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Abstract

In this paper, we investigate the astrophysical processes of stellar-mass black holes (sMBHs) embedded in
advection-dominated accretion flows (ADAFs) of supermassive black holes (SMBHs) in low-luminosity active
galactic nuclei. The sSMBH is undergoing Bondi accretion at a rate lower than the SMBH. Outflows from the
SMBH-ADAF dynamically interact with their surroundings and form a cavity inside the SMBH-ADAF, thereby
quenching the accretion onto the SMBH. Rejuvenation of the Bondi accretion is rapidly done by turbulence. These
processes give rise to quasi-periodic episodes of sMBH activities and create flickerings from relativistic jets
developed by the Blandford—Znajek mechanism if the SMBH is maximally rotating. Accumulating successive
sMBH-outflows trigger a viscous instability of the SMBH-ADAF, leading to a flare following a series of
flickerings. Recently, the similarity of near-infrared flare’s orbits has been found by GRAVITY /VLTI astrometric
observations of Sgr A™: their loci during the last 4 yr consist of a ring in agreement with the well-determined
SMBH mass. We apply the present model to Sgr A*, which shows quasi-periodic flickerings. An sSMBH of ~40M,
is preferred orbiting around the central SMBH of Sgr A* from fitting radio to X-ray continuum. Such an extreme
mass ratio inspiraling provides an excellent laboratory for LISA/Taiji/Tianqin detection of mHz gravitational
waves with strains of ~107'7, as well as their polarization.

, and Luis C. Ho®’
Key Laboratory for Particle Astrophysws Institute of ngh Energy Physics, Chmese Academy of Sciences, 19B Yuquan Road, Beljmg 100049, People’s Republic

2 School of Astronomy and Space Sciences, University of Chinese Academy of Sciences, 19A Yuquan Road, Beijing 100049, People’s Republic of China

Unified Astronomy Thesaurus concepts: Active galaxies (17)

1. Introduction

The model of accretion onto a single supermassive black hole
(SMBH) is successful to explain the powerful radiation of active
galactic nuclei (AGNs; e.g., Rees 1984); however, there is a
growing body of evidence suggesting that some new ingredients
should be incorporated into this canonical model. Star formation
has been suggested by many authors for different purposes since
the early attempts of Kolykhalov & Sunyaev (1980) in light of
the self-gravity of outer parts of the AGN accretion disks
(Paczynski 1978). Consequently, it may be an efficient way of
fueling gas to galactic centers, triggering the activity of SMBHs
(Shlosman & Begelman 1989; Thompson et al. 2005; Wang
et al. 2010). Spectral energy distributions (SEDs) of AGNs could
be revised by star formation (Goodman 2003; Goodman & Tan
2004; Thompson et al. 2005) as well as the origins of high
metallicity (Collin & Zahn 1999, 2008; Wang et al. 2011,
2012b, 2023; Grishin et al. 2021; Fan & Wu 2023) observed in
AGN broad-line regions (Hamann & Ferland 1999; Warner et al.
2003; Nagao et al. 2006; Shin et al. 2013; Du & Wang 2014).
After supernovae explosions of stars formed in the AGN disks,
there remain compact objects as satellites of the central SMBHs.
Obvious questions remain as to the fates of the satellites
embedded in the disks, what is their observational appearance?
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The potential association of quasar SDSS J1249 + 3449
with GW190521 (Graham et al. 2020), consisting of
(85 4+ 66)M, binary BHs, by the Advanced LIGO/Virgo
consortium (Abbott et al. 2020) was motivated by the
formation of such a massive BH binary in special environ-
ments. See more candidates of potential associations of LIGO
gravitational wave (GW) detection with quasars (Graham
et al. 2023). These mergers of high-mass stellar black hole
(BH) binaries are much beyond productions from the
evolution of stars (Woosley et al. 2002), indicating that they
are formed in a very dense environment. They have
stimulated renewed interest in the question of the fates of
compact objects in the AGN disks (e.g., McKernan et al.
2012; Bellovary et al. 2016; Bartos et al. 2017; Stone et al.
2017; Secunda et al. 2019; Yang et al. 2019; Graham et al.
2020; Tagawa et al. 2020; Wang et al. 2021a, 2021b;
Samsing et al. 2022). This interesting idea can be traced back
to the early paper of Cheng & Wang (1999), who suggest that
compact objects formed in AGN disks undergo mergers
generating 7-ray bursts and GWs. The terminology of
accretion-modified stars (AMS) used in this series are
referred to as ones with accretion from AGN disks (Wang
et al. 2021a), where the accreting objects could be main-
sequence stars (Wang et al. 2023), stellar-mass BHs (sMBHs;
Wang et al. 2021b), neutron stars (Zhu et al. 2021b), or white
dwarf stars (Zhu et al. 2021a; Zhang et al. 2023). AMS
phenomena exhibit distinguished features in different envir-
onments as predicted by the above papers.
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Figure 1. Left: an sMBH embedded in SMBH-ADAFs is orbiting around the central SMBH. The sMBH is accreting with Bondi rates from the SMBH-ADAF, but
outflows from the sMBH-ADAFs drive the formation of a cavity and quench the accretion. Such an accretion-feedback system exhibits quasi-periodic behaviors,
showing quasi-periodic flickerings from relativistic jets produced through the Blandford—Znajek (BZ) mechanism of the sMBH-ADAF. Emissions of the jet constitute
spectral energy distributions additional to the SMBH-ADAF. The jet may be partially choked by the SMBH-ADAF, giving rise to subrelativistic wisps from the
SMBH-ADAF. The accumulating sMBH-outflows will trigger the viscosity instability of the SMBH-ADATF resulting in flares following a series of flickerings. The
present model can explain the NIR quasi-periodic flickerings and flares of Sgr A*. Right: illustrated classifications of light curves. Type-A shows that flares and/or
flickerings are superposed on a stationary state whereas type-B shows an upon-down mode. Flickerings are thin lines, and flares are thick lines.

This is the third paper of the series exploring the
observational signatures of accreting BHs in contexts of
AGN accretion disks (Wang et al. 2021a, 2021b). The sMBHs
have been studied in the environment of standard accretion
disks (Wang et al. 2021a) showing electromagnetic signatures
of the Bondi explosion, and Jacobi capture (sMBHs are
captured by each other through their tidal forces in nearby
orbits around the central SMBHs; Wang et al. 2021b). This
paper focuses on studying the signatures of sMBH embedded
in advection-dominated accretion flows (ADAFs) of low-
luminosity AGNs (LLAGNSs). Quasi-periodic flickerings are
suggested to occur over the whole electromagnetic wave bands.
Flares following a series of flickerings are produced by
accumulated energies of the sMBH-outflows. We apply the
present model to Sagittarius A* (Sgr A*) for its variabilities and
multiwavelength emissions in Section 3. Sgr A* is an excellent
laboratory of milli-Hertz (mHz) GWs.

2. The Model

Figure 1 shows the model of the present AMS. An sMBH
(the secondary BH as one satellite of the SMBH) is orbiting
around the central SMBH (the primary) inside the ADAF. We
assume a circular orbit in this binary BH system. Parameters
with the subscripts of “s” and “p” are referred to as those of the
secondary and the primary. Thelr dimensionless accretion rates
are defined by .7, s = M, /M, where M, are the accretion
rates, Mgy = LPpc™? is their corresponding limit rate in light
of the Eddington luminosity LEdd = 4nGM,, gn,c/or, where
G is the gravitational constant, c is the speed of light, m;, is the
proton mass, and o is the Thomson cross section. When M is
much less than the unity, the accretion flows are supported by
the ion pressure of the plasma with two temperatures because
cooling is so inefficient that most of the released energies are
not able to radiate away. This results in the accretion flows
being very hot and able to produce relativistic jet (Rees et al.
1982). This is the early version of ADAF. For simplicity, we
use the self-similar solution of ADAF for the primary BH
(Narayan & Yi 1995), in which the half-thickness, density, and

sound velocity are

Hp =12 x 1012M67'1 cm,

ne = 9.3 x 10° ag Mg ' Ay5r* em 3, 0
cp = 5.0 x 1022 ems,
Vi = 3.9 x 108 ag i, *ems,

where ag;=a/0.1 is the viscosity parameter (Shakura &
Sunyaev 1973), r; =R./ lORg is the radius of the disk from the
SMBH, and R,=GM,/c" is the gravitational radius,
Mys = 41073, and Ms=M,/10°M,, is the mass of the
primary BH. There are three constants of c¢;,3 in the self-
similar solution (Narayan & Yi 1995). In the case of an
advection fraction (fiqy =0.9, and the adiabatic index of
v=4/3), we calculate the three constants of c;,3=(0.42,
0.55, 0.28) from their definitions in this paper. Although the
self-similar solution is used here, it is in agreement with the
numerical solutions of the global ADAF. The density given by
Equation (1) is consistent with Chandra X-ray observations of
Sgr A*, where the column density Ny ~ 8.0 x 10> cm ™ at the
center (Wang et al. 2013), which is consistent with the inward
extrapolation of the gas density from the Bondi radius (Xu et al.
2006). The ADAF scattering optical depth is about 7. = 0.007
at 10 R, in the vertical direction for these typical values given
by Equation (1), leading to different situations from the
Shakura—Sunyaev disks; the jet developed by the sMBH could
be not completely choked. The most prominent feature of the
ADAF is the positive Bernoulli constant (defined as a sum of
kinematic, thermal, and potential energies of the ADAF gas),
implying that outflows are developed by the advection
mechanism since the accretion flows become gravitationally
unbound by the SMBH (Narayan & Yi 1994). Although the
radiative efficiency of the ADAF is very low, the efficiency of
outflows is quite high, resulting in strong feedback to the
SMBH-ADAF and making a cavity around the sMBH.
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For simplicity, we assume that the SsMBH is trapped inside
the SMBH-ADAF, and its Bondi accretion rates are given by

. 2172

l%'s: Ms — 47T?.IWS’0P
Mgaq ¢; Mgaa

where M, is the mass of SMBH, ¢z = ¢/1073, ¢ = M,/M,, is the

mass ratio of the SMBH to the central SMBH, and p,, = n.m, is

the mass density of the SMBH-ADAF. This indicates that the

sMBH is also the status of ADAF. It is interesting to note that

the SMBH accretion rates are independent of its location. The
Bondi radius of the sMBH

GM;
2,
where m; =M,/10M_, is the sMBH mass. Rp,, is much
smaller than the Hill radius of Ry = (M/M,)'/*R. ~

3.2 x 10 m!/3M2/3r) cm; the SMBH tidal disruption of the
AMS can be avoided. On the other hand, the outer radius (or the
circularized radius) of the SMBH-ADAF can be estimated by
angular momentum (AM) balance. The net specific AM of the
SMBH-ADAF is given by Af, = AR,/GM,/R., where AR is
the width of the belt at R. The specific AM of the sMBH-ADAF
can be approximated by Al; = /X GM;, where X, is the
outer radius of the sMBH-ADAF. Equating Af,= Af; and
AR~ Xy, we have approximately Xo = (M;/M,)R. =
1.5 x 107 qsr1Ms cm, which is consistent with numerical
simulations (e.g., Igumenshchev et al. 1999). The X, is
significantly smaller than the Bondi radius.

It should be noted that the orbiting SMBH suggested here is
rotating with a supersonic velocity (v,o ~ ¢/3) at 10 R,. Shocks
due to the motion could be produced to accelerate some
electrons. Subsequently, nonthermal emissions of the electrons
are thus radiated from this region. A similar case of the Bondi
sphere of an isolated BH supersonically moving in medium has
been discussed by Wang & Loeb (2014); however, we will not
discuss this potentially important point here. In this paper, only
the case with an extremely low-q system is considered. Such a
system allows us to use the perturbation approximation to treat
the influence of the SMBH on the SMBH-ADAF. Otherwise,
we have to consider the inhomogeneity of the SMBH-ADAF
caused by the sMBH feedback. We consider that the SMBH-
ADAF is in a stationary state.

=20 x 10°°ag1.%p3q5 (2)

Rpon = =21 x 108(%)r1 cm, 3)

2.1. Cavity and Flares

Since the progenitor of the SMBH should rotate very fast, the
sMBH should also rotate fast and undergo two processes to
generate influence on the SMBH-ADAF. First, energetic
outflows with a power of Loy = 1, Msc? are produced since
the Bernoulli constant is positive, where 7, is the conversion
efficiency of channeling gravitational energy into outflows. We
note that 7, is much higher than the radiative efficiency of the
ADAF and take 7., = 0.1 as a typical value in this paper. The
higher 7,y the more prominent effects of the SMBH on the
SMBH-ADAF. Second, the Blandford—Znajek processes (BZ:
Blandford & Znajek 1977) form bipolar relativistic jets. The
outflows from sMBH-ADAF heat gas within the Bondi radius
are efficiently clearing the gas in a timescale of
AtBOn = AEBOn/LouD where AEBOn = GMSAMBOn/RBOn is the

gravitational energy of the gas, and AMg,, ~ %Réon”emp is

Wang et al.

the gas mass within Rp,, For n,= 10"%cm ™3, we have
tBon ~ 0.017 s, and this demonstrates the sMBH-outflows have
efficient feedback to form a cavity in the SMBH-ADAF. On the
other hand, the smearing timescale of the Bondi cavity is
approximately Rgon/ccs ~ 10~ s. In the Appendix, we list the
other two classes of cavity formation. They have timescales
much longer than fg,,, but significantly shorter than the
flickerings and flares in SgrA*. Moreover, the cooling
timescale of local SMBH-ADAF is much longer than these
cases. It can be regarded as a successive series of these events
that create a cavity as described below.

Outflows from the SMBH-ADAF will significantly affect the
local structures of the SMBH-ADAF, generating a cavity with
a radius of R, provided that the outflow kinetic energies
exceed the local dissipation rates of gravitational energy of the
SMBH-ADAF. This condition can be expressed as

47
Low 2 TRSaVa, )

where €, ~Q,/H, is the volume dissipation rates of the
SMBH-ADAF; Q. = 3GMPMp / 87R. is surface rates (Frank
et al. 2002). Here, we neglect the factor of the inner boundary
condition of accretion disks. We would like to point out the
implications of Equation (4), i.e., the outflow energies are the
extra source of the SMBH-ADATF as type-A variability shown
in Figure 1. In the following discussions, we take the equal
form of inequality (4), and some results are the upper and lower
limits for a given L, for instance, R.,, in Equation (6) and
At.,, in Equation (7), respectively. The cavity can be made by
the work done within a time interval Atz,, through the outflow-
driven expansion of the heated part

47
LoutAtcav = ?R3 PgaSs (5)

where By = ppcs2 is the gas pressure of the SMBH-ADAF.
Actually, Equation (5) shares the same meaning of the work
done as PAV of AGN feedback in galaxy cluster (e.g.,
McNamara & Nulsen 2007; Fabian 2012). The ram pressure of
the sMBH-outflows impedes the inflows outside the cavity
through the balance with the surrounding medium, namely
Lout/ Vout = 47TR02aVPgas. We find that this condition holds as
long as the outflows have a Mach number of M = vy, /¢ > 1.
Equation (5) describes the working process of cavity formation,
and is independent of Equation (4). In the Appendix, we
discuss the other two possibilities of cavity formation and find
that they naturally satisfy the conditions (Equations (4) and (5))
employed here. During the cavity formation, we approximate
the gas pressure as a constant. From this energy budget, we can
derive the cavity radius

3LouH )"
Reyy = | ——
4rQ.

=19 x 10‘077})(13a&i/3’14/3452/3(%)cm, (6)

and the time for cavity formation

HP,
Atcav = L

=459 aa}rf/z(%) minutes, )
+
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Figure 2. The overall spectral energy distributions of the SMBH-ADAF and the relativistic jets from the SMBH. The relativistic jet mainly contributes to the optical to
soft X-ray bands. In these calculations, we take the same values of the magnetization parameter (3, ) in the SMBH- and sMBH-ADAFs. See text for values of model

parameters.

where 79,1 = Nout/0.1. Reay 18 comparable to the Hill radius, but
is still much smaller than the half-thickness of the SMBH-
ADAF. In the case of the SMBH-ADAF, R, is independent of
the accretion rates of the SMBH-ADAF, but dependent of the
location and mass of the SMBH, and the SMBH mass. Since
R.av > Rpon, the SMBH will stop accretion in the timescale of
the cavity formation. It is very interesting to note that the
formation timescale is independent of the sMBH and its
outflows but sensitive to its location radius and the SMBH
mass. This offers an opportunity to measure the viscosity as the
hardest parameter of accretion macro-physics if the location,
sMBH mass, and flickering periods are fixed in the future (after
detections of mHz GWs). Actually, this Af., is just the
thermal instability timescale of fperm = ch/ 0. (e.g., Frank
et al. 2002). We get this from the energy budget avoiding
details of the expansion dynamics. Simultaneously, we should
note that the BZ process generates relativistic ejecta during
At.,y. This produces flickerings as a result of the quenched
Bondi accretion of the sMBH-outflows.

On the other hand, this cavity could be slacked down by the
dynamical interaction or turbulence after the cessation of
outflows. This rejuvenates the Bondi accretion of the SsMBH.
For a simple estimation, we can estimate the timescale of a
rejuvenation

At = Reay _ 379 77(1)'/1361(}‘1‘/35152/3;’1' 1/6(%) s, 8)
Var 4
where vy, = acg is the turbulence velocity, which is much
shorter than Af.,. The cavity is then destroyed by the
turbulence of the cavity developed by the interaction between
the outflows and the SMBH-ADAF. It is therefore expected
that the cavity appears periodically with a timescale of
Ateay + Atyej = Aty A flickering lasts for Atrg,,. It is very

interesting to note that At.,, only sensitively depends on the
location of the sMBH given the binary masses. From the
observational side, the flickering period can be used to estimate
the location. In practice, if the density of the SMBH-ADAF
could be inhomogeneous, the flickering timescale could vary at
different epochs. On the averaged behaviors, the sMBH
undergoes quasi-periodic activities appearing as quasi-periodic
flickerings. This is a unique feature of the AMS inside SMBH-
ADAFs.

The sMBH is undergoing episodic Bondi accretion, but the
cavity continually grows with time since the SMBH-ADATF is
cooling much slower than the outflow-driven heating of the
sMBH-ADAF. Therefore, the cavity density decreases, but its
temperature and radius increase with time. Cooling processes
inside the SMBH-ADAF involve bremsstrahlung (proton—
electron and electron—electron collisions), synchrotron radia-
tion, and inverse Compton (IC) scattering (e.g., Narayan &
Yi 1995). Magnetic fields are usually estimated by the
magnetization factor 3, which is defined by Pgu=
B(Pgas + Prmag), where Pp,s = B? /87 is the magnetic pressure,
and B is magnetic field. For the case of [3=0.5,
ne= 10'° cm_3, and T, = 10° K, we obtain the total emissivity
of o~ X € and y /28 (this can also be justified by
comparing the near-IR (NIR) and hard X-ray peaks of ADAF
SED as shown in Figure 2), where ¢y is the free—free
emissivity. The cooling factor y depends on the density,
temperature, and magnetization factor 3. The cooling timescale
of the shocked gas

3 nekT

Ateoo) = = ~ 5.6 X, ' Ty/*ny hr, 9)

€tot

where xo = x/28, njo=n./10"°cm >, k is the Boltzmann

constant, and Ty = T/ 10° K is the temperature of the shocked
SMBH-ADAF. Since Af.y > Ateay, the SMBH-ADAF gas
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will be continuously heated by the sMBH-ADAF outflows, and
the cavity grows with time. When it reaches the cooling
timescale, the sMBH outflow accumulates power enough to
produce a flare with a cavity radius

1/3
R ~ 3LoutAtcool
flare ~ | — —
47 Fyas

2/3
— 37 % 1010 /3 ~1/371/6, =1/3,5/6 ,2/3 Mg\
=2/ X Mot Xo " do" Mo "I 4G5 e cm,

(10)

from Equation (5), which is still much smaller than the thickness
of the SMBH-ADAF. The viscous instability of the SMBH-
ADAF is developing in a timescale of Aty ~ o '(H/R.) 1,
where 1, is the orbit period (e.g., Frank et al. 2002). For typical
values and H/R. ~ 1, we have Aty ~ 11.0 ag | (Me/4)r/? hr,
which is comparable with the cooling timescale. Therefore,
the viscous instability will be unavoidably triggered by the
accumulated energies of the SMBH-ADAF outflows. A flare
releases the total energies of

Epare = Al‘flare Q+(7FR[%are)
23556 53 —as y ass Me )’
~ 1.5 x 10% 770,/1 Xo BTy P ///qug/’(T) erg,
)

where Atfae = min(Atyis, Aleool), and we take Atgae = Aleool
here for a simple treament. A flare is rising with Atgy., and
decaying with Af.,,. The present model predicts that flares
happen at a timescale of a few hours (Afg,e), and a few flares
per day. However, the quiescent phase (Afqyiee) is complicated
by the recovery of the flaring cavity of the SMBH-ADAF,
which is controlled mainly by local cooling, viscosity-driven
infalling gas of the local flows, and viscosity dissipations of the
gravitational energies. Flares are not periodic because of
uncertainties of Afyye.. This unique feature can be used to test
the flickering origins (e.g., magnetic reconnection model). As
we can see, this is in agreement with the observed flares in
Sgr A*. For a flare state, the recovery of the SMBH-ADAF
returning to its thermal equilibrium depends on joint processes
of cooling and dynamical mixing, rather than a single process.
Perturbation approximation is not valid in the state.

We would like to emphasize that the current treatments
consider the sSMBH activity as a perturbation. The validity of
this approximation can be guaranteed provided that the
expansion velocity of the cavity formation is subrelativistic.
When the mass ratio is large enough, the formation of a cavity
will be different from the present. In such a case, the tidal
torque of the sSMBH-SMBH binary system is strong enough to
engulf the SMBH-ADAF. This is very similar to the case of
exoplanet formation. The accretion rates of the sMBH are
much lower than those in Equation (2) since the SMBH-ADAF
density should be replaced by the density inside the gulf;
however, it still significantly radiates for observations (since
sMBH is large).

2.2. Quasi-periodic Flickerings

Except for outflows from the sMBH-ADAF, relativistic
ejecta would be developed by the BZ mechanism through

Wang et al.

extracting spin energy of the sMBH if it is rotating fast enough
(Blandford & Znajek 1977). Given a BH with spin AM 7., the
pumping power is given (Macdonald & Thorne 1982; Ghosh &
Abramowicz 1997)

1 Y
Ly = (i)w%Bthzc(L) , (12)

max

where B is magnetic field B normal to the horizon at Ry, Jmax
is the maximum of the spin AM, and wg = Qr(Qy — Qp)/ Qﬁ
is the factor describing relative angular velocity of magnetic
field to the BH (£),). The large scale magnetic field of the
SMBH-ADAF B, = By (H/r)'"/%; r. is the radius of the
sMBH disk, which is formed by the fast radial motion (Livio
et al. 2003; Cao 2011), and this will be involved to form a jet,
where Byg;q 1s the azimuthal magnetic fields generated by the
dynamo viscosity. Generally, geometrically thin disks
(H/r.~ 1072-10") are not able to produce relativistic jets
because of B < Bgig. It should be noted that the sMBH-
ADAF has much stronger By than that of the SMBH-ADAF,
which can be justified by Equation (2.15) in Narayan & Yi
(1995). For an optically thin ADAF, Armitage & Natarajan
(1999) calculated the BZ power

V14, .
Lpz ~ ——j* Mc?
BZ 192]. s

=1.92 x 10*2 oy 12 ,//.p,gqu(%)erg s, (13)

where j, = J./ Jmax, and we use the Bondi accretion rates
(Equation (2)). Here, we take accretion rates of the sMBH
during the interval of Az, as a constant as an averaged one
given by Equation (2). The temporal profiles of the Ly, depend
on the evolution of density and temperature of the cavity; we
will investigate this issue in the future.

The observational appearance of the BZ power release
depends on two classes of factors: (1) the proceeding of the
cavity formation driven by episodic accretion onto sMBH and
(2) the dynamical interaction between the jet and the SMBH-
ADAF, both of which determine the temporal profiles of the
flickerings. These temporal processes make it very difficult to
estimate the time-dependent Lorentz factor of the jets.
Considering the difficulties in this paper, we consider
two possible outcomes for the relativistic ejecta: (1) they are
partially choked and exhibit subrelativistic wisps after
emerging; (2) they can penetrate the entire SMBH-ADAF
resulting in the appearance of superluminal blobs. Without
details of the jet dynamics, a flickering apparently appears
when a jet can penetrate the SMBH-ADAF through a length of
the ADAF, and the Lorentz factor reaches

I~ Lgpz Atcav
AIWJ'CZ

A
~ 8.5 agxj Lil r‘z(Hpj/3) , (14)
where AM; = nX2tn.m, is the mass of the jet, x;; = X,/ 107,
is the jet radius obtained from the analytical solution of the BZ
process (e.g., Chen & Zhang 2021), r, is the gravitational
radius of the sMBH, and ¢ is its length. This is the average
Lorentz factor of the jet, which is similar to that of radio-loud
AGNs (Ghisellini et al. 1993). After the Lorentz factor falls
below a critical one, the flickering disappears (since the
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Doppler boosting greatly weakens). Moreover, beyond this
length, the jet experiences significant deceleration. Considering
observational evidence of subrelativistic ejecta from nuclear
regions of the Galactic Center (e.g., Rauch et al. 2016) and
other LLAGNs (Middelberg et al. 2004), we choose case (1)
that this jet is slowed down at H,/3 from relativistic states to
subrelativistic ones. The bulk Lorentz factor of the jet is similar
to that of blazars (Ghisellini et al. 1993). It should be noted that
the Lorentz factor is fully independent of the SsMBH because
both Lgz and AM; are proportional to the square of the sMBH
masses. From Equation (14), we know the choked length is a
significant fraction of the thickness of the SMBH-ADAF. The
appearance of the jet strongly depends on the location of the
sMBH as the result of SMBH-ADAF density. If the sMBH is
located at around 20 R, or so, the jet is capable of penetrating
the entire SMBH-ADAF, showing superluminal motions of
blobs. Considering the Doppler boosting effects, we have the
observed luminosity of the jet inside the ADAF

Liq = LgzD*
, M,
=1.92 x 10% aa}j_szo,%,gqu(f)erg s7l, (15)

where Dy = D/10, D = 1/I'(1 — Bjcos®) is the Doppler
factor, ' = 1/(1 — Bf)'/z is the Lorentz factor, 3; = v;/c is the
jet velocity, and cos 6 is the cosine of the viewing angle. Here,
we take § =15°7, and ' = 8.5, for D = 10. We note that the
SMBH-ADAF is optically thin (7.~ 0.008 < 1), which
allows observers to see the emissions from the relativistic part
of the choked jets. The choked part of the jet becomes ejecta,
which carries the rest of the BZ power and can emerge with a
subrelativistic velocity of

172 “1,2
Veje ELpz Alcay 12 a2 1| b
—_— | =0.53 « x| — ,
¢ ( AM;c? Solr o H,

(16)

where &1 =¢/0.1 is the fraction of the BZ power remaining
after the jet radiates its most part of the BZ power. This is
consistent with the wisps in Sgr A* observed by Rauch et al.
(2016). If the relativistic ejecta is entirely choked, the emissions
could be too faint to detect. In such a case, no flickering
appears.

As a result of the continual heating of sMBH-outflows, the
accumulated energies give rise to a flare. Therefore the number
of flickerings can be estimated by considering the cooling and
cavity timescales before a flare happens in the presence of the
instability of the SMBH-ADAF (the regions with a radius of
R. ~ H,, described by Equation (10)). It follows from

—1
Ny = leool z7.4(At°°°l)( Aleay ) Can

Ateay 5.6 hr J\ 45.9 minutes

This indicates that flares always appear after about a couple of
flickerings. This is an important feature to observationally test
the present model. Indeed, this is consistent with observations
of Sgr A* (see the Spitzer data of Boyce et al. 2022).

The Lgz (Equation (13)) is converted into the nonthermal
emissions from the relativistic jet. Internal shocks are formed
due to successive ejecta from the sMBH-ADAF whereas
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external shocks are formed through the collisions between the
jet and the SMBH-ADAF. This process is similar to gamma-
ray bursts (e.g., Mészaros 2002). Moreover, the jet is under-
going mass-loading processes when it penetrates through the
SMBH-ADAF. The temporal profiles of flickerings, as
discussed previously, depend on both the Bondi accretion
processes and the propagation of the relativistic jet inside the
SMBH-ADAF. Details of the temporal profiles of the
flickerings can be further understood by numerical simulations.
We would like to point out the diversity of the sSMBH-driven
phenomena. In the high-.## SMBH-ADAFs, the jet is seriously
choked so that the Doppler boosting effects are too faint to see
the flickerings; however, the sMBH-outflows can still trigger
flares through viscous instability.

2.3. SED of the Jet

In order to calculate the SED from the relativistic jet, we
have to know the magnetic fields and energy distributions of
nonthermal electrons. The one-zone model is the simplest, in
which nonthermal electrons, magnetic fields, and bulk Lorentz
factor of the jet are homogenous, and it is often employed for
the canonic SED of blazars (e.g., Inoue & Takahara 1995). In
the current case of SMBH-ADAF, the magnetic fields are so
strong (than that of blazars) that SEDs generated by this model
have too high-frequency cutoff even in the NIR bands (see
Figure 3 for smaller index m). Therefore, we employ a
simplified version of the inhomogeneous model of jets
(Ghisellini et al. 1985; Georganopoulos & Marscher 1998).
Since both geometries of the jet and its magnetic fields are
poorly understood, we consider a simple cone of the jet, and its
cross-sectional radius increases with height (z) as
Xj = Xo(zj/z0)", where X, is the jet radius at the base zo,
and the index m describes the geometry. In light of the self-
similar solution (e.g., Narayan & Yi 1995)

. —1/2
Buse = 2.9 x 10* ag}(1 — )24, 5 x>/ 4(%) G,
(1)

where [, is the magnetization parameter of the SMBH-ADAF,
x;=Xo/10 rg is the radius of the SMBH-ADAF. We assume
that the poloidal magnetic fields of the jet (i.e., B, in
Equation (12)) at its base follow the sMBH-ADAF, and have

X. -2 zi —2m
B; = Bdisk(_J) = Bdisk(_j) , (19)
Xo 20

based on a simple conservation of the magnetic fluxes. In this
paper, we skip the details of electron acceleration, which
involve many processes (formation and diffusions of shocks,
energy gains, and losses during the propagation of the jet
through the SMBH-ADAF; see details in Blandford &
Eichler 1987). In the present paper, we assume a power-law
distribution of the electrons as

—2m
A 3
N, = NO'YA(Z_J) for Ymin < ¥ < Ymaxs (20)
0
where 7 is the Lorentz factor of nonthermal electrons, 7, 1.
are the minimum and maximum, respectively, s is the electron
index, No = (s — DNot/Vpsin [1 = O/ Yonin)' '] and Nigy is
the number density of relativistic electrons. The factor
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Figure 3. The overall spectral energy distribution of Sgr A* from radio to TeV bands. We get the accretion rates of the SMBH from the averaged SED. Curves are
marked by the same color words. Syn: synchrotron radiation from the relativistic jet developed by the sMBH accretion. ADAF-EC: external IC (EC) of SMBH-ADAF
photons. SSC: synchrotron self-Compton scattering. Narayan & Yi (1995) collected early radio data (we omit these references). INTEGRAL and Fermi data are from
Malyshev et al. (2015). When m — 0, the inhomogeneous model becomes one-zone model.

(zj/z0)">" results from the mass conservation in a continuous
jet. We take 7, .. as constants along the jet. When m — 0,
the present model tends to the one-zone model.

Emissions from the jet in its comoving frame can be
expressed by

<0

t; t;
s = [ xS ydz; and L€ = [ ax2iC @)z,
20
21

where ;¥ and JVIC are the synchrotron and IC emissivities,

respectively. We then transform these into the observer’s frame in
order to compare with observations (e.g., Lind & Blanford 1985).
We neglect the synchrotron self-absorption since most photons are
radiated from the sides of the jet and are beamed by the bulk
motion of the jet, even if the optical depth is larger than unity
along the jet direction. We neglect the pair production of the IC
photons. The total number of nonthermal electrons (N is
constrained by Lgz = fz ij 7er2dzj fy 2 i+ j1€)dv, where v,
and 1, are frequencies of the synchrotlron radiation and IC. We use
the standard formulations of synchrotron self-Compton (SSC)
emissions and IC Blumenthal & Gould (1970), for the simple
SED of the jet. We approximated it with an isotropic radiation
field. The ADAF is taken to be a point source with a luminosity
Lapar and an averaged energy density of uapar = Lapar/ A7R%c
at a distance R. In the comoving frame, the relativistic jet receives
an energy density of the SMBH-ADAF given by
UADAF &~ quADAF, which is the external source of seed photons
(Sikora et al. 1994). We ignore external Compton scattering since
Ug/Uapar ~ 10° holds in the current parameters of the jet. We
omit all the formulations in this paper. Generally, there are two
peaks of SEDs arising from synchrotron and IC, respectively.
We take Mq=4.0, .#,5=1, and oy, =1. Following
Narayan & Yi (1995), Manmoto (2000), we take the electron
heating coefficient 6 = 0.03 in this paper; though, it may have

large uncertainties (e.g., Yuan et al. 2003). We calculate the
SMBH-ADAF SED for 3, = (0.99, 0.5, 0.35). Figure 2 shows

the results. Generally, SEDs of the SMBH-ADAF are
consistent with those of Manmoto (2000). The first peak of
the SMBH-ADAF arises from synchrotron radiation of the
Maxwellian distributions of hot electrons, and the peak shifts
and powers vary with 3,. Comptonization of the hot electrons
results in the second peaks, and the bremsstrahlung contributes
to the last peak with a cutoff related to the maximum
temperatures of electrons.

For parameters of the jet, we take x;, =1, {=H,/3,
I'=8.5, and # =5%6. We fix the jet location at the radius of
x;=1. For a jet with m=1/5, the top of the jet
Zi. wop =4~ 10" cm, &/z ~ 10%, we have X;~ 7 Xo, and the
magnetic fields decay by a factor of 50 along the jet height. The
free parameters are ..., Vac 5> 71> and 3. We take s = 2.0,
Yoin = 1, and 4, = 103, and m=1/5 for the theoretical
SEDs. We adjust 3, in order to show the role of the magnetic
fields in the jet SED. Since we keep the power of jets as a
constant (Lgz), we adjust electron numbers for the dependence
of the SED on magnetic fields, Vinin. max’ O, s, and m. The
synchrotron emissions shift toward lower frequencies with
increases of §; because B decreases. As shown in Figure 2, the
synchrotron emissions from the jet just supplement the deficits
of the SEDs from SMBH-ADAFs depending on the maximum
energies of electrons (v,,,), in particular, contributing to
infrared to soft X-ray bands. The SED of the jet shifts toward
low frequency with decreases of m. This results from the fact
that magnetic fields decrease along the jet height with m. When
m tends to zero, the jet tends to the one-zone model.

IC of synchrotron photons is significant compared with the
power of the synchrotron emissions. It strongly depends on the
magnetic fields of the sSMBH-ADAF. In 3, ;= 0.99 case (weak
magnetic field) as shown in Figure 2, the self-inverse Compton
power is comparable with that of the synchrotron radiation.
This significantly contributes to v-ray bands but relies on v, .
With increases of magnetic fields (3 decreases), the IC power
decreases dramatically.

For a simple treatment, we take a constant bulk Lorentz factor of
the jet in the present model. Dynamical interaction with the
SMBH-ADAF will slow down the jet. A self-consistent treatment
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of this is necessary (e.g., Contopoulos & Kazanas 1995) since the
fully parameterized model of inhomogeneous jets could be useful
to explore the SEDs of the sMBH-driven jets like in blazars
(Georganopoulos & Marscher 1998). Moreover, it is necessary to
explore the time-dependent model of the relativistic jets for the
temporal profiles of the light curves. This is left for future research.
We would like to point out that the BZ process can also occur in
the SMBH-ADAF if the SMBH is rotating fast enough. In such a
context, emissions of the sSMBH-ADAFs are overwhelmed by the
SMBH-ADAFs. BL Lac objects and face-on radio galaxies
(Fannaroff—Rilley I radio galaxies) are known to contain ADAFs,
which power relativistic jets (Cao & Rawlings 2004; Sikora et al.
2007; Tadhunter 2016). Actually, LLAGNS often show large radio-
loudness (e.g., Ho 2002) but lack powerful jets (e.g., Middelberg
et al. 2004), implying that the SMBHs in most LLAGNs are
nonrotating. There is no evidence that the BZ process works in
SMBH-ADAF of Sgr A", which only shows subrelativistic wisps
discovered by Rauch et al. (2016). If we apply Equation (13) to
Sgr A*, the BZ power will be around 10 erg s~ " if j. ~ 1, which is
much more luminous than the observation of the total emissions of
Sgr A'. The central SMBH is thus expected to be very slowly
spinning in SgrA*. This is favored by the presence of two
misaligned young stellar disks in light of the LenseThirring effects
(Fragione & Loeb 2022); though, Event Horizon Telescope (EHT)
observations favor j.2>0.5 (EHT Collaboration et al. 2022).
Moreover, the observational fact that there are two counter-rotating
young stellar disks within 30” regions (about 1 pc) of the Galactic
Center identified by SINFONI Intergral Field Unit at the Very
Large Telescope (von Fellenberg et al. 2022) directly indicates
random accretion onto the central SMBH, making the SMBH spin
very low (Wang et al. 2009; Volonteri et al. 2013). Independent
evidence for random accretion onto the central SMBH is provided
by Atacama Large Millimeter/submillimeter Array that two
counter-rotating disks of gas in NGC 1068 have been found by
Impellizzeri et al. (2019). Cancellations of the AM of gas (<10 pc
nuclear regions) finally drive extremely high accretion rates of the
SMBH, which likely leads to a super-Eddington growth of
the SMBH.

2.4. Gravitational Waves

In this paper, an sMBH orbiting the central SMBH is an
excellent extreme mass ratio inspiral (EMRI). We assume that
the EMRI follows a circular orbit. This can be justified by the
decaying of ellipticity due to radiations of GWs. According to
Peters (1964), we have the circularization timescale
tg = (dIne/dt)"", where e is the ellipticity of the initial orbit,
if the GWs radiations govern the evolution of the EMRI orbit.
A highly elliptical orbit of an EMRI will be circularized with
tg = (dInA/d Ine)tgw =~ (1 — 10)igw, from an initial elliptical
orbit of ey = 0.9, from A = 100 R,, where A is the separation of
the EMRI, dInA/dIne = 12[1 + (73/24)e* + (37/96)e*]/
191 — e?)[1 + (121/304)e?]. We expect that the sMBH
undergoes rapid circularization of orbits and reaches a circular
orbit at A = 10R,. Their strain amplitudes and frequency of
GWs from the EMRI are given by

1/2

15 C4dL

=76 x 10717 dﬁ)lkpcaflqg(%), (22)
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where M. = (M,M)* (M, + M™% = ¢*/3(1 + ¢)"'/°M,
is the chirping mass, and

-1
Fe X _osa+ q)fl/zaﬁ/z(%) mHz,  (23)
orb 4
where P, is the orbital periods, dig kchdL/ 10kpc is the
distance to observers, a; =A/ 10R,, and Py, is its orbital
period. The GWs are in the bands of Laser Interferometer
Space Antenna (LISA), and the other two space missions of
Taiji (Hu & Wu 2017), Tiangin (Luo et al. 2016), whose
thresholds (4, ~ 10720) are much lower than strains of the
present EMRI. The decaying timescale of the circular orbit is
(e.g., Peters 1964)

4 R
tow = A _ >a (—g) ~ 48.8 a14q§_l(%) yr,
dA/dt  64g(1 + @)\ ¢ 4

(24)

which is a feasible timescale to witness an EMRI merger. We
note that this timescale is very sensitive to the separation of the
EMRI, and expect GRAVITY/VLTI to make a precise
measurement of the orbit from the flares in Sgr A™*.

In summary, an sMBH residing in the ADAF of the central
SMBH has to undergo an episodic Bondi accretion governed
by its strong feedback. A cavity is formed by the outflows from
the accretion. During the accretion, a relativistic jet is formed
by the BZ mechanism, showing quasi-periodic flickerings (jet
emissions) from the sMBH-ADAF. Accumulations of the
outflow energies will trigger the viscous instability of the
SMBH-ADAF and generate a flare subsequently. Milli-Hz
GWs are radiated by the EMRI, which is strong for the
detection of the designed space missions. Table 1 lists all the
parameters involved in this model. Given an sMBH-SMBH
system in the ADAF state, the temporal properties of the
system can be predicted for quasi-periodic flickerings and
flares.

2.5. Discussions

In this paper, the AMS plays a role in perturbations of the
SMBH-ADAF while the latter is in a relatively stationary state.
Flickerings are a tiny fraction of the SMBH-ADAF radiation,
but the flares are stronger than the former. Therefore, light
curves are expected to show as depicted by the right panel of
Figure 1, where flares and flickerings are thus just superposed
on a relatively stationary radiation flux. If the sMBH is
nonrotating (or its rotation is not fast enough), flickerings
disappear (the lower panel). We denote this type-A light curve,
and type-Al and type-A2 for the cases with and without
flickerings, respectively. Actually, Sgr A* shows the type-A
light curves; see Figure 1 in Boyce et al. (2022), NGC 4151
(see Figure 4 in Chen et al. 2023), and NGC 5548 (see Figure 3
of Li et al. 2016).

For high-g system, however, feedback of the sMBH
accretion to the SMBH-ADAF is not a perturbation. Large
zones of the SMBH-ADAF will be broken, and giant flares are
expected from these high-g systems. We hence anticipate an
upon-down style of light curves. This denotes type-B light
curves. Similar to type-A curves, type-B curves are distin-
guished as type-B1 and type-B2 with and without flickerings,
respectively. Actually, Arakrian 120 has exhibited type-B light
curves over the last 20yr (Li et al. 2019). Collections of
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Table 1

Parameters of the sSMBH-SMBH System (EMRI)

Parameters

Meanings

Parameters describing the system given by the initial conditions

My,

R.

Masses of the SMBH and sMBH, respectively; the mass ratio is defined by ¢ = M,/M,,
Dimensionless accretion rates of the SMBH and sMBH in units of Lgqq/ 2, respectively
sMBH location radius at the SMBH-ADAF (or A: the separation between SsMBH and SMBH)

Parameters of accretion physics

Qps

ﬂp,s
Nout

Viscous parameters of the SMBH and sMBH
Magnetization parameters of the SMBH and sMBH
Efficiency of outflows driven by sMBH-ADAF

Derived parameters of the system for observations of flickerings and flares

Reay
Atcav
Atcr)nl
Rﬂa.re
LBZ
Je

r

Veje
Niick
hb

f

Iow

Radius of the cavity created by the SMBH-ADAF outflows

Formation timescale of the cavity as the quasi-periods of flickerings
Cooling timescale of the SMBH-ADAF as outburst timescales of flares
Radius of the cavity zones generating flares from the SMBH-ADAF
Blandford—Znajek power of the sSMBH

Specific angular momentum of the sMBH

Lorentz factor of the relativistic jet developed by the SMBH-ADAF
Subrelativistic velocity of the choked part of the relativistic jet
Numbers of flickerings triggering a flare

Strains of the gravitational waves from the sSMBH-SMBH binary system
Frequency of the gravitational waves

Timescales of orbital decays due to gravitational waves

Parameters of the relativistic jet (assumed in this paper)

X; Cross-sectiobal radius of the jet; X is the initial radius

4 Length of the jet; zo is the initial height of the jet; z; is jet height

K Distribution index of nonthermal electrons of the relativistic jet (cxy™*)

m Geometric index of the cross-sectional radius of the jet versus its height (Xj oc z{")
Vinin, max Minimum and maximum Lorentz factors of nonthermal electrons

low-.# AGN light curves can test this classification, but it
needs homogeneous light curves spanning longer than
20-30yr. We emphasize that these classifications of light
curves are only valid for the case that the central SMBHs have
ADAFs, and the physics for SMBHs with high-.# should be
reconsidered separately.

In the present study, we set the typical values of an AMS
with a mass of ~40M, at 10 R, around the central SMBHs of
4 x 10°M,, for the Galactic Center. The resultant properties of
the AMS depend on its mass, location, and the SMBH-ADAF
accretion rates. The BZ power is proportional to MS2 (see
Equation (13)). The fates of the relativistic jet depend on the
SMBH-ADAF. It either penetrates the ADAF and shows
superluminal motion outside the nucleus or is partially choked
by the ADAF giving rise to subrelativistic ejecta from the
nucleus (see Equation (16)). If the BZ power is not strong
enough compared with the SMBH-ADAF damp, flares still
occur but without flickerings. Moreover, the SMBH has a
Keplerian rotation velocity of vy, ~ ¢/3 at R. ~ 9 R, emissions
from the jet developed by the sMBH-ADAF could be
modulated by transverse Doppler boosting. Additionally,
general relativistic effects should be employed for temporal
profiles of flickerings.

Shocks formed by the dynamic interaction between sSMBH-
outflows and SMBH-ADAF can accelerate electrons and
generate nonthermal emissions. As a simple estimation, the
kinetic power of the shocks is around Ly, =~ 8 X 10%3 erg s,
and about 10% of L, will be channelled into nonthermal

electrons (e.g., Blandford & Eichler 1987) and contribute to
multiwavelength continuum. This component causes compli-
cated behaviors of variabilities of the system. This topic
remains a future issue.

We assume that the global SMBH-ADAF is stationary. It is
then expected to exhibit quasi-periodicity of flickerings and
flares from the system. However, the reality could be
complicated. For example, %p is a function of the radius of
SMBH-ADAF (Blandford & Begelman 1999), and due to
clump accretion (Wang et al. 2012a), the periodicity of
flickerings and flares dramatically decreases and even becomes
random sometimes. For example, NGC 5548 shows prelimin-
ary periodicity in its long-term light curves with flickerings (Li
et al. 2016), but the periodicity of flickerings is usually verily
twinkled by showing 3—4 cycles.

Finally, we would like to point out the key tests of the
present model. LISA detections around 2030 can more
accurately determine the EMRI system for a concluding
remark. Before the LISA era, GRAVITY+/VLTI observations
of Sgr A* can provide more solid and accurate loci of NIR-
flares from increasing observations to obtain the orbiting radius
of flares, on which the merger timescale sensitively depends.
The current error bars of the flare’s loci are still quite large
(about 30%-50%). Flickering numbers associated with flares
are another feature of the EMRI system, and we anticipate
acquiring more data for high statistics of the flares and
flickerings.
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3. Application to Sgr A*

As a preliminary practice of the present model, we apply it to
Sgr A*, which is the best-studied low-luminosity system. An
early extensive review on this object can be found for general
properties in Genzel et al. (2010). It has been extensively
observed through multiwavelength campaigns during the last
20 yr and shows a diversity of variability properties (see a brief
summary of observations in Witzel et al. 2021; Boyce et al.
2022; von Fellenberg et al. 2023). The powerful astrometric
measurements of GRAVITY /VLTI provide an exciting ring of
locations of flares during the last 4 yr. The ring is
phenomenologically explained as a moving hot spot around
the SMBH. It has a radius of R. = 8.97{3 R, and is rotating
with the azimuthal speed of near Keplerian motion (see also
their Figure 7 in Gravity Collaboration 2023a). A hot spot due
to magnetic reconnection in the SMBH-ADAF has been
suggested for flares in Sgr A* (see references subsequently
cited), but an orbiting sSMBH can explain the properties of
flares and flickerings as an alternative model. Actually, the light
curves show that flickerings and flares are superposed on
relatively stationary fluxes (see Spitzer, Chandra light curves;
Boyce et al. 2022), implying that they are perturbations of the
SMBH-ADAF. This indicates that Sgr A* should be classified
as one type-A2 object.

3.1. Accretion Rates

The SMBH mass is accurately measured M, = 4.3 x 10° M,
(see the latest values given by Gravity Collaboration 2022).
The classical ADAF model was first applied to explain SED
(from radio to hard X-rays) of Sgr A* (Narayan et al. 1995),
which was revised by including fully general relativistic effects
(e.g., Manmoto 2000; Li et al. 2009). Figure 3 shows the global
SED from radio to TeV bands. We use the classical ADAF
model (e.g., Li et al. 2009) to get the accretion rates for
discussions on the sSMBH properties. y-ray emissions through
hot proton—proton collisions in the ADAFs have been
suggested by Mahadevan et al. (2003), but it is only a small
fraction of the total ADAF emissions (Oka & Manmoto 2003)
that is much below the Fermi observations as shown by
Figure 3. For Sgr A", there are only three free parameters in this
model, accretion rates (.#), viscosity (), and magnetization
parameter (3,). We take the SMBH mass measured by
GRAVITY (Gravity Collaboration 2022), and fix the typical
values of the magnetization parameter of 3= 0.35, and the
viscosity of a=0.1. We find .#, = 1073 for a global fitting
(the green line for most points except for flaring points in
Figure 3), which agrees with previous results of Man-
moto (2000).

It has been also suggested that the X-ray flare emission is
due to synchrotron radiation (Dodds-Eden et al. 2009; Barriére
et al. 2014; Ponti et al. 2017) although it has been also
interpreted as IC upscattered photons by the mildly relativistic,
nonthermal electrons (Markoff et al. 2001; Yuan et al. 2003;
Yusef-Zadeh et al. 2009; Ball et al. 2016). It is obvious that the
Fermi ~-ray emissions (Chernyakova et al. 2011; Malyshev
et al. 2015) are much beyond the scope of the SMBH-ADAF
continuum emissions, but they have a Iluminosity of
10% erg s~ from 100 MeV to 500 GeV. It has been suggested
by Malyshev et al. (2015) that the Fermi-detected bump
originates from IC by high-energy electrons in extensive
regions, indicating an extra source of nonthermal emissions in
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Sgr A* (see the possibilities discussed in Cafardo & Nemmen
2021). It is not our goal to extensively explore the delays
among the multiwavelength variations, but we explain the
major properties of flickerings and flares and suggest future
tests of the present model.

3.2. Flares and Quasi-periodic Flickerings

NIR flares are more common on timescales of hours or so.
X-ray flares often accompany NIR ones, but sometimes do not
(Boyce et al. 2022). Several kinds of models are suggested to
explain multiwavelength variations, such as the popular
magnetic reconnection events (e.g., Dexter et al. 2020; Mellah
et al. 2023), nonthermal electrons in a jet (Markoff et al. 2001;
Yuan et al. 2003), sudden instabilities of the MHD disk (e.g.,
Chan et al. 2009), or other stochastic processes in the ADAFs
(see more references listed by Boyce et al. 2022). The most
interesting is that Genzel et al. (2003) discovered quasi-
periodic flickerings of ~17 minutes, which were superimposed
to a flare in NIR bands during one epoch of 2002 (but see
different results in other epochs of Do et al. 2009). X-rays of
XMM-Newton observations show the similar periods (Aschen-
bach et al. 2004; Eckart et al. 2006). This quasi-periodic
flickering (at 4 um) has been confirmed by the Spitzer
observations (Boyce et al. 2022). It has been argued that the
appearance of the flickering quasi-periodicity (17 ~ 40 minutes)
depends on epochs (see a summary of the quasi-periodicity in
Genzel et al. 2010); though, Do et al. (2009) thought of the res-
noise roles. The quasi-periodicity of flickerings has been
suggested to arise from the quasi-periodic structure of plasma
as hot spots (e.g., Dexter et al. 2020; Aimar et al. 2023; Lin et al.
2023; Mellah et al. 2023) or an expanding hot spot (Michail et al.
2023). However, this kind of model involving magnetic
reconnections should explain why the flares constantly happen
at the same radius (namely, ~9R,) since the reconnections
randomly happen somewhere inside the SMBH-ADAF. Second,
one orbiting star as a pacemaker is suggested by Leibowitz
(2021) for the periodicity of NIR and X-ray flares. A hidden BH
with a mass of ~10°M_ has been suggested by Naoz et al.
(2020); however, the BH with ZIO3M@ has been ruled out by
precise measurements of S2 orbits (Gravity Collaboration 2023b;
Will et al. 2023). Recently, Gravity Collaboration (2023a) maps
the loci of the flare’s locations during the last 4 yr and finds that
the loci are consistent with the Keplerian orbits at a distance of
~9 R, from the central SMBH well determined by the S2 star.
For the magnetic reconnection model of the hot spots, the
question of how to keep them in similar loci remains open. This
new solid evidence supports a rigid body around the central
SMBH. We suggest here an sSMBH is orbiting around the SMBH
in Sgr A* in charge of flares and quasi-periodic flickering.

For simplicity, we assume the sMBH spin axis to be
perpendicular to the SMBH-ADAF equatorial plane. Since the
quasi-periods are about 17-40 minutes (we take the mean
quasi-period is bout 30 minutes), we have the accretion rates of
My~ 2.0 from Equation (2), .#,3=1.0, r;=0.9, and
Mg~4.3. We obtain the quasi-periods of Aty ~
42.1 a} minutes from Equation (7), which is in agreement
with observed quasi-periods (Genzel et al. 2010) if
o1 ~ 1.5~2 slightly fluctuates. Flares are generated with
At~ 10.1 hr, which is well consistent with the observed,
namely, there are a few flares per day. The SED of the jet is
shown in Figure 3, where we take s = 2.6, (,=0.35,
Yoin = 2:0, Ypax = 10°, and m=1/5, 1/10, 1/20, 1/50,
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respectively, for the 1-100 GHz bands, NIR bands, and soft
X-rays. The most significant effects are observed in the SED at
low frequencies. The well-known 1-100 GHz emissions
beyond the SMBH-ADAF, which are usually explained by a
relativistic jet from the SMBH-ADAF lacking of choke effects
(Markoff et al. 2001; Yuan et al. 2003; Yusef-Zadeh et al.
2009; Ball et al. 2016), can be reasonably explained by the
present model. Ejecta from Sgr A* has been observed but it is
subrelativistic (Rauch et al. 2016). The present model is
consistent with the ejecta. It should be mentioned that some
parameters degenerate in fitting SED, for example, ~, .., m, and
(. The most important thing is to identify this EMRI system at
this stage, and we leave it for the future to make a self-
consistent model for jet emissions. However, the Fermi SED
cannot be explained by the present jet model. We agree that
Fermi ~-ray emissions are from extensive regions since no
evidence is found for ~-ray variability (e.g., Cafardo &
Nemmen 2021).

The simple model can, in principle, explain the major
properties of the flares and quasi-periodic flickerings. We note
that the extensive multiwavelength observations show compli-
cated behaviors of variations, such as delays among radio, NIR,
and X-ray bands. Although some attempts have been made
(e.g., Okuda et al. 2023), we will apply the present model to
Sgr A* in more sophisticated treatments to explain variabilities
and polarizations by including inner shocks and external
shocks of the jet. Moreover, wisps with subrelativistic velocity
(~0.4¢) from Sgr A* have been discovered by Rauch et al.
(2016), which could be the remnant, i.e., {Lpyz, of the
relativistic jets slowed down by interaction with surrounding
medium from the SMBH-ADAF. Indeed, LLAGs often show
subrelativistic ejecta (e.g., Middelberg et al. 2004). A damped
jet model will be discussed for this issue in a separate paper. A
few points would be stressed as follows.

First, the nonthermal emissions from the relativistic jet can
be, in practice, tested by a multiwavelength campaign of
simultaneously monitoring Sgr A*. In particular, the GHz radio
and soft X-rays correlations (synchrotron emissions), and with
Fermi ~-ray bands (external IC) are the keys to testing the
present model of the sMBH. Hard X-rays may be mainly
contributed by the SMBH-ADAF. Second, the emissions from
the shocks formed by the outflows and SMBH-ADAF also
contribute to emissions in some bands from radio to X-rays
(even soft ~-rays). This makes the tests not so direct. Okuda
et al. (2023) made an extensive analysis of the multiwavelength
correlations, but they draw conclusions that the multiwave-
length continuum has complicated originations. The correla-
tions may depend on the states of Sgr A*. Third, optical and
UV bands are the key bands of testing SMBH-ADAF model,
but it is impossible to have observations owing to the heavy
extinctions of the Galactic Center. Fortunately, International
Gamma-Ray Astrophysics Laboratory (INTEGRAL, 15keV-
10 MeV) has a sensitivity (~2.85 x 10" phs~' cm™? with an
exposure time of 10%s at 100keV; see®) higher than the IC
scattering of SMBH-ADAF photons, and is promising to detect
the emissions to test the present model. However, INTEGRAL
is not able to spatially resolve the region of the Galactic Center
so that only upper limits are given by Malyshev et al. (2015).
As to Fermi observations, the present model is not able to
produce enough y-ray emissions to explain the data. We agree

8 https: //www.cosmos.esa.int/web/integral /instruments-ibis
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that these 7-rays are from extended regions or other compact
objects in the Galactic Center (Cafardo & Nemmen 2021).

3.3. mHz Gravitational Waves

If the 40M ., BH is orbiting around the central SMBH, Sgr A*
will be an excellent target of LISA detection (Babak et al.
2017). From Equation (22), we find the strain amplitude
hy=1.4 x 10~"7, which is very strong for LISA. The decaying
timescale of the orbits is tgw ~ 3297754 yr for ¢z = I,
Mg =4.3, and a; = 0.9 in light of the current error bars of the
orbital radius (A) from GRAVITY. More data are needed from
GRAVITY to determine A better with higher statistics. The key
test is from LISA to detect the strains and polarizations of the
mHz GWs from the EMRI and its orbital decays. See some
detailed calculations of mHz GWs from an EMRI, which can
be found in Fang et al. (2019), Bondani et al. (2022), and
Tahura et al. (2022). Considering the general relativistic
effects, the Schartzshild procession of the sMBH is about
A¢ ~ 67Ry/R. ~ 108° 1" per period for a circular orbit.
Therefore, it is feasible for GRVAVITY+/VLTI to measure
the procession and decay of the orbit (through loci of the flare’s
location). Fully general relativistic treatments should be
simultaneously done for both Schwartzschild procession and
GWs. SgrA* is an excellent laboratory for general relativity
through GWs detected by LISA/Taiji/Tiangin, and orbits
measured by GRAVITY+/VLTL

4. Conclusions

We outline a model of the case of an sSMBH as one satellite
of the SMBH embedded in the ADAFs. The Bondi accretion
onto the sSMBH drives the formation of a cavity through
outflows and leads to quenching the accretion. A cavity is
expected to quasi-periodically appear in the SMBH-ADAF,
and accumulated energies of sMBH outflows during its growth
will make flares through viscous instability. Relativistic jets are
developed by the Blandford—Znajek mechanism if the sMBH is
maximally rotating, and will significantly emit nonthermal
radiations spanning from radio to ~-rays. The nonthermal
emissions from the relativistic jet follow the episodic cavities as
quasi-periodic flickerings. Such an EMRI is an excellent
laboratory for mHz GWs.

As a simple application of the present model, we explain the
flares and quasi-periodic flickerings of SgrA* within the
framework of the present scenario. GRAVITY /VLTI maps of
the locations of flares in Sgr A™ consist of a ring, which
supports the present model. The quasi-periodic flickerings are
consistent with the flare’s location, and flares take place driven
by accumulations of about 10 flickerings. The satellite BH with
M =~ 40M, is favored from fitting the SED of Sgr A* spanning
from radio to X-ray bands, where the relativistic jet is
developed from the episodic sMBH-ADAF. The strain
amplitudes of the mHz GWs are about 10717, and the sSMBH
will merge into the central SMBH in 30 yr. More precise
measurements of the SMBH orbits are expected as well as mHz
GW detections of LISA /Taiji/Tiangin to reveal the presence of
the sMBH.

Though, we only provide formulations for an EMRI with a
mass ratio of 10~ around 10° M., SMBH, the present model is
also applicable to >10° M, system. Applications of the present
scenario to other massive AGNs (e.g., Pyatunina et al. 2006) or
3C 390.3-like radio galaxies (Sergeev 2020) will be carried out.
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For high-¢ systems, such as ¢ ~ 1072, the properties of the
system will be different from the present descriptions, showing
much larger cavities than the low-q ones. In such a context, the
EMRI system shows large amplitudes of flares, i.e., an upon-
down mode of variabilities, and flickerings appear or disappear
depending on the sSMBH spins.

Finally, we would like to point out the possibility that
multiple sSMBHs may simultaneously coexist and randomly
distribute inside the SMBH-ADAF. Since the properties of
sMBH cavities are sensitive to the locations and masses, the
flickerings and flares are superposed on each other. The quasi-
periodicity of light curves arising from all of them may
disappear but show random behaviors. In general, light curves
of LLAGNs should be complicated if they contain multiple
sMBHs.
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Appendix
Other Processes of Cavity Formation

In order to form a cavity, the sMBH-outflows should work to
overcome possible barriers. First, the outflows work against the
gravitational energy between the SMBH and the cavity gas. This
means AE; = GMAM_,,/Rcay, Where AM,, = 4T”Rgavnemp.
We have the timescale of cavity formation

M,
ot (4},

where 7.1 = Mou/0.1. Second, the outflows should overcome
the SMBH binding energy, and AE, = AMcaV(GMp/R.Z)RcaV.
The timescale is given by

M,
Aty =319 n})(laaazlt/srln/équ/a(jﬁ) .

At = 3111, ay3?r/° (A1)

(A2)

The above estimations show that the outflows can easily make
a cavity. Third, the outflows should work against the gas
pressure of the SMBH-ADAF, that is AE; = 4T”Rfangas in the
main text (e.g., McNamara & Nulsen 2007; Fabian 2012).
Comparing the three cases, we find that the third case can make
a much larger cavity than the other two.
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