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ABSTRACT

There are increasing interests in binary supermassive black holes (SMBHs), but merging binaries with separations smaller
than ~ 1light days (~ 10 gravitational radii for 108M), which are rapidly evolving under control of gravitational waves,
are elusive in observations. In this paper, we discuss fates of mini-disks around component SMBHs for three regimes: 1) low
rates (advection-dominated accretion flows: ADAFs); 2) intermediate rates; 3) super-Eddington accretion rates. Mini-disks with
intermediate rates are undergoing evaporation through thermal conduction of hot corona forming a hybrid radial structure.
When the binary orbital periods are shorter than sound propagation timescales of the evaporated mini-disks, a new instability,
denoted as sound instability, arises because the disks will be highly twisted so that they are destroyed. We demonstrate a critical
separation of Ayt (~ IOZRg) from the sound instability of the mini-disks and the cavity is full of hot gas. For those binaries,
component SMBHs are accreting with Bondi mode in the ADAF regime, showing periodic variations resulting from Doppler
boosting effects in radio from the ADAFs due to orbital motion. In the mean while, the circumbinary disks (CBDs) are still not
hot enough (ultraviolet deficit) to generate photons to ionize gas for broad emission lines. For slightly super-Eddington accretion
of the CBDs, Mg 11 line appears with decreases of UV deficit, and for intermediate super-Eddington Balmer lines appear, but C
v line never unless CBD accretion rates are extremely high. Moreover, if the CBDs are misaligned with the binary plane, it is
then expected to have optical periodical variations with about ten times radio periods.
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1 INTRODUCTION mass in units of 103My), the configurations of the binary SMBHs

. o . . with accretion disks and broad-line regions (BLRs) are still inde-
Searching for binaries of supermassive black holes (SMBH) in pendent of each other according to the R — L relation (Kaspi et al.

galactic ce_nters draw much attenpon not only for galaxy fo_rmfmon 2000; Bentz et al. 2013; Du & Wang 2019). In this scale of sep-
and evolution but also for detection of low-frequency gravitational . . o
. arations, two SMBHSs have their own BLRs and mini-disks (Shen
waves through Pulsar Timing Array (PTA). As natural consequence o .
. . & Loeb 2010). Identifying these binary SMBHs can be done by
of galaxy mergers, binary SMBHs evolve through different phases .. . . .
. L . . examining 2D transfer functions from reverberation mapping cam-
(e.g., Begelman et al. 1980; Milosavljevi¢ & Merritt 2001; Volonteri . . ) . o
o paigns (Wang et al. 2018; Songsheng et al. 2020; Kovacévi¢ et al.
et al. 2009), however, those close binaries of SMBHs (CB-SMBHs: . . .
. . .. . 2020a; Ji et al. 2021). The 2D transfer functions of binary BLRs
separations less than 0.1 pc) are still elusive in observations (Wang & . . . . . .
. . . rotating around each other will deliver binary information of the or-
Li 2020; Bogdanovic¢ et al. 2021). There are many characteristics of . . R K R
CB-SMBHS from broad emission Ii P i£7012: De R tal bital motion (Wang et al. 2018), which are obviously different from
. s from broad emission lines (Popovic - e Rosactal a single BLR (e.g., Welsh & Horne 1991). A dedicated RM cam-

2019; Bogdaqov1c et gl. 2021; Char1.31.et al. 2022) even more clues paign of Monitoring AGNs with HB Asymmetry (MAHA) for this
from observational evidence from shifting broad emission line, mass . .
goal has been undergoing through Wyoming Infrared Observatory

deficits 1n.dens1ty p.roﬁle? of galac.tlc nuclei, UY c9nt1nuum deficit, (WIRO) 2.3m telescope (Du et al. 2018; Brotherton et al. 2020).
reverberation mapping signals to interferometric signals of GRAV- . . . . .
Being different from this approach, long term campaigns of monitor-

ITY/VLTL, gas dynamics .of.01rcumb1nary disks, top 91ar1zed spectra ing variations of profiles proceeds smoothly to test periodical shifts
(Wang & Li 2020), but it is hard to draw conclusive remarks on . . .
N . . . . . . of red and blue peaks (Montuori et al. 2012; Decarli et al. 2013;
individual candidates (Wang & Li 2020). Difficulties of identifying X . . .
. . Runnoe et al. 2017; Doan et al. 2020; Guo et al. 2019; Popovi¢, et
CB-SMBHs rest on lack of conclusive criterions. What are the key
. . o ) al. 2021). Moreover, GRAVITY/VLTI (Very Large Telescope Inter-
features of binary SMBHs at different stages in light of separations? . . ; .
. . . . . 4 ferometer) with unprecedentedly high spatial resolution (~ 10uas)
When the binary spirals in a stage with separations of ~ 10" Ry . . . e
13 . o ) ) has been applied to measure kinematics and spatial distributions of
(where Rg = 1.5x 10°" Mg cm is gravitational radius, Mg is SMBH 504764 gas of AGNs (GC 2017, 2018, 2020, 2021). This powerful
tool has been first suggested by Songsheng et al. (2019) and Kovace-

* E-mail:wangjm @ihep.ac.cn vi¢ et al. (2020b) to apply to close binaries of SMBHs. Combining
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Circumbinary disk

Figure 1. Carton of a merging binary of SMBHs with a circle orbit (separation
is about 10? gravitational radius). Mini-disks around SMBHs are not able to
survive so that a cavity is full of hot gas due to interaction with the binary.
A circumbinary disk is then formed with a radius R ~ 2A. Each SMBH is
accreting through Bondi mode from the cavity. Since SMBH Bondi accretion
has low accretion rates, periodical variabilities in radio are expected due to
orbital motion of the binary. See details in main text.

SpectroAstrometry (SA) and RM (hereafter SARM) offers an oppor-
tunity to identify them and measure orbital parameters of the binaries
for testing nano-Hz gravitational waves, which is similar to that for
cosmic distances (Wang et al. 2020).

Periodicity of AGNs receives much attention for candidates of
CB-SMBHs in recent years. If the periodicity is caused by the binary
SMBHs, separations of binaries with periods of a few years are about
~ 103 Rg. There are several long term campaigns of photometric
surveys in time domain such as the Catalina Real-time Transient Sur-
vey (CRTS), Palomar/Zwicky Transient Factory (P/ZTF), Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS) and
Dark Energy Survey (DES) for specific types of astronomical tran-
sients. There is growing evidence for periodical variations of optical
light curves of AGNs from ~ 10 year photometric campaigns for
CB-SMBHs from CRTS (Graham et al. 2015b), from PFT (Charisi
et al. 2016), from PanSTARRS (Liu et al. 2019), from DES Chen
et al. (2020). Some of these periodic AGNs are likely not binary
SMBHs since red-noise variabilities can generate periodic-like vari-
ations (e.g., Vaughan et al. 2016). There are also a few individual
periodic AGNs, such as OJ 287 (Valtonen et al. 2008), PG 1302-102
(Graham et al. 2015a), NGC 5548 (Liet al. 2016) and Akn 120 (Li et
al. 2019). Extremely eccentric CB-SMBHs with 103 Rg separations
merging fast may lead to changing-look events of AGNs (Wang &
Bon 2020), however, such separations are still too large for GW to
test gravitational waves in the chirping phase.

In this paper, we investigate the final stage of close binaries of
SMBHs whose orbits are completely controlled by gravitational
waves (~ 102 Rg). We show major physics of accretion onto such
a close binary of SMBHs, and the peculiar spectral energy distribu-
tions of continuum. Moreover, the Doppler boosting effects due to
fast orbital motion can be observed, and polarization observations
are more useful (Dotti et al. 2022). Spectral features of CB-SMBHs
at the final stages are determined by the accretion physics. We predict
their observational appearance.
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2 MERGING BINARIES: A CRITICAL SEPARATION
2.1 Fiducial numbers

In this paper, for a simplicity, we employ the third Kepler’s law to
approximate the orbits of merging binary SMBHs. The period is
given by

Pory = 0.1a3 > Mg (1 + )y, )

where My is the primary SMBH mass, ap = A/10% Ry is the separa-
tion of the binary SMBHS, Ry = GM.,/c? is the gravitational radius,
G is the gravitational constant, ¢ is speed of light, and ¢ is the mass
ratio of the secondary to the primary. The orbital decay timescale
due to gravitational waves is given by

5 oAt

- _ 4 -1
Togw = 756 G3,uM.3 =30.5a,u" Mgyr, 2)

for circle orbits from Peters (1964), where u = ¢(1 + g). The GW
radiation timescale is very sensitive to the separation. The intrinsic
strain amplitude is

s =32x 1077 g(1+ )7 PPyl dydoM3”, ©)
with frequencies of ~ 1070 Hz, where Py | = Pope/0.1yr, djop =
d /100 Mpc is the distances to observers in units of 100 Mpc. The
GW frequency and the strain are detectable by future PTA of Square
Kilometer Array (SKA) and PTA facilities. The period decays due
to gravitational waves from a circle orbital binary is given by

dPorb
dt

) =-03q(1+¢)"2a;** dayyr !, 4)
gw

where we make use of (dPqw/dt)gw = (3P/2A) (dA/dt). We
note that this rate in this approximation is independent of SMBH
masses. Sophisticated treatment involves post-Newtonian approxi-
mations (e.g., Blanchet 2014), which is beyond the scope of this
Letter. Such a decaying rate can be easily detected by monitoring
campaigns.

As we show below, fates of the mini-disks around component
SMBHs are determined by the orbital motion of the binaries when
their separations are close enough. During the final stage, accretion
onto the binaries is competing with orbital evolution governed by
gravitational waves. If we can identify one target at the final stage,
the periodic variabilities can be found, and period changes can be
measured accurately enough for observational appearance owing to
the sound instability.

2.2 A critical separation of binaries

It has been well understood that a cavity with a radius of R ~ 2A
will be formed at the center of the circumbinary disk (CBD) after the
pioneering work of Artymowicz & Lubow (1994). Many numerical
simulations have been done for the configurations of accretion onto
binary SMBHs. Some results from numerous simulations are well
established, in particular, 3D-GRMHD simulations showed the mini-
disks around the component SMBHsS exist inside the cavity, and they
could have different accretion rates (Farris et al. 2011; Noble et
al. 2012; Giacomazzo et al. 2012; Gold et al. 2014; Zilhao et al.
2015; Bowen et al. 2018, 2019; Armengol et al. 2021; Cattorini et
al. 2021; Combi et al. 2021; Noble et al. 2021; Paschalidis et al.
2021; Gutiérrez et al. 2022). Ultraviolet deficit appears as the major
features of spectral energy distributions of the binaries (e.g., Giiltekin
& Miller 2012; Sesana et al. 2012; Gutiérrez et al. 2022), however,
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this well-known feature remains highly uncertain in observations
because of its uniquity (dusty reddening and extinction can easily
lead to a deficit similar to this effect, see Leighly et al. 2016).

In order to conveniently discuss fates of the mini-disks, we define
dimensionless accretion rates of the CBD as .# = Mcpp/Mgad
from the mass rates of Mcpg, where Mpaq = Lgqd/c? and Lggq
is the Eddington luminosity for each component of binary SMBHs.
Component SMBHs are accreting gas supplied by the CBD, and the
primary has a rate M, = s Mcpg, where fp is a fraction of the CBD
rates. We use 1 = Mo /Mgqq as the dimensional rates of the mini-
disk around the primary SMBH. The properties of the mini-disks as
a key to examine the observational features are insufficiently under-
stood though there are some simplified discussions in the scheme of
standard accretion disk model (e.g., Haiman et al. 2009).

2.2.1 Mini-disks of SMBHs

Outer radii of mini-disks are constrained by their Roche lobes,
Rout/A ~ 0.49412/3/[0.6612/3 +1In(1+4'/3) (e.g., Eggleton 1983).

In light of .#, we discuss the following cases for mini-disks of ac-
cretion onto component SMBHs. Within Ry, the disks are mainly
governed by the single component SMBH whereas gas beyond Ry
spread into the cavity. Gas supply to the component SMBHs is mainly
determined by the interaction between the binary and the CDB, the
factor fp is beyond discussions in this paper.

Case A: CBDs have rates of A4 < M, ~ 0.25 0463 (see Eqn. 52 in
Mahadevan 1997), where aq 3 = /0.3 is the viscosity parameter in
advection-dominated accretion flows (ADAFs) (Narayan & Yi 1994).
The entire system is in ADAF regime, which is characterized by hot
temperature (close to virial ones) and inefficient radiation. The outer
boundary of the ADAFs is determined by the evaporation-driven
truncated radius (see Case B for a brief introduction of evaporation).
Meyer & Meyer-Hofmeister (2002) and Czerny et al. (2004) approx-
imated the truncated radius of ro% AR = Tevap ® 378.6 ///0’ (1)'85 ﬁ%:g

A
s 3 out
in units of Ry whereas r > r ADAF

> disks follow solution of middle
regions of the Shakura & Sunyaev (1973). As we shown in Case B,
rg‘g AF < derit implies that evaporation dominates over the sound
instability and the cavity is naturally full of hot gas.

Sound speed of ADAFs is faster than (or comparable to) the or-
bital motion of binary SMBHS, and hence ADAFs follow the SMBHs.
Spectral energy distributions of ADAFs have been well understood.
They are composed of several bumps from radio to hard X-rays
due to synchrotron and multiple inverse Compton scatterings, re-
spectively (e.g., Manmoto 2000). Figure 2 shows SEDs of ADAFs
around SMBHs.

AGNs with low accretion rates usually appear as low-ionization
nuclear emission-line regions (LINERs) (e.g., Ho 2008). If one
LINER contains merging binary of SMBHs, as we show in §4.2,
radio and X-ray emissions from the binary ADAFs show periodic
variations due to Doppler boosting. Periodicity of radio and X-ray
light curves will be reliable diagnostic of merging binary SMBHs.
On the other hand, the transition regions from Shakura-Sunyaev disk
to ADAF could radiate some UV photons (see SEDs in Liu & Qiao
2020), which are photonionizing the CBDs, emerging as weak broad-
line emitters.

Moreover, binary SMBHE, if existing in weak galactic nuclei, will
show periodic variations in radio bands from binary ADAFs. SMBHs
in normal galaxies are known to undergo Bondi accretion from the in-
terstellar medium (ISM) evidenced by radio emissions (Franceschini
et al. 1998; Nyland et al. 2016; Grossova et al. 2022) and X-rays
of Chandra observations (e.g., A4 ~ 1072 in NGC 6166 from Di

Matteo et al. 2001; Grossova et al. 2022). Radio and X-ray moni-
toring campaigns for periodic variations will provide a robust way
of identifying binary SMBHs in normal galaxies. Candidates can be
selected from galaxies either with merger signatures (tails), or with
mass deficit in nuclear density profiles (e.g., Ebisuzaki et al. 1991).
These targets are suggested to the project of the Karl G. Jansky Very
Large Array Sky Survey (VLASS) (Lacy et al. 2020), which is de-
signed for time domain survey of radio sources. X-ray monitoring
campaigns will also be useful to explore periodicity due to binary
SMBHs since X-rays are less contaminated by stars in host (see the
review of hot gas in normal galaxies by Mathews & Brighenti 2003).

Case B: CBDs have intermediate ./ in the regime of the stan-
dard accretion disk (Shakura & Sunyaev 1973). Fates of the mini-
disks depend on their radial structures. The classical model in this
regime has three distinct regions: 1) inner region with a radius of
r < Fipn = 167.1 (ao_lMg)2/21n'116/21 dominated by radiation pres-
sure and electron scattering, where a1 = @/0.1; 2) middle region
with a radius of rjpy, < r < rpig = 2.5 X 10%/#2/3 dominated by
gas pressure and electron scattering and 3) outer regions (r > rpiq)
dominated by gas pressure and absorption (free-free, free-bound and
bound-bound) (see extensive discussions in Kato et al. 2008). In this
regime, the viscosity parameter « is significantly smaller than that
in ADAFs (e.g., Mahadevan 1997). The inner part releases most of
gravitational energy, however, it turns out that the model of this part
should be revised by considering more sophisticated physics.

Hot corona above the cold disk generally exists evidenced by X-
ray emissions in AGNs (e.g., Haardt & Maraschi 1991). It plays a
key role in the radial structure of the cold disk through very efficient
evaporation (e.g., Meyer & Meyer-Hofmeister 1994; Liu et al. 1999).
In such a scenario, the inner part becomes ADAF, where gas pressure
dominates over the radiation. Evaporation of the cold part depends on
viscosity, magnetic fields and Coulomb coupling between electrons
and protons in the hot corona (see a recent review of Liu & Qiao
2020). Considering the roles of magnetic fields on the suppression
of evaporation, Meyer & Meyer-Hofmeister (2002) made numeri-
cal calculations and Czerny et al. (2004) obtained an approximate
expression of evaporation rates in units of Mgqq

titeyap = 7.1 5247117, )

converted from the truncated radius (Ry) given by Eqn.(10) in Cz-
erny et al. (2004), where By s = /0.5 and B is the ratio of gas
pressure to the total of gas and magnetic fields. Evaporation depends
on magnetic fields because the thermal conduction coefficient can
be significantly suppressed by the fields. 8 = 0.5 implies a mag-
netic field in equipartition with the thermal gas in hot corona. The
evaporation timescale is given by

nRZ%

fevap = Tilevap

where X is the surface density taken from Eqn.(A3), f = 1 —
(rin/r)Y/? is the inner boundary factor and ry, is the inner radius
of accretion disks. It should be noted that eyap is very sensitive to
radius. This timescale is comparable with orbital periods of merging
binary SMBHs (see Eqn. 1).

In the inner region, the sound propagation of the mini-disks along
r-direction is given by Teounda = R/cs, where ¢s ~ (Praa/p)'/?
is sound speed, the radiation pressure of P,q = aTZ1 /3 dominates
over gas pressure, where a is the black body constant and 7, is the
temperature of the mid-plane (given in Appendix). For a simplicity,
we still use the solution of Shakura & Sunyaev (1973) model for
regions beyond Ry, we have

.- 5/2 —
Tyound = 0.058 i~ Mgr/? ) yr, 7

~0.23 (ag.1m) ' By Myr S £ yr, ©)
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3/2 -1 . . _
1" fo.23cms™" in the inner region, ri, =6
is the last stable radius of the mini-disks for Schwartzschild black
holes, fy.23 = f/0.23 at r = 10. The inner part of the standard accre-
tion disk model is divided into two parts: 1) an ADAF in the innermost
region within Ry and 2) a truncated cold part beyond Ryy. We note that

where ¢y = 8.3 % 107rmr’

the viscosity timescale 7y ~ R/v, = 15.5 61 M2 7/2f0 23 YT
which is much longer than 7o5q and Py, but comparable with 7y .

Case C: CBDs have super-Eddington accretion rates with .# > 1
and the mini-disks hence have m > 1, which is characterized by
photon trapping and transonic radial motion (Abramowicz et al.
1988; Czerny 2019). Indeed, they exist in the Universe from rever-
beration mapping campaigns of super-Eddington accreting massive
black holes (SEAMBHs) selected from AGNs with strong optical
Fe 11 and [O mi] lines (Du et al. 2014, 2015, 2018; Du & Wang
2019). The highest .# detected so far is close to ~ 103 from the
SEAMBHS s project (Du et al. 2018; Du & Wang 2019). If the CBDs
have super-Eddington rates, mini-disks are expected to share a super-
Eddington rate (fp < 1). As accretion rates increase, the mini-disks
are insufficiently evaporated by the hot corona, and the evapora-
tion radius is about Ry ~ 6ag.1 (1i1/10%)2 (see Eqn.8 in Czerny et
al. 2004) approaching to the last stable orbit. ADAF disappears in
super-Eddington cases evidenced by weak corona in high Eddington
AGNs (e.g., Wang et al. 2004). We use the self-similar solution of
super-Eddington accretion flows from Wang & Zhou (1999), and
have

Toound & 1.1 1073 Mgr?/? yr. (8)

In the super-Eddington cases, the sound timescale is much shorter
than that in sub-Eddington accretions.

In the context of binary SMBHs, there are three competing pro-
cesses governing mini-disks characterized by: 1) evaporation con-
trolled by hot corona; 2) rapid rotation (and evolution) of orbital
motion and 3) sound propagation determining the radial recovery
after a perturbation. The fates of the mini-disks are controlled by
the competitions among the timescales, in particular, the presence
of binary SMBHs will modify accretion onto component SMBHs
resulting in different features from that of a single SMBH.

2.2.2 Sound instability

When rotation of the binary SMBHs is fast enough (namely sepa-
rations are close enough), a new instability arises depending on the
competition of the orbital motion with the sound propagation (the
cold part which has not been evaporated yet) and the evaporation.
If both evap and T4oung are longer than Py, configuration of the
mini-disks will be destroyed and evaporation of the disturbed disk be
quenched. From Tevap = Pop, We have the evaporating radius within
one orbital period,

Fevap = 1.5 (a0, 1)1 pO8340:32(1 4 g)=0-11 =021, ©

In principle, we should solve the non-linear equation for reyap because
of the factor f. It turns out that reVdp 11.5 is a good approximate
solution of Eqn.(9) and fy 23 =

Moreover, when the sound timescale Tsound 4t Tevap 1S shorter
than the orbital period Py, the un-evaporated part of the inner
region is suffering from the sound instability. In such a case, if a
radial perturbation happens, for example, tidal interaction with its
companion SMBH, the mini-disks will be highly twisted so that
the disks will be completely deformed and cannot recover within

MNRAS 000, 1-?? (2020)

one orbital period, destroying the disk configuration of accretion!.
This is a new kind of instability, and is denoted as sound instability.
In the meanwhile, evaporation is not able to proceed outward even
for stationary hot corona. With help of Eqn. (9), we have a critical
separation from Tyound = Porb»

066(]+q)033f2 19 (10)

0.76 225
acrit =754 041" By’s 023>

where acrit = Acrit/Rg-

Detailed processes of the sound instability are highly non-linear.
However the instability can not be suppressed once it is triggered.
For example, the Coriolis force will efficiently stretched the mini-
disk along the ¢-direction. Moreover, the contraction of the binary
separations will increase with orbital evolution and the r— pertur-
bation holds until merger. It is interesting to note that this critical
separation is independent of SMBH mass, but mildly dependent of
accretion rates and sensitive to the magnetic fields. For ¢ ~ 1, we
have aj; = 95. CB-SMBHs with separations less than aj; are not
allowed to have their own mini-disks. This new kind of instability
purely arises from the competition between the orbital motion and
sound propagation. Without cold mini-disks, the binary SMBHs will
radiate peculiar form of spectral energy distributions.

Asto Case A and C, the sound instability is suppressed. Comparing
P, With sound timescales of super-Eddington accretion, we find that
it is always longer than 74,4 (even for r ~ a), and super-Eddington
is stable under the orbital motion. It is then expected that SEDs
from super-Eddington accretion known as F, o v~! holds (Wang
& Zhou 1999; Wang et al. 1999) in the merging binary SMBHs.
Component SMBHs of the merging binaries with super-Eddington
accretion rates share one common broad-line region (BLR). They
should show spectral features of strong optical Fe i1 and weak [O 1]
lines in super-Eddington accreting AGNs (Du & Wang 2019).

In a summary, mini-disks around each SMBH are undergoing the
sound instability due to the fact that orbital motion is faster than the
sound propagation when the binary separations are close enough.
The mini-disks cannot exist due to the instability unless it has highly
super-Eddington rates. The sound instability drives a conversion of
cold mini-disks into hot gas following the orbital motion.

We would like to point out validity of the present discussions.
Corrections of timescales in the co-moving frame of the fluid orbiting
the mini-disks can be neglected since it is at a level of 0(1072) for
a region beyond ~ IOZRg. We note that this can be justified by the
pseudo-Newtonian potential of ¥ = ~GM, /(R — 2Rg) by Pacyfiski
& Wiita (1980). We note that magnetic field might stabilize the
mini-disks when the fields are strong enough as shown in numerical
simulations (Cattorini et al. 2022). The sound instability discussed
in this paper could be weakened. The issues of mini-disks are highly
non-linear and detailed analysis should be done from dynamical
equations.

3 ACCRETION ONTO BINARIES OF SMBHS
3.1 Bondi accretion

Gas remains in the cavity, and its density and temperature are deter-
mined by the energy supplied by the rotation energy of the binary.
The orbital velocity of the primary SMBH with respective to the

1 Accretion flows can be transonic at some radii of a few Ry (Muchotrzeb &
Paczynski 1982; Abramowicz et al. 1988), but the radii are much smaller than
the evaporation radius. The transonic effects can be neglected in the sound
instability.
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mass center is ve/c = q(1 + q)_l/za_l/z, which is much faster than

the disk sound speed. Shocks formed by the fast orbital motion with
a Mach number of M ~ ve/cs ~ 103 will efficiently heat the cavity
gas. SMBHs gravitationally bound more gas at earlier stage of the
interaction when the gas is not hot so that SMBHs have very large
cross section colliding with cavity gas. Heating details are com-
plicated, but the temperature is expected to be close to the virial
temperature, namely, 7 ~ mpcz/kr ~ 1.1 x 1011r2‘1 K. In such a
hot plasma, the Coulomb coupling between proton and electrons are
so ineflicient that electron temperatures are much lower than that
of protons (Stepney & Guibert 1983). Electrons keep temperatures
~ 10° K (e.g., Shapiro et al. 1976; Rees et al. 1982) and Eqn. 40 (in
Mahadevan 1997). We take T = 10° Ty K in this paper. Cavity gas is
cooling through free-free emission with a timescale

5 =5.7x 103 T2 yr, (11)

where n, is the number density of electrons in the cavity, and T is
the temperature of cavity gas. The cooling should be balanced by
heating due to rotation of the binary, this implies ¢ = 7gw, we have

ne =6.0x 1007, %y My " em™>. (12)

SMBHSs cannot have their own mini-disks with accretion rates of the
standard model, however, they are still accreting in Bondi mode with
arate of (e.g., Kato et al. 2008)

47rG2M,2n€mp 47rG2M,2nemp
~ , 13)
2 2 3/2 U%
(c2+02)

Mpon =

in the cavity context, where my, is the proton mass. The sound speed
of the cavity is poorly known, but it cannot exceed the orbital velocity.
Given the cavity density, we have dimensionless accretion rates of
MBon = MBon/MEdd

; - 3/2
Mon =0.1¢73(1+9)>2a3*ny M, (14)

where n7 = ne /107 em™3. It should be noted that Eqn. (14) is only
valid for the primary when ve > c;.

We estimate the electron density of the hot cavity from balance
between cooling and heating. Cavity gas is partially from evapo-
ration and also from the twisted mini-disks. The Bondi spheres of
component SMBHs greatly enhance the efficiency of heating gas in
the cavity, but also significantly affects gas supply from the CBD.
Detailed transition of mini-disks into hot gas is of great interests
as to AGN variabilities, and should be investigated by numerical
simulations.

3.2 Circumbinary disk

A cavity of accretion disk will be formed through the tidal torque of
the binary with accretion disk. We approximate the binary SMBHs
as a single one in the circumbinary disk (CBD), the effective tem-
perature is

3GM.M
eff = |57

1/4
= 1.9x 10* (.7 /Mg) /4r 314 K, 15
] (A M) ()
where ry) = R/ 102Rg is the radius of the CBD to the mass center of
the binary, and the boundary factor f ~ 1 atr = 102. The CBD is
radiating photons with energies of

ecop ~ 4.5 (A |Mg) 4r eV, (16)

which is significantly lower than the ionization energy of hydrogen
(e = 13.6€V) and first level of magnesium atoms (epg+ = 7.6 €V).

In this paper, we focus on the case of binary SMBHs with sepa-
rations less than A ;. The two SMBHSs share a common broad-line
region (BLR), and hence the BLR follows the well-known R — L
relation (Kaspi et al. 2000; Bentz et al. 2013; Du & Wang 2019). For
a CBD with .# ~ 1, Eqn. (16) indicates the lack of ionizing photons
in BLR. The merging binaries of SMBHs are expected to not have
significant emission lines such as Balmer lines and Mg 112798A
though they have normal optical continuum as AGNs. However, Mg
u line appears when ./ 2 9 (slightly super-Edddington; see Du &
Wang 2019) but it could be weak. When .# 2 90, Balmer lines
just appear and Mg 11 line could be normal, but high ionization line
C 1vA1549A (ec3+ = 47.9¢eV) will never appears unless Mz 104
much exceeding the known accretion rates of SEAMBHs (Du &
Wang 2019). Generally, these merging binaries appear as optically
bright nuclei without strong broad emission lines.

4 OBSERVATIONAL SIGNATURES
4.1 SEDs

Emergent spectra of the merging binaries are composed of two parts:
1) ADAF emissions from the primary and secondary SMBHs and
2) CBD emissions. Emissions from the cavity can be neglected if
compared with Bondi accretion?. We apply the ADAF model to
merging SMBHs for their emergent spectra formulated by Manmoto
(2000) (see also Li et al. 2009). Bolometric luminosity of ADAFs is
about Lapar ~ 3.0 x 10%3 “623M8//Z()21 ergs™! o .#? (see Eqn. 49
in Mahadevan 1997), where .#y | = .#/0.1. Figure 2 shows the
characteristic emergent spectra. Emissions from the SMBH Bondi
accretion span from radio to X-rays, but its powers are significantly
lower than the CBD. For one target at a distance of 100 Mpc, radio
fluxes received by the observers are about FigogH, =~ 2.6 uJy at
v = 100GHz, which is significantly higher than sensitivity of SKA
(0.1 uJy), but much lower than the current VLA sensitivity. In the
meanwhile, we also mark the detectable level of sensitivity of X-
ray missions for future detections (Chandra, NuSTAR, XMM-Newton
and Swifr) at 100 Mpc. It is clear that the current missions are able to
detect the periodic variations. Some weak-line quasars have similar
SEDs to the predicted shape in Wu et al. (2012) and Luo et al. (2015)
samples (GALEX data were used) and X-shooter sample (Plotkin et
al. 2015), but the UV deficit should be necessarily investigated by
more observations. Moreover, Doppler boosting can be tested with
the multiwavelength continuum.

Since optical emissions are from the CBD in standard regime,
it is expected that radio emissions are much fainter than optical
and they will show radio-weak or radio-quiet properties. Comparing
with optical emissions, X-rays are much fainter showing X-ray weak.
Radio emissions depend on the outer boundary radius, where we
take it to be 50Rg. Future detection at ~ 10 — 100 GHz will reveal
the radio periodical variations if merging binaries exist.

For super-Eddington accretion onto each components of the bi-
naries, its optical to UV continuum are characterized by the known
spectra of L, o v~L. This results from the effective temperature
distribution of T, o =12 due to photon trapping effects (Wang &
Zhou 1999; Wang et al. 1999).

2 According to self-similar solution of ADAF (see their Eq. 12.5 in Narayan
& Yi 1995), we have ADAF gas density of ~ 108cm™ at » = 102 for
A =0.1. Since the cavity density of hot gas is about 3% of the ADAF, cavity
gas emission is only of ~ 10~3 of the ADAF from free-free emissions of hot
plasma.
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Figure 2. Characterized shapes of spectral energy distributions of the binary system: 1) two-ADAF emissions: yellow line for (M./Mg, .#) = (10%,0.1) and
green for (107 ,0.07); and 2) CDB emissions (blue line for M = 1) from standard disk (SD). We assume that SMBHs are Schwartzschild black holes, outer and
inner boundary radii are (50, 6) Ry. Radio emissions from ADAFs are expected to undergoing periodic variabilities. Optical emissions are similar to normal
AGN:s, but they are radio-quiet and X-rays are weak. Detection levels of observations from radio to X-rays are marked, showing feasible detections in X-rays.

SEDs of periodical AGNs and quasars (Graham et al. 2015a;
Charisi et al. 2016; Liu et al. 2019) from radio to UV (GALEX
data) are found to be similar to that of normal AGNs and quasars,
and the periodicity of the sample identified from > 1.5 cycle light
curves may be false positive (Guo et al. 2020). On the other hand,
periodicity of AGNs and quasars is needed to be confirmed with
longer baselines.

4.2 Doppler boosting

D’Orazio et al. (2015) suggested that orbital motion of binary
SMBHs causes periodical variations due to Doppler boosting ef-
fects if the separations are small enough. Supposing that the orbital
plane (XOY) has an inclination angle of i, with respect to observer’s
line of sight (in XOZ plane), the direction of observers is iy =
(siniq, 0,cosiy) and the SMBH are iie = (cos @, sin ¢,0), where
¢ = 2nt /Py is the phase angle. The angle between SMBH motion
direction and the observers is given by cos 6 = i, - fie = sinig COS .
The Doppler factor is given by

1
D=———"72——, 17
v(1 - BcosH) 17
where y = 1/+/1 — 2 is the Lorentzian factor of SMBHs and g is the
velocity in units of light speed. Considering the invariance of Fy, /v3,
we have the total fluxes from the two SMBHs

2

F;
Fiot = s 18
o ;[Yi(l—ﬁicosei)]3_av (1e

where F; is the spectral flux from the i-th ADAF, 81 = ¢(1 +
q)_l/za‘l/2 and B = (1 + q)_l/za_l/2 are velocities of the pri-
mary and the secondary SMBHs around the binary mass center,
respectively, their projected angles are cos 6 = sin i, cos(27t/Poyp,)
and cos 8 = siniy cos(2nt/ Py, + 1), and @, is the spectral index
of ADAFs. Path differences of photons from the primary and the
secondary SMBHs are neglected since A/c < Poyy,.

According to the scaling law of radio luminosity Lyyq o 4 3/2
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from ADAFs (see Eqn. 24 in Mahadevan 1997), we have F| o«
q_9/2(1 + q)3/4 and Fp « q11/2(1 + q_1)3/4. For radio spectra of
ADAFs, we take @, =~ 1.5 in our calculations. Radio fluxes from
ADAFs are very sensitive to mass ratios due to the Bondi accretion
as well as inclination angle. In Figure 3, we show the periodic light
curves of ADAF radio emissions. It is expected that X-rays should
have the same periods with radio, but variation amplitudes are dif-
ferent from radio because of different spectral indices from radio
bands.

4.3 Warped disks

Radio emissions should be periodic, and optical emissions are also
periodic if the CBD is warped with a tilt angle (3¢). The processing
CBD will show periodic variations due to emitting area varying with
time projected to observers (e.g., Martin et al. 2007), namely, we are
receiving photons from periodically-changing surface of the warped
disk. The CBD precession driven by tidal torque of the binary with
a circular orbit will show a modulations of received fluxes with a
period given by Hayasaki et al. (2015)

_4(1+9)* (R
" 3rgcosB \A

7/2
Tpre ) Porb ~ 19.2 Porb’ (19)
for cos Bt = 0.5 and g = 1, where we take R/A = 2. This implies that
the optical periods are ten times the radio periods. Target selections
of radio periodic AGNs could be favored from those with optical
periods of a few years.

4.4 Period changes

Period changes due to GW (see Eqn.4) can be exactly measured
by radio and X-ray campaigns as well as X-ray light curves. How
to measure the orbital parameters of the merging binary SMBHs is
a challenging task. Fortunately, SARM can accurately measure the
total mass of binary SMBHs with the weak lines, like for 3C 273 (the
best measurements with accuracy of about 15% in Wang et al. 2020;
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Figure 3. Radio light curves of binary SMBHs with ADAF emissions modulated by Doppler boosting. We take the primary SMBH of M, = 103M, and a
period of 0.1 yr. An inclination angle of 30° is assumed. Here we plot three indexes for different bands: 1) cm band (@, = 1); 2) mm band (a, = 0) and 3)
sub-milimter (a,, = —1). Though the periods of different bands are same but the amplitudes are dependent of wavelengths. If X-ray light curves are obtained
through monitoring campaigns, the dependence of Doppler boosting on wavelength can be tested.

Lietal. 2022). With orbital parameters, we can estimate the expected
period changes and compare them with observations (~ 0.3 day yr~ 1
from Eqn. (4) provided radio periods are accurately measured. Such
a test is feasible for the merging binary SMBHs. This way is exactly
same with that of Hulse & Taylor (1975) for binary pulsars in radio.
Moreover, if future PTA becomes efficient enough to test individual
merging binary SMBHs, low frequency GW can be observationally
tested for gravity theory.

4.5 Relativistic jets

As one of well-known properties, relativistic jets/outflows can be nat-
urally produced from ADAFs of SMBHs (Narayan & Yi 1994; Bland-
ford et al. 2019). It is thus to expect jets/outflows from SMBHs inside
the hot cavity. The jet powers from extreme Kerr SMBHs can be sim-
ply estimated by Ljet ~ npzMc? = 2.8 x 104319 ooy 1 Mg erg s~
(Armitage & Natarajan 1999), where 190> = 7p7/0.02 is the radia-
tive efficiency of the Blandford-Znajek (BZ) mechanism. This BZ
process is much more efficient than ADAF emissions (LADAF <
Lie) if 4 < 0.1.

If the component SMBHs (extreme Kerr ones) are generating their
own jets independently, double two-pair jets will be produced from
the binary SMBH system (e.g. Paschalidis et al. 2021), even there is
the third jet produced by pumping rotating energy after the binary
SMBHs merge. In the presence of relativistic jets, observers receive
two kinds of radio components: 1) binary ADAFs and 2) double
two-pair jets. Even the jets are misaligned to the observers, radio
emissions are still quite strong as shown by Lje. The light curves
will be complicated and depend on orientations of jets (@) and
their Lorentzian factor (I'). The observed luminosity from the jets is
Lobs,y = Dﬁ; @ Liet,v» where Dje is the Doppler factor, and Djeq ~
10 is common for jets but depends on ©,. Jet’s apparent luminosity is
much brighter than ADAF itself. When jets are spiraling outward, and
the relativistic Doppler factor is function of time, showing periodic
variations. This is similar to the jet case in SS433 (Hjellming &
Johnston 1981), whose periodic variations are caused by orbital and
precession of jets. We will separately discuss this issue in a future

paper.

5 SEARCHING FOR MERGING BINARIES

Merging binary SMBHs are characterized by several features: 1)
weak broad emission lines (Mg 1 and HB); 2) continuum with UV
deficit (unless those candidates with super-Eddington rates); 3) plau-
sibly periodic variations in radio, optical and X-ray bands, but the
two periods could be very different.

It remains open to estimate SMBH masses as a big issue of es-
timating separations of SMBH binaries. Generally SMBH masses
can be estimated by Magorrian relation or M, — o relation for ra-
dio galaxies or weakly active galactic nuclei (e.g., Kormendy & Ho
2013). If the hosts of SMBH binaries are normal AGNs, we can
employ the technique of reverberation mapping not only for SMBH
mass but also orbital parameters including ellipticity, mass ratios and
semi-major axis (Wang et al. 2018; Songsheng et al. 2020; Kovace-
vi¢ et al. 2020b). This needs high spectral resolution spectrograph
installed on 8m telescope (Songsheng et al. 2020). Joint analysis
of GRAVITY/VLTI and RM data will be more robust for orbital
parameters.

5.1 Weak line quasars and optical periodicity

Weak line quasars (WLQs), which are usually defined by EW(C
1v) less than 10 A, have been discovered by SDSS (Fan et al. 1999,
2006; Anderson et al. 2001; Collinge et al. 2005; Diamond-Stanic et
al. 2009), however, nature of their multiple SEDs remains open so
far (Wu et al. 2012; Plotkin et al. 2015; Luo et al. 2015; Ni et al.
2022). They are either radio-quiet or radio-loud (Plotkinet al. 2010),
and about half of WLQs are X-ray weak (Luo et al. 2015; Ni et
al. 2022), however, the UV continuum is uncertain somehow. Some
WLQs seem to have SEDs similar to our prediction in this work (see
X-shooter spectrum in some WLQs in Plotkin et al. 2015). It will be
interesting to test if these WLQs have periodic variations at optical
bands.

Guo et al. (2019) investigate UV continuum of Graham et al.
(2015a) sample to check their UV deficit, however, they have not
found this deficit from this sample. On the other hand, UV deficit
could be caused by dusty reddening/extinction, for example, Mrk
231 (Yan et al. 2015; Leighly et al. 2016). On the one hand, peri-
odicity of Graham et al. (2015a), Charisi et al. (2016) and Liu et
al. (2019) samples should be tested by extending baseline of light

MNRAS 000, 1-2?? (2020)



8 J.-M. Wang et al.

curves. Dependence of Doppler boosting effects on different wave-
bands has been checked for some objects (Charisi et al. 2016; Chen
et al. 2021). Moreover, it should be mentioned that only periodicity
of optical variations is not enough to justify binary SMBHs. It is far
away to draw conclusions as to binarity of SMBHs in the current
sample. Large Synoptic Survey Telescope (LSST) is highly expected
to show high quality light curves of AGNs to search for candidates
of merging SMBHS in near future.

5.2 Radio periodic AGNs

To search for the binaries, we should monitor AGNs for periodicity.
Time-domain survey of VLASS has been designed by Lacy et al.
(2020) (PKS 2131-021 is one of the targets of VLASS). This lends
opportunity of searching for radio periodic light curves of the can-
didates of merging binary SMBHs. With great progress of optical
periodic AGNs, we should pay more attention to them in radio (also
in X-rays).

We would mention the possibility that the binary ADAFs inside
the cavity could produce relativistic jets. If jets are in alignment
with observer’s line of sight, we will see a radio-loud AGNs. King
et al. (2013) reported a radio light curve with a period of 120 —
150 days in the blazar J1359+4011, which is very different from
other blazars with periodical variations. This was explained by disk
oscillations similar to that in X-ray binary because this period is
much shorter than the known physics of jet/disk precession (King
et al. 2013). Alternatively, we might explain this from the orbital
Doppler boosting of merging binary SMBHs. Recently, Zhang et al.
(2022) report double periods of 345 day and 386 day in NGC 1275
(3C 84), providing indirect evidence for hypothesis of close binary
SMBHs. Recently, radio periodicity of PKS 2131-021 is found as a
candidate of binary SMBHs (O’Neill et al. 2022).

5.3 Detection probabilities

Considering AGN lifetimes (tpgN), we may detect the merging bi-
nary SMBHs with a probability of p = Tgw/TAGN ~ 3 X 1076 if
TaGN = 107 yr is taken (which is the radial timescale of accretion
flows at its outer boundary). For the current sample of million AGNs
and quasars3, we may have a few cases. However, we should note
that Tgy is very sensitive to the separations of binaries and TGN is
highly uncertain. If we take Togn ~ 10 yr (Schawinski et al. 2015),
we have p ~ 3 X 1074 implying ~ 300 AGNs as merging binary
SMBHs in the Universe. This is a quite large number. Moreover, this
crude estimation could be improved by including evolution of orbits.

In summary, searching for candidates from WLQs with periodical
variations is feasible in radio and X-ray bands, in particular optical
(ZTF and LSST). Moreover, UV deficit is explored by the X-shooter
and HST UV observations which is also a key to explain nature of
WLQs.

6 SUMMARY

Merging binary supermassive black holes are completely elusive
in observations because accretion onto the binaries is insufficiently
understood. In this paper, we investigate fates of the mini-disks with
three regimes of accretion rates from low to super-Eddington status.
In the regime of standard accretion disks, the innermost regions of the

3 https://heasarc.gsfc.nasa.gov/W3Browse/all/milliquas.html
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mini-disks are evaporated through thermal conduction of hot corona,
and the mini-disks are truncated. We find a new instability of the mini-
disks when the binary SMBHs are close enough. In such a context,
the sound propagation timescale is longer than the orbital period of
the binaries so that the disks are highly twisted and destroyed. For
binary SMBHs of ~ 108 M, with typical orbital values, the critical
separation is about ~ 102 gravitational radius (orbital periods are
about 0.1 yr). For low accretion and super-Eddington regimes, the
sound instability disappears.

Heated by the orbital motion of the binaries, cavity is then full
of hot gas and SMBHs are accreting through Bondi mode unless
binaries with extreme super-Eddington accretion rates. Emissions
from the Bondi accretion are modulated by the orbital motion and
Doppler boosting effects. For radio-quiet AGNs, radio monitoring
campaigns are expected to detect periodic variations at these bands.
If normal galaxies contain binary SMBHs, they will show similar
periodical variations, in particular, radio and X-ray campaigns of
monitoring candidates are suggested because of less contaminations
from host galaxies.

For binary SMBHs with intermediate accretion rates, the UV
deficit as a continuum characteristic appears and AGNs thus show
weak broad emission lines. The circumbinary disk is radiating in
optical band whereas Bondi accretion of SMBHs in the cavity is
generating multiwaveband continuum from radio to hard X-rays.
Moreover, Balmer lines disappear owing to the significant lack of ul-
traviolet photons. However, for binaries with super-Eddington rates,
spectral energy distributions keep the form of F,, o« v~! without UV
deficit. Emission line features should be similar to those SEAMBHSs
(strong optical Fe 1 and weak [O 1] lines). There is an interesting
case of warped disks showing periodical variations in optical bands
with periods of ten times the radio periods if the circumbinary disks
are misaligned with the orbital plane.

Searching for merging binary SMBHs is very challenging since
they could occupy a very tiny fraction (~ 107® — 1073) of the cur-
rent AGN sample. Candidates of merging SMBHs are expected to
show observational signatures characterized by ultraviolet deficit
with/without weak emission lines as well as X-ray weak emissions
(and potentially with optical periods). For extreme Kerr SMBHs in
merging binaries, they will generate relativistic jets. In this case, cal-
culations of light curves will be complicated and beyond the scope
of this paper. Radio and X-ray periodic variations are the key diag-
nostic of the binaries, current VLA can focus on a systematic search
from radio-loud AGNs and future SKA from radio-quiet ones (e.g.,
Bignall et al. 2015).
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APPENDIX A: SOLUTIONS OF STANDARD ACCRETION
DISK MODELS

Mini-disks as accretion flows of component SMBHs mainly involve
the inner region, where radiation pressure and scattering dominate.
We employ the solutions of standard accretion disk models (Shakura
& Sunyaev 1973), radial velocity, temperature, surface density, mass
density given by

v =14x% 106a0_1///'2r1_5/2fcms71, (AD)
T. = 4.8x 10° (g M) /4B K, (A2)
£ =11x10* (ag i) 17 gem™2, (A3)
and

p=1.0x10710 (aq 1 Mg)™! m’2r]3/2f*2gcm’3, (A4)

respectively, in the inner region (e.g., Kato et al. 2008).
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