rate at R = Rgy over the accretion rate
onto the SMBH.

The radiation temperature is determined as follows (see
Section 3.4 for discussions). At 7; = c/vej, the energy density
of the radiation within the ejecta shell is

_ Lscm

ey = . (17)
7 47TRdziffC

The blackbody temperature of the radiation is then given by

Typ = (uy/a)'/%, (18)
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where a is the radiation constant. Note that the radiation
pressure dominates the gas pressure at ¢ < t4; for the models
considered in this paper. Since the flares in Graham et al.
(2023) were found by the Zwicky Transient Facility (ZTF), and
the observed optical luminosity (Lyps) can be roughly estimated
as the total observed energy of the flare in the optical band
divided by the duration (provided in Table 3 of Graham et al.
2023), we pose that L,,s needs to match the luminosity in the

ZTF bands as
" / oTgg, (19)

Y 2hp3 dv
Lobs = Lsc f,, T ikt
where vy, = ¢/(400 nm) and Vgown = ¢/(700 nm) are the upper
and lower limits for the frequencies observed by the r and g
bands of the ZTF. Note that the luminosities in the r and g
bands of the ZTF are not directly derived from Equation (19).
To calculate them (panels (c) and (d) of Figure 3), we adjust the
limits of the integral in this equation to cover the frequency
range of the relevant band.

2.2.2. Derivation of Model Parameters

Using Equations (1)—(19), we can then determine the 17
quantities Bc, pacNs Rers HaGNs Lj, MIBHL foreaks €BO> MBO> Tejs
pait Reo» Rait, Uy Tp, Lsc, and Miyqow given the input
parameters, 00, faca agH, @, Tlrads fcorr, and fcons: and the
observed properties, Lops, Lagn, and fqir. For example,
combining Equations (1)—(16), the velocity of the shocked
gas is calculated as

43 102,,2 42 J
8. = 327rfjet/BHLfconsAC G “mpp st OMyaq , 20)

3 4 6
OLAGNLsCFeif core

where fie/BHL = ffacc?j 1S @ parameter related to the jet power, and
A and 6 are variables depending on the velocity of the shocked
gas. For 8./0p < 1, A = (35/18)°0,> and 6 = 1/2, and otherwise
(as long as the jet is in the collimated regime), A = 6y and 6 = 1/8.
To determine 3. using Equation (20), Lsc needs to be derived
using Equations (17)—(19). To consistently solve these equations,
we calculate 3, in an iterative way using Newton’s method. Then,
by incorporating (3, into Equations (1)—(19), the other parameters
can also be determined.

We further adjust fie; /gL S0 that the scale height of the AGN
disk is equal to the height expected for the Shakura—Sunyaev
disk, given a. Such disk structure is expected to be realized in
regimes where the Toomre parameter (Equation (22)) becomes
greater than 1.

2.3. Breakout Emission
2.3.1. Physical Model

Long before photons deep inside the ejecta escape
(t ~ tyreax + Laifr), at around the time that the shock arrives at
the surface of the ejecta (¢ ~ fyeqx), bright breakout emission is
released. Since breakout emission of the jet head is associated
with the shock propagation, both nonthermal and thermal
emission are expected. Such nonthermal emission can explain
the optical flares found by Graham et al. (2020), as investigated
in Paper L. In the following, we describe how to reconstruct the
model properties for the breakout emission.
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Photons inside the shock start to diffuse out from the AGN disk
and the breakout emission begins to be released when the photon
diffusion time from the shock front, #gisn ~ dezdge Ksh PAGN / c,
becomes equal to the dynamical timescale of the shock,
tayn.edge ~ Gedge/ FrsC, Where degee is the thickness of the AGN
disk above the shock, and kg, is the opacity of the shocked gas. By
equating these timescales, the thickness at the breakout is given by
deggego~ 1 /(Besksnpacn)s and the duration of the emission from
a breakout shell is

taittBo ~ 1/(BEsChsh pagn)
-1
Brs )2 PAGN
~3yr| == , 21
Y (0.1 1 x 107" gcem™3 e

where we adopt rg, ~ 0.4 g cm™ considering the ionization of
gas by photons released from the shocks (Nakar & Sari 2010).

If we assume that the AGN disk is gravitationally unstable at
the position of the BH, which is expected for the delay time and
the duration of the flares (Paper I), the density of the AGN disk
is related to the position of the BH through (e.g., Thompson
et al. 2005)

Qz
———=0=~1, (22)
V27 GPacN
where Q is the Toomre parameter. Note that AGN disks at the
BH positions are predicted to be Toomre unstable (Table 2;
e.g., Haiman et al. 2009).

2.3.2. Derivation of Model Parameters

Using Equations (1)—(4) and (21)—(22), we can determine the
six variables (3, pagns Reus Hacn, Lj, and ritgpy, given 0y, foce,
and 7);. For example, the velocity of the jet head is calculated by

5(7/6)4/3f m2/3G1/2(cmhIdifﬂBO )1/6 /11
jet/BHL 7BH -
Bn = . (23)

5/3 4 2
3%/ féorr tbreakoOC

Then, by incorporating (3, into Equations (1)-(4) and (21)—
(22), the other parameters can also be determined.

In the case of breakout emission, Rgy is found to be large
(Section 3.2). At such large scales, efficient transfer of angular
momentum of the AGN gas is required for SMBH accretion
(Thompson et al. 2005). Following Thompson et al. (2005), we
assume that the inflow rate of the AGN disk is parameterized
by

Misstow = 4TRerHAGN PG SU1. (24)

2.4. Evolution

In this section, we describe the evolution of the luminosity
and temperature for thermal emission from the shocked gas in
the breakout and shock cooling emission phases. Referring to
previous studies (Arnett 1980; Nakar & Sari 2010; Piro et al.
2021; Morag et al. 2023), we assume that the luminosity
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evolves as

0 for t' <0,
1 for 0 St <ty

. —4/3
— for ty < t' S tophs
tp|

—4/3 / ’3(21"21897;21)
L") ~ B2 (ih) (f_) (25)

tdyn s pl 11 sph

for ton < ¢ < taifr,

5]
xp| —=|5— —1
2\ tir

for taigr < ',

fayn Rpo

Laitr Raife

where t' =t — fyrear, tpi = 1 / (620/@4 Pagn) 1s the duration of
emission from a breakout shell in the shocked gas, #,,n =~ Rpo/fcc
is the transition between the planar and spherical geometries of the
breakout shell, z4y, = H, 'aGN/ Bcc is the dynamical timescale, and n
is the power-law slope of the vertical AGN gas density profile at
the height at which photons begin to break out. The second and
third rows correspond to the luminosity in the planar phase (before
the shocked gas doubles its radius by expansion) for the breakout
emission, the fourth row corresponds to that in a spherical phase
(after the shocked gas doubles and before the shock cooling
emission phase), and the fifth row corresponds to that in a shock
cooling emission phase.

Similarly following previous studies, we assume that the
temperature evolves as

(1 for 0 St <ty

2 9n+5

t T 31749
— for ty < t' S tophs

17n+9 t/ nr
- (26)
tsph

for tspn < 1/ < taists

—1,2
T: t/2
BB (— -1 for taigr < ',
Tsso\ 2

BB,0 \ Zdifr

1 =
T(t") ~ Tgpoq | =

where
Tipo = (TpagnBec?/2a)' 7 27)

is the blackbody temperature of the breakout shell, nt is the
power-law index for the temperature evolution in the spherical
phase, and np = —(18.48n 4 20.69n + 6)/[(1.19n + 1)(22.32n +
17)] for an expanding spherical ejecta (Nakar & Sari 2010). The
validity of these analytical formulae has been tested by recent
numerical simulations (e.g., Piro et al. 2021; Morag et al. 2023).

Since Equations (25) and (26) are formulae for an expanding
ejecta with a spherically symmetric evolution, some modifica-
tions are required in the cases of emission from an expanding
ejecta with a cylindrical shape like a cocoon (shocked gas),
especially at around the transition between the planar and
spherical phases. For simplicity, we determine n and nr so that
the luminosity and the temperature smoothly evolve at
t' = tgife, respectively.
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2.5. Parameters

In this section, we describe the fiducial values for the model
parameters and the observed properties of the flares used in the
modelings.

As fiducial values, we set the opening angle of the injected
jetto 8o =0.2 (e.g., Hada et al. 2013; Berger 2014; Hada et al.
2018), the radiation efficiency to 7., =0.1, the correction
factor for the delay time to f.orr = 3 (Which roughly corresponds
to the median value considering the cavity with the aspect ratio
of ~1 and isotropic jet directions), the consumption fraction of
the inflow rate to f.,ns =1, the alpha-viscous parameter to
o =0.1, and the angular momentum transfer parameter in the
outer regions of the AGN disk to m = 0.1. For the computation
of the shock cooling emission, we adjust the value of
Siet/BHL = fofacet)j SO that the scale height of the AGN disk is
equal to the height expected for the Shakura—Sunyaev disk
(Section 2.2), while for the breakout emission, we set it to
SietypuL = 10 assuming f. = 10 (Tanigawa & Watanabe 2002),
7;=0.5, and f,.c =2 considering moderate enhancement of
accretion due to shocks caused by recoil kicks (Appendix B of
Tagawa et al. 2023b).

‘When modeling the flares with breakout emission, we assume
that the flare duration (f3urai0n) COrresponds to the exponential
decay time (f.) in Graham et al. (2023). To derive the delay time
(taclay), We identify the day on which the flare luminosity peaks
using digitizer.” Due to the difficulty of identifying the peak,
Idelay CONtains uncertainties. We adopt Mgy and mpy from
Tables 3 and 4 of Graham et al. (2023). The optical luminosity
is derived by means of the total observed energy in the optical
band divided by the sum of the rise time (z,) and the decay time
(t,) presented in Graham et al. (2023). We calculate the
luminosity of the AGNs (Lagn) by inferring the flux of the
AGNs at ~4000 A from Figure 6 of Graham et al. (2023) and
estimating the luminosity distance from the redshift of the GW
events assuming a value for the Hubble constant of
67.8kms ™' Mpc ! for the matter density today of 0.24 and
for the cosmological constant today of 0.74 (Planck Collabora-
tion et al. 2016) and adopting a bolometric correction factor of
5 (Duras et al. 2020). The values for the observed quantities
adopted in this paper are listed in Table 1. Note that the delay
time (fgelay) coOrresponds to fyreq, and the duration of a flare
(Tauration) corresponds to Zgits o-

Conversely, when modeling the flares with shock cooling
emission, we assume that the duration of a flare (Z3uration)
corresponds to 74;¢r. The delay time between a GW event and an
optical flare (fgelay) is also on the order of ~fg given
Tpreak <K Laigr, While we do not use the delay time (Zgeiay) tO
constrain the model parameters. Note that the Zgeiay ~ Zduration
expected in this scenario is roughly consistent with the
properties of the observed flares (Table 1). We assume that
the observed optical luminosity of the flare (L,p) corresponds to
the luminosity in the ZTF bands (Lgps)-

We note that in our model, the physical properties are
uniquely determined. This is because we fixed several input
parameters as detailed above, and we do not directly use the
observational data points for parameter fitting. If instead we
allowed the input parameters to vary, we would introduce
degeneracies among several input parameters. The variations of
the values of the fixed input parameters can affect the physical
properties of the model, especially in the breakout emission

? https: //automeris.io/ WebPlotDigitizer /
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Figure 2. The SEDs for shock cooling (orange) and preceding breakout emission (blue) from shocked gas in the shock cooling emission scenario for pairs 1-12 (left
panel) and those for thermal breakout emission (brown) from a jet head in the breakout emission scenario (right panel) assuming a luminosity distance of d;, = 3 Gpc.
The SEDs for the nonthermal emission are drawn for the model adopted in Figure 5 of Paper I as a representative example. The dotted blue, purple, red, light green,
dark green, and gray lines mark the sensitivity of ZTF, HiZ-GUNDAM and Einstein Probe, Chandra and XMM-Newton, NuSTAR, ULTRASAT, the Vera Rubin
Observatory, and Roman Space Telescope, and Swift BAT, respectively, as adopted in Paper 1. The vertical cyan lines present the g and r bands of ZTF. Note that the
shock cooling emission is too dim (<1077 erg s~ cm™2) in the breakout emission scenario to be visible in the right panel.

scenario, while affecting them less in the shock cooling
emission scenario (see Sections 4.1 and 4.2). We believe that
such simple prescriptions are useful to understand the typical
properties expected from the model and consider possible tests
of the model below.

3. Results and Discussions
3.1. Shock Cooling Emission

Table 1 shows the list of possible pairs of associations between
the GW events and the electromagnetic flares reported in Graham
et al. (2023), along with their observed properties. Seven
electromagnetic flares and 12 pairs for the possible associations
are reported. The number of pairs (12) is larger than that of the
flares (7), because some flares can be associated with more than
one GW event. Hence, at least five pairs are false associations.
Note that in this paper we do not analyze the two gamma-ray flares
possibly associated with GW events due to their significantly
different properties (Bagoly et al. 2016; Connaughton et al. 2016),
while they can be explained by the thermal breakout emission from
the jet head in relativistic regimes (Tagawa et al. 2023b).

Table 2 shows the distribution of the model parameters when
the properties of the observed flares (Table 1) are modeled with
shock cooling emission.

The parameter fic/gur. is widely distributed depending on the
pairs. fie,/gur. ~ 1-10 in pairs 4, 11, and 12 is roughly expected
for the Bondi-Hoyle-Lyttleton accretion, while fio(/paL ~
10-60 in pairs 1-3, 5, and 7-10 can be realized by the
enhancement of accretion by shocks due to recoil kicks at
merger (Paper I). However, fio;/gur ~ 3000 in pair 6 is difficult
to realize, since only up to fie;/gur < 300 is found to be feasible
by considering the radial surface density profile of a circum-BH
disk and appealing to the results of numerical simulations (see
Appendix B of Paper I). On the other hand, even for pair 6, if
we adopt feorr ~ 1, fieypur is reduced to ~300. This is
presumably because both a high accretion rate and a low
inclination have similar influences on the breakout velocity,
and most parameters are mainly characterized by the magnitude

of the breakout velocity. Due to the variation of f,,, (between
~1 and 1/6p) and the degeneracy between f, and Siet/BHL, the
cooling model is poorly constrained or tested by the value of
jget/BHb

The parameter Rgy ranges between 0.06 and 0.3 pc,
corresponding to 9006 X 10* R,, where R, = GMSMBH/C2 is
the gravitational radius of the SMBH. These locations roughly
correspond to migration traps, gap-forming regions, and/or
slow migration regions, where BH mergers are predicted to be
frequent (Bellovary et al. 2016; Tagawa et al. 2020b).

The orange lines in the left panel of Figure 2 show
the spectral energy distributions (SEDs) for pairs 1-12. The
radiation temperature ranges between Tgg = 9200 and 20,000 K,
corresponding to the peak wavelength A,eu = ch/(3kgTgp) =
240-520 nm, where & is the Planck constant and kg is the
Boltzmann constant. Also, the various colors observed in the
optical flares (Figure 3 of Graham et al. 2023) can be reproduced
depending on the variation of the radiation temperature with
changing some input parameters, such as the direction of the jet
(i). For example, if we set i = 0° (the jet being perpendicular to
the AGN disk plane) by using derived values for pagn, Rgn, and
Hagn and the observed parameters (mpy and Mgypp), the
radiation temperature of the flares is enhanced by a factor of
~1.7. This is because for i = 0°, the shocked mass becomes low,
and then photons can escape from an earlier phase when the
radiation temperature is higher. Thus, the variety of colors can be
reproduced if there are temperature variations in the thermal
emission. For synchrotron emission (whose possible contribution
to the flares is discussed in Section 3.2), the color is related to the
power-law slope of the injected electrons accelerated by the first-
order Fermi process (p) as vL, o 7 +2/2 and p is presumably
distributed in a narrow range for the same phenomena (Panaitescu
& Kumar 2001). On the other hand, various values for the color
can be realized if the breaks of the power laws in the SEDs
coincidentally fall at around the ZTF bands (see the black line in
the right panel of Figure 2). Note that the distribution of the colors
is currently uncertain due to the shift in the baseline of the flux
and the contribution from the background AGN emission in
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Figure 3 of Graham et al. (2023). If the color is actually
distributed in a wide range, the flares are then easier to model by
thermal shock cooling emission rather than by nonthermal
breakout emission. In addition, the model can be also
discriminated by constraining the spectral shape of the emission.
This can be done by simultaneously observing the flares with the
ZTF, the Vera Rubin Observatory (Ivezic et al. 2019), the Roman
Space Telescope (Spergel et al. 2015), and the Ultraviolet
Transient Astronomy Satellite (ULTRASAT; Shvartzvald et al.
2024; Figure 2) in the future.

We also predict breakout emission from the shocked gas
preceding the shock cooling emission (this is the emission from
the shocked gas, which is different from the emission from the
jet head discussed in Section 3.2). The duration of the breakout
emission from the shocked gas,

1
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is distributed in the range fggrcpo~ 10-10°s (the rightmost
column of Table 2), and the temperature (Equation (27)) is in the
range 2 x 10°-2 x 10° K (blue lines in the left panel of Figure 2).
Although the duration of the breakout emission is shorter than
than that of the shock cooling emission, it could be detected by
future X-ray surveys, such as HiZ-GUNDAM (Yonetoku et al.
2020) and/or the Einstein Probe (Yuan & Narayan 2014).

Figures 3(a) and (b) show the evolution of the luminosity
and the temperature of emission for pairs 1, 5, and 11. We
chose pair 1 as a fiducial example, pair 5 as an event with small
mpy, and pair 11 as the one with long f4uraion. The lines are
drawn until the phase at which 7.;=1 is satisfied, since our
model for thermal emission is not valid when 7 <1. In
panel (b) we also indicate, by drawing a line, the region below
which the evolution of the properties predicted by our model
becomes inaccurate due to the fact that recombination becomes
effective (e.g., Morag et al. 2023).

106 (b)
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1.0 @ .

0.5

-1.01 7
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Figure 3. The evolution of the luminosity (panel (a)), temperature (panel (b)), apparent magnitude in the g (m,, blue) and r (m,, red) bands and AB magnitude at a
near-ultraviolet band (260 nm, black; panel (c)), and the color (m, — m,, panel (d)) for thermal emission in the shock cooling emission model for pairs 1 (solid), 5
(dashed), and 11 (dotted). We present pairs 1, 5, and 11 as a fiducial, a smaller mpy, and a longer fguragon Case, respectively, among which evolution timescales are
derived to be different. Lines are drawn until 7; = 1, after which our model is invalid. In panel (b), the temperature below which recombination becomes effective and
the lightcurve becomes inaccurate (e.g., Morag et al. 2023) is indicated with an orange dotted—dashed line.
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For the smaller mpy case (dashed lines in Figure 3), the
timescale for the breakout emission of the shocked gas (z,)) is
longer. This is because L; is lower due to the lower Bondi-
Hoyle-Lyttleton rate (Equations (1) and (2)), and (3, tends to be
lower for lower L; (Equations (3) and (20)). To reproduce Zgjs,
pagn needs to be lower for lower (. (Equation (11)). Due to the
low (. and pagn (Table 2), the breakout timescale of the
shocked gas (¢, o< B;ngéN) becomes longer. In such a case,
since photons diffuse out from the shocked gas earlier,
adiabatic expansion is inefficient, leading to a higher
temperature.

For the longer f4uration model (dotted lines in Figure 3), the
evolution of the luminosity is slower in the shock cooling
regime (l‘l Z taitr)-

3.2. Breakout Emission

Table 3 shows the parameters of the breakout emission model
reproducing the properties of the observed flares. In this model,
the parameters are distributed in narrow ranges. The mergers are
predicted to occur at Rgy ~ 1-10pc, the shock velocity ranges
within (3, ~0.3-0.4, the disk aspect ratio at Rgy ranges within
haon = Hagn/Reu ~ 0.001-0.02, the fraction of the optical
luminosity to the kinematic power of the shock is around
Lop/L; ~0.02-1, the fraction of the distance from the SMBH to
the size of the nuclear star cluster (Rysc) ranges within
Rgn/Rnsc ~ 0.2-0.7 assuming the empirical relation of Rysc =
8.3 pc(Msypr/3.1 x 103 M.)*13* (Kormendy & Hox 2013;
Scott & Graham 2013; Georgiev et al. 2016), and the inflow rate
of an AGN disk in units of the Eddington rate varies within
Mnﬂow/MEdd ~ 0.004 — 1.2, where MEdd = LEdd/Cznrad with a
radiative efficiency of 7,9=0.1 and Lgyq is the Eddington
luminosity of the SMBH.

We find that the optical luminosity of the flare is lower than
the kinetic power of the jet (fop/kin<1) for all the pairs
(Table 3). Considering the bolometric correction of the
breakout emission in the optical band (~10; Paper I), our
scenario demands f,p /kin S 0.1. For the pairs that do not satisfy
this condition, we need to use fie;/prar > 10. Note that a higher
value (fiei/BHL < 100) is possible by considering the enhance-
ment of the accretion rate due to shocks caused by recoil kicks
at merger (Appendix B of Paper I).

In the right panel of Figure 2, the SEDs for thermal emission
from the breakout of the jet head for pairs 1-12 are d1splayed
As they are bright at ~10'"-10"? Hz and the duration is long
(>10 s), they can be observed by X-ray telescopes, such as the
Swift X-ray Telescope (Burrows et al. 2005), Chandra, XMM-
Newton (Jansen et al. 2001), and the Nuclear Spectroscopic
Telescope Array (NuSTAR; Harrison et al. 2013). Note that the
shock Coohng emission associated w1th the breakout emission
in all the pairs is so dim (< 10* erg s ") that it is buried within
the AGN variability.

The derived values of Rpy/Rnsc~ 0.2-0.7 ~1-8 pc are
much larger than in the shock cooling case. The different
locations are driven by the phases of the emission. In our
model, the duration of the flares corresponds to the timescale at
which the diffusion timescale is equal to the dynamical
timescale (e.g., Equations (12) and (21) for the shock cooling
and breakout emission cases, respectively). This timescale is
inversely proportional to the density of the ejecta or the AGN
disk, as well as to the square of the velocity of the ejecta or the
shocks in the shock cooling and breakout emission scenarios,
respectively. As a result, since the velocities are typically

11
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comparable (Tables 2 and 3), the density of the AGN disk in
the breakout emission scenario must be similar to the density of
the ejecta in the shock cooling emission scenario in order to
reproduce the duration of the flares. Additionally, in the shock
cooling emission scenario, the density of the ejecta is much
lower than the local AGN density due to adiabatic expansion
(Equation (14)). Thus, the AGN density is typically much
lower in the breakout emission scenario; therefore, the distance
from the SMBH needs to be larger. These larger distances are
consistent with the scenario that BHs in nuclear star clusters are
captured by AGN disks and merge with one another. Here, the
migration timescale of objects in AGN disks around massive
SMBHs as inferred for the flaring AGNs (Table 1) is so long
that migration before BH mergers is less expected.

To check whether the values derived for the aspect ratio
(hagn) are plausible, we calculate the aspect ratio of the AGN
disk (hagn.TQm) adopting the model in Thompson et al. (2005),
using Rgy, Msmpa, Minflow, and m. We find that the values of
hacnToMm are roughly comparable to hagn Within a factor of
~?2 (ninth column of Table 3). Such moderate differences could
arise due to the variation of f,,,, reflecting the variation of the
inclination of the jets. In Table 3, we list f.., at which
hAGN JTQM — hAGN This shows that hAGN TQM*hAGN is
satisfied by reasonable values for f, around ~3-5.

By comparing Lagn/Lgqq in Table 1 and Minsiow/Mgaa in
Table 3, we can determine the value of m at which
LAGN/LEdd = Mnﬂow/MEdd as Mnﬂow o m. For pairs 11 and
12, m >3 is required to satisfy Lagn/Leda < Minfiow/Mgaga. In
the other pairs (1-10), m can be as low as >0.003-0.5 to
satisfy this condition. We presume that m <1 is acceptable
(e.g., Hopkins & Quataert 2010; Begelman & Armitage 2023;
Begelman & Silk 2023), although there are no studies
constraining the possible ranges of m as far as we know. Note
that the inflow rate at parsec scales can be much higher than the
accretion rate onto the central SMBH (e.g., Izumi et al. 2023),
since a large fraction of gas is possibly consumed by star
formation and outflows, as predicted in Blandford & Begelman
(1999) Thompson et al. (2005), and Collin & Zahn (2008). Then
Mipfiow/ MEaq is allowed to be much larger than Lagn/Lgqq, and
the required value of m is enhanced. Hence, pairs 11 and 12 are
not well explained by breakout emission due to the required high
values of m. On the other hand, it is not clear whether AGN disks
are usually in steady state, which might complicate the
comparison between the inflow rate and the AGN luminosity.

3.3. Growth of Stellar-mass BHs Implied by Bright Flares

In the following, we examine whether BHs are able to merge
before they grow significantly in mass. This is an important
issue because highly super-Eddington jet luminosities, and
accordingly high accretion rates, are required to explain the
properties of the observed flares. For pair 1 in the shock cooling
emission scenario, the growth timescale of the BH is as short as
~50 yr(mgy /100 Mc) (fio. /15)(L;/10 erg s)~!, assuming that
the accretion rate is enhanced by a factor of f,.. = 15 (Tagawa
et al. 2023b) only after mergers. Since the BH typically spends
several Myr within an AGN disk before undergoing a merger
(Tagawa et al. 2020b), the growth timescale needs to be as high
as 210 Myr to avoid significant growth of the BHs in mass.

One possibility to enhance the growth timescale by several
orders of magnitude is a low duty cycle for the accretion
phases. This is expected due to the formation of a cavity
created by the jet launched from the BH. We analyze this effect
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following T22 (see their Sections 3.4-3.6), using the
parameters listed in Tables 1, 2, and 3, by assuming 7; = 0.1
and fcc = 0.3 (T22) and setting the BH mass to be the mass of
the primary BH before merger (85 M, for pair 1). With these,
the growth timescales for the shock cooling emission and the
breakout emission scenarios for pairs 1-12 are estimated to be
(2,1,2,08,6,0.3,4,4,0.1,0.1, 0.1, 0.07) x 10°yr and (2, 3,
3,3,1,1,1,1,2,2,3,3) X 10* yr, respectively. Note that the
duty cycle is much shorter for the shock cooling emission
scenario compared to those for the breakout emission scenario.
This is because in the shock cooling emission scenario, due to
the shorter distance from the SMBH, the (Bondi-like) gas capture
rate by the stellar-mass BH is low, and accordingly, the density
and ram pressure of the circumbinary disk are low. In addition,
due to the short breakout timescale, the velocity and ram pressure
of the cocoon are high. These enhance the ejection of
circumbinary disks and shorten the duty cycle. In any case,
these timescales are still not long enough to sufficiently suppress
the growth. Furthermore, such a low duty cycle would reduce the
probability for mergers to accompany electromagnetic flares,
since BHs need to be active at the time of the mergers for the
association between the flares with the GWs. Finally, jets and
flares are not produced efficiently by gas capture due to entering
fresh AGN gas by GW recoil kicks (Graham et al. 2020), since
the angular momentum of the captured gas is so low in our cases
(Ruffert & Anzer 1995) that the gas directly accretes onto the
BH. Hence, this low duty cycle is unlikely to explain either the
bright flares or the growth problem.

An alternative scenario involves amplifying the accretion
rate associated with mergers. The sustainability of super-
Eddington accretion over an extended period remains an
unresolved question, with uncertainties surrounding whether
accretion is capped near the Eddington rate due to factors
such as wind mass loss, as in the adiabatic inflow-outflow
solutions (ADIOS; Blandford & Begelman 1999). By
analyzing tidal disruption events and X-ray binaries, Begel-
man & Volonteri (2017) suggested that the accretion process
is significantly modified by whether the radius at which gas
circularizes (r¢) is larger than the (spherical) photon
trapping radius (ryap). When rejpc > rirap, Winds or outflows
are launched from wide ranges of radii and solid angles
within 7y,p, and the accretion rate is capped at around the
Eddington accretion rate as in the ADIOS. On the other hand,
when 7 < Fap, the winds can escape from the BH only
through narrow ranges of radii and solid angles due to the
existence of a weakly bound envelope, which is called a zero-
Bernoulli accretion (ZEBRA) flow (Coughlin & Begel-
man 2014). Then, the mass loss becomes weak, and a
super-Eddington accretion is realized.

In our model, circum-BH disks before and after mergers
correspond to the former and the latter cases, respectively.
Before mergers, r. . 1s estimated to be ~rygifiic~
8 x 10" cm(Rpy/0.1 pc)  [(mpn/Msmpn)/10~°1/3 (£, /0.4),
where ry;; is the Hill radius and f;,. is a factor estimated to
be ~0.1-04 (e.g., Tanigawa et al. 2012). Also, rysp~
10" cm [(Li/Nfiet/r)/3 X 10*ergs™'] assuming that the
inflow rate at ~rg,, is enhanced after mergers by a factor of
fietysrL due to shocks produced by GW recoil kicks (Tagawa
et al. 2023b). Hence, 7cire > Fiuap i satisfied, and the accretion
rate is significantly reduced in the ADIOS state as far as
L/ Opfierypin) S 2 x 10¥erg s ™ (reige/8 x 10 cm).
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On the other hand, after mergers, angular momentum
transfer efficiently occurs in circum-BH disks at = ry ~
10"3 cm (mpy/100 M) (Viie /300 km s~1~2 from the BH due
to shocks produced by GW recoil kicks, where
ry, = Gmgy/ szick and vy is the recoil kick velocity due to
GW radiation. Then, the shocked gas is circularized at <r,
(Rossi et al. 2010). Thus, after mergers, 7eirc < Fiap 18 satisfied
in both emission scenarios, and super-Eddington accretion is
realized due to the transition from the ADIOS to the ZEBRA
flow. In this way, both the growth problem and the luminous
flares implied in Graham et al. (2023) can be resolved.

Note that also in the ADIOS/ZEBRA prescription, a cavity
is expected to form, and jet reorientation is therefore a
necessary ingredient to produce electromagnetic flares accom-
panying GW events. Since the ram pressure of the wind is
higher than the gas pressure of the AGN gas by a factor of 10
at the scale height of the AGN disk in both emission scenarios,
we assume that a cavity forms around the BHs. On the other
hand, the duty cycle of accretion phases would be high due to
the weak ejection of circum-BH disks by the wind. This is
because the wind is less decelerated by the AGN gas and is
anisotropically launched. Then, the wind does not significantly
erode the circum-BH disk (unlike the cocoon in T22). Due to
the presence of the cavity, the jet reorientation is required to
produce electromagnetic emission associated with mergers as
depicted in Figure 1. Also note that although the super-
Eddington accretion is assumed to always be established in the
fiducial model (Section 2.1), the model in this paper also
applies to the ADIOS/ZEBRA prescription.

Although we have focused on the interactions between the
jet and AGN gas, those between the jet and the wind and
between the jet and the circumbinary disk can also reproduce
the properties of the optical (Graham et al. 2023) and gamma-
ray (Connaughton et al. 2016; Tagawa et al. 2023b) flares,
respectively, by assuming values for the parameters similar to
those adopted in the shock cooling emission scenario (Table 2).
It would be useful to further investigate these possibilities in
the future.

3.4. Thermalization

Here, we discuss the validity of adopting the blackbody
temperature in Equation (18). According to Equation (10) of
Nakar & Sari (2010), to establish thermal equilibrium at the
shock breakout in the shock cooling emission scenario
(Table 2), the number of photons produced by free—free
emission is insufficient by a factor of ~10-400 (except for
pair 6 by a factor of ~3000). On the other hand, the blackbody
temperature of the shocked gas at the shock breakout is so low
(~105 -10° K) that bound—free emission produces more
photons by a factor of >100-3000 at ~3 Z. compared to
free—free emission (Sutherland & Dopita 1993). This factor
further increases for higher-metallicity AGNs (Xu et al. 2018).
Even though the breakout emission is not thermalized, since
deeper shells of the shocked gas have more time (by a factor of
~10-3000) to create photons until the breakout, thermalization
is expected in the shock cooling emission phase. For these
reasons, we assume that a blackbody distribution is achieved
for the emission in the shock cooling emission scenario.
However, the assessment of the validity of this assumption,
especially for high 3. cases such as pair 6, may need further
investigation.
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In the breakout emission scenario (Table 3), the blackbody
temperature of the shocked gas is much higher due to the lower
AGN density and the higher shock velocity. Then, bound—free
emission is less dominant, and the emission in the breakout
emission phase tends to be out of thermal equilibrium. In this
scenario, we determine the radiation temperature (right panel of
Figure 2) using the fitting formula derived in Equation (25) of
Sapir et al. (2013), in which bound—free emission is not
considered.

4. Tests of the Model

In the following, we discuss how our model can be tested by
examining the distribution expected for the observable proper-
ties. From Sections 3.1 and 3.2, we see that values for each
model parameter are distributed in a narrow range (Tables 2
and 3). We discuss whether this is because flares originating
from merging BHs tend to have well-defined characteristic
properties or because of observational selection effects in the
way the search was conducted by Graham et al. (2023). Flares
were searched with specific ranges of parameters, in particular
with the rise time within 5-100 days, the decay time within
10-200 days, and the delay time from the GW detection in the
interval of 0-200 days.

In order for electromagnetic flares to be found in association
with BH mergers, BHs typically need to merge in bright AGNs.
This is because most BH mergers reported by LIGO/Virgo/
KAGRA are found to merge at luminosity distances of several
Gpc (Abbott et al. 2021). At such large distances, AGNs are
easily missed unless they are bright. Indeed, the host SMBH
masses for the flares reported by Graham et al. (2023) are
>10% M., hence so massive that AGNs are rarely missed in
AGN searches at the distances of the GW events. Also,
assuming a luminosity distance of di ~ 3 Gpc, an SMBH mass
of 10% M., an Eddington ratio of ~1, a bolometric correction of
5, and a fraction of the variable luminosity compared to the
average luminosity of 0.1, the flux of variable flares in the
AGN is ~2 x 10 2 ergs ™' cm™2, which falls just above the
sensitivity of ZTF ~ 10 " ergs™' cm™2 Conversely, it is
difficult to find flares associated with BH mergers occurring in
AGNs around less massive SMBHs through surveys for AGN
variability.

We next estimate the detection rate of electromagnetic flares
associated with BH mergers based on our scenario. If BH
mergers actually produce electromagnetic flares as found in
Graham et al. (2023), the rate of such flares is comparable to or
less than the rate of BH mergers (~0(10)Gpc‘3yr_1). If flares
within <3 Gpc are observable by the ZTF and all merging BHs
produce electromagnetic flares, up to Nggp 3gpe ~ 300 flares
associated with BH mergers can be detected per year. On the
other hand, we have estimated that a small fraction of BH
mergers (fem/BBH < 0.02) could accompany detectable electro-
magnetic flares in our model (see Section 4.1 in Paper I for
discussions). Then, the seven flares discovered by Graham
et al. (2023) are roughly consistent with the number of flares
expected during LIGO/Virgo/KAGRA O3, which is estimated
as Nem/Gw,03 ~ Negu,3Gp/Em/BBHIO3 S 10, Where fo3 ~ 1.1 is
the duration of the O3 operation in units of years. Constraints
on the frequency of flares, whose properties can be explained
by emission from BHs, are hence useful to test our model.
Here, note that dimmer, more frequent flares would be
contributed by solitary BHs (Tagawa et al. 2023c).
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4.1. Shock Cooling Emission

From Table 2, we note that there are moderate variations in
Rpy and Tgp in the shock cooling emission scenario. To
consider a possible test of this model, we discuss its
dependence on the observed properties and the range of these
properties for which the shock cooling emission scenario is
inconsistent. If there are events with high or low Tgg,
extremely large or small Rpy, or Rpo/Rgir > 1, such flares
are inconsistent with the shock cooling emission scenario.
However, the dependence of the variables Tgg, Ry, and
Rpo/Raige on the ratio of the observed parameters (Lagn, Lobss
mpn, Msmpn, and fgi¢r) over the adjustment parameters (feor
and fie L) is similar to the dependence of Hagn /Rgy on the
same ratio. For example, for 8./60y < 1, Hygn/Rpn depends on
the observed properties as

4/372 5 70n2/3 r9
Haon 9*3LiaNLobs Kei00"” frpse
T h4/34, 704 2 19,22 A4/333
RBH 204 ﬂ-fjf:t/BHLfCOHSC @ nradA G
1
X 3,13 16,3
mgiy” Mgiigul it

t—16/3
delay

-8/3

-4
Mgy ;

5 72 9
X LgpsLagn Jeorr fiet/BHL -

(29)
and Tgp depends as
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@m) B2 B s fans P PGY
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Then, if we adjust feorr and fie/pur SO that Hagn/Rpy is
consistent with a Shakura—Sunyaev disk, these parameters
(Tgs, Ren, and Rpo/Ryir) also fall in a range of possible values
(similar values to those derived in Table 2), even if events with
wide ranges of observed parameters (Lagn, Lobs, "BH> MsMBH»
and #4;¢) are observed. Thus, in this model, once Hagn/Rpy is
adjusted to the value expected in the Shakura—Sunyaev model,
Tgg, Rpn, and Rpo/Rgr are then characterized by realistic
values, and the distribution of the observables becomes difficult
to use as a further test of the model.

An interesting test of the model is the correlation between
the delay time and the duration of the flare. This is because the
delay time is comparable to the duration of a flare as long as
taifr > toreak, Which is satisfied in pairs 1-12 (Table 2). To
constrain the correlation coefficient, e.g., with an uncertainty of
<0.3 by the 95th percentile, =250 events need to be observed.
Hence, more events will be very helpful as further diagnostics.
Note that half of the pairs reported by Graham et al. (2023) are
unreal, as a flare is associated with a few GW events; hence, we
need to derive the correlation excluding the influence from
false associations. Also, we derived the delay time using
digitizer. In addition, the time dependence of the luminosity
assumed by Graham et al. (2023) is different from that
expected in the shock cooling emission. Thus, both the delay
time and the duration suffer from significant uncertainties. If
these timescales can be well constrained, the model can be
tested for each event by comparing the delay time and the
duration.
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Another possible test is the detection of the breakout
emission from the shocked gas preceding the shock cooling
emission. In pairs 1-12, the duration and temperature of the
breakout emission from the shocked gas range in the intervals
~10-10" s and 0.4-5 keV; thus, wide-field X-ray surveys, such
as Einstein Probe (Yuan et al. 2015) and HiZ-GUNDAM
(Yonetoku et al. 2020), will be useful to detect the early
breakout emission (left panel of Figure 2). Assuming that the
luminosity of the breakout emission is similar in magnitude to
the jet power, the detectable distance is estimated to be

L 1/2 K ~1/2
~1Gpe ! = NE
P (1046 erg sl) (1011 erg s~ cm™? ©1

where F, is the sensitivity of the facility. Here, the closest
distance among the flares discovered by Graham et al. (2023) is
~Gpc. Since the duration of the breakout emission from the
shocked gas is ~10-10° s in pairs 1-12 and the sensitivity of
Einstein Probe (Yuan et al. 2015) and HiZ-GUNDAM is
Foen ~ 10! erg s 'em ™2 for tint ™~ 10*s, events at the lumin-
osity distance of ~Gpc can be detected if L; 2 10%ergs ' If
both the breakout emission and the shock cooling emission are
detected from the same AGN, it can be a robust test of this
model.

It is notable that in the shock cooling model, the color keeps
evolving to redder in all pairs (Figure 3(d)). The m, —m,
evolves by ~0.4 in 50 days. Such mild evolution of the color
can be a strong test of this model. On the other hand, for
nonthermal emission from the breakout of the jet head, the
color is expected to be unchanged. Note that the colors are
presented for pair3 in Figure 2 of Graham et al. (2020),
revealing almost no evolution. However, due to the contam-
ination from the host AGN emission, any color evolution is
likely difficult to constrain. To derive the color evolution more
precisely, observations at additional frequencies, e.g., by
ULTRASAT (black lines of Figure 3(c)), would also be useful.
Hence, when available, the evolution of the color will be an
additional diagnostic in future observations.

4.2. Breakout Emission

Next, we discuss ways to test the breakout emission
scenario. To do this, we first present the dependence of
physical quantities on observables as

B o< 05 M 3 S Feon! ™ aciy adeaions (32)
Hox o 0" 3 Fon i o 33)
Pacn 05 Fio i Foor taday fauraton (34)

Ren o< 05 f g MslisnSeon! ' ickay fadeaions (35
Li o 05/ £t fron! ity autation (36)
Mo o 08" by MG fol? M2 37)

For the breakout emission from the jet head, if the shocked
gas becomes relativistic (3, 2 0.8), the probability of observing
nonthermal emission is significantly reduced due to the
relativistic beaming effects, the shift of the minimum energy,
and the time dilution (as shown in Figure 3(b) of Paper I).
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Thus, if the shock is relativistic, the breakout emission is
presumably not observed by current facilities, such as ZTF.
Since Gy is estimated to be ~0.2-0.4 for the observed flares, if
O is higher by a factor of ~3 compared to our estimates, flares
cannot be explained by breakout emission. 3, = 0.8 is satisfied
in all the pairs if events with delay times of f4c1,y S 2 days are
found. Note that this is not compensated by feor and fie /gL (as
in the shock cooling emission scenario). This is because [, is
reduced only by a factor of ~1.1 by enhancing f.,, to the
maximum value (~1/6). Also, if fie;/pr is reduced to lower
Bh» fop/xin becomes larger than 1, which violates another
requirement for the model. If associations between the flares
and GWs are due to random coincidence, the delay time is
expected to be distributed uniformly in the range of
0-200 days. Assuming a uniform distribution, we can test the
breakout emission scenario at the ~1o and ~20 levels after
discovering 2100 and 2300 events, respectively, by checking
if there are events with 4.1,y S 2 days. If we find optical flares
with  fgery S2days, the breakout emission scenario is
disfavored.

If #4uration 18 enhanced by 1 order of magnitude, the jet power
is reduced by a similar factor, and the fraction of the optical
luminosity to the jet power exceeds 1 for pairs 1-3, 6, 11, and
12, and then the breakout emission scenario becomes
inconsistent for these pairs. However, the enhancement of L;
due to long Zguraion can be compensated by fiei/par and feorr Up
to about a factor of ~10, which is limited by the requirement
for 3, (<0.8) as discussed above. Hence, the model is not well
tested by Tduration-

Currently, the properties of the observed flares satisfy the
conditions required for the breakout emission scenario. To be
consistent with this scenario, the delay time should not be
shorter than ~2 days, and the color of the flares should be
distributed in a narrow range as discussed in Section 3.1. Thus,
to test whether there are flares with properties that are
inconsistent with the breakout emission scenario, more events
will need to be observed.

When considering the emission from the jet head, we
ignored the acceleration of shocked gas in the lateral direction
with respect to the shock surface (Matzner et al. 2013; Irwin
et al. 2021). In nearly spherically symmetric geometry, the
shocked gas that expanded earlier can obscure the breakout
emission from gas that shocked later due to the lateral
acceleration, thus reducing the luminosity and increasing the
duration of the early emission. On the other hand, in the planar
geometry considered in our model, such obscuration may be
avoided, since the shocked gas may not cover the later breakout
emission (Linial & Sari 2019). To investigate the influence of
this acceleration, radiative-hydrodynamical simulations are
desirable.

5. Conclusions

In this paper, we have presented the properties of emission
from shocks emerging from collisions between AGN gas and a
jet launched from a merger remnant BH in an AGN disk. Our
model includes the evolution throughout the shock breakout
and subsequent cooling emission phases. We then applied this
model to the candidate flares reported in Graham et al. (2023).
Our results are summarized as follows.

1. We fit the characteristic features of all of the events with
both emission processes. Both processes could fit each
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observation, suggesting that such fits may themselves be
insufficient to rule out the AGN origin for the flares. The
reconstructed parameters might then be indicative of the
selection algorithm determining the false-alarm rate of
associations.

2. While both processes could be made consistent with the
observed events with appropriate parameter selection, we
found that the implied merger distance from the central
SMBH is markedly different for the two processes.
Specifically, shock cooling emission can explain the
observed properties if the mergers happen Rgy~
0.06-0.3 pc from the SMBH, which is consistent with the
locations of AGN-assisted merger models (e.g., Tagawa
et al. 2020b). On the other hand, breakout emission would
require a much larger distance of Rgy ~ 1-8 pc to explain
the observed flare duration. This may be possible for
mergers in AGNs with high SMBH masses, in which
migration is inefficient (e.g., Perna et al. 2021b).

3. Follow-up observations could help further constrain the
reconstructed parameters of the events. X-ray observa-
tions would have to be made prior to the optical
detection, which likely requires future wide-field surveys.
In addition, follow-up observations determining the
spectral evolution of the electromagnetic flares would
be important.

4. To reproduce the high luminosity of the electromagnetic
flares without significant growth of the stellar-mass BHs
and also without making the association of electro-
magnetic flares and GW events exceedingly rare, we
outlined a picture in which ~Eddington-limited accretion
in ADIOS flows transitions to hyperaccreting ZEBRA
flows at the time of the mergers.
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