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SUMMARY: Gravitational waves (GW) in the nano-Hz domain are expected to be radiated by close-
binaries of supermassive black holes (CB-SMBHs; components bound in a Keplerian binary at mutual
distance less than ~ 0.1 pc), which are relicts of galaxy mergers and anticipated to be measured via
the Pulsar Timing Array (PTA) technique. The challenge of present CB-SMBH investigations is that
their signatures are elusive and not easily disentangled from a single SMBH. PTAs will typically have
a glimpse of an early portion of the binary inspiral to catch the frequency evolution of the binary only
with sufficiently high mass and initially high eccentricity. Thus, we have to make use of electromagnetic
observations to determine orbital parameters of CB-SMBHs and test nano-Hz GW properties. The 2D
reverberation mapping (RM) is a powerful tool for probing kinematics and geometry of ionized gas in
the SMIBHs (single or binary) vicinity, yet it can lose information due to projection on the line of sight of
the observer. Nevertheless, spectroastrometry with AMBER, GRAVITY, and successors can provide an
independent measurement of the emitting region’s size, geometry, and kinematics. These two techniques
combined can resolve CB-SMBHSs. In this review, we focus on RM and spectroastrometry observational
signatures of CB-SMBHSs with non-zero eccentricity from recent simulations with particular attention

to recent developments and open issues.

Key words. Galaxies: active — Quasars:
Techniques: interferometric

1. INTRODUCTION

Active galactic nuclei (AGNs) are one of the most
energetic and powerfull sources in the Universe. The
activity is triggered by accretion of material around
a super massive black hole (SMBH) in the core of
these objects. AGN can be found in galaxies such as
ellipticals, disc galaxies, and in a certain fraction of
dwarf galaxies (Netzer 2013). Although they are not
omnipresent, AGNs are widely accepted as a stage
in the life cycle of galaxies (see, e.g. Marconi et al.
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2004, Best et al. 2005). Their “extra-power” is unlike
the stellar nuclear fusion and is universally assumed
to be an actively accreting central SMBH (Zeldovich
and Novikov 1964, Salpeter 1964, Rees 1984). Their
prominent observational signatures that cover the full
electromagnetic spectrum include (see Padovani et al.
2017, for a thorough review): masses > 106My; very
high luminosities (up to Lpo ~ 10%ergs™!), set-
ting them as the strongest non-explosive sources in
the observable Universe, detectable up to very high
redshifts (currently z ~ 7.642, Wang et al. 2021);
compact emitting regions (~ Mpc) in most bands,
and broad-band emission covering almost the en-
tire electromagnetic spectrum. In a unified model,
an AGN’s SMBH is surrounded by a subparsec ge-
ometrically thin accretion disc threaded by strong
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magnetic fields and a dusty torus (Antonucci 1993,
Urry and Padovani 1995). The clouds with Kep-
lerian motion populate two distinctive regions: the
broad-line region (BLR) and the narrow-line (NLR)
region. Many observational studies indicate the range
of 103 —10* kms ™! as Keplerian velocity of the BLR
clouds (see e.g., Blandford et al. 1990, Peterson

1998). Emission lines of atomic gas in BLR clouds are
a hallmark of active SMBH since they trace the grav-
itational potential of the SMBH. Substantial mon-
itoring campaigns use light echoes (BLR emission
light curves), a technique called reverberation map-
ping (RM, Blandford and McKee 1982), to measure
the BLR size and infer other physical properties, with
ongoing work expanding the AGN sample size from
tens (see, e.g., Peterson et al. 2004, Ili¢ et al. 2017,
for a thorough review of Serbian AGN group con-
tribution) to hundreds (Grier et al. 2017, Du et al.
2018b). The top result of the RM studies is that
the size of the BLR scales with the square of lu-
minosity, Rgrr ~ VL (see the review in Popovié
2020). However, RM provides this and other impor-
tant AGN scaling relations locally (redshift z < 0.3)
and probed a narrow SMBH mass range, typically
10""8Ms (Bentz 2016). These local relations are
then extrapolated to a much higher redshift and for
larger SMBH masses (10°719M,). However, for mon-
itoring non-local AGN, RM should cover an observa-

tional time baseline of decades to recover the reliable
BLR dimensions since the dynamical time scales and

cosmological time dilation ~ (1 4 z) increase the ob-
served dimensions (Kaspi et al. 2007). This obscures
knowledge of the galaxy/SMBH co-evolution and of
the high redshift SMBHs population in general. Ad-
ditionally, assumptions about the geometry of BLR
components may bias the inferred physical interpre-
tation (Mangham et al. 2019). Thus, an independent

method to detect the BLR structure is needed. In
this light, interferometry is a newly-introduced inde-

pendent method for spatially resolving AGN (Swain
et al. 2003, Jaffe et al. 2004, Wittkowski et al. 2004).
The main components of AGN, as projected on the
sky, are of small angular dimension, from micro (u) to
milli (m)- arcsecond (as) scales, requiring long base-
lines. Being extragalactic objects at large distances,
AGNs are also relatively faint sources for observa-
tions, thus only observed in optical interferometry
with 8-10-metre-class telescopes and instrumentation
with premium sensitivity (Honig et al. 2018). Con-
tinuum measurements provide information about hot
dust surrounding the nucleus (Kishimoto et al. 2011,
Weigelt et al. 2012). The second-generation Very
Large Telescope Interferometer (VLTI) instrument
GRAVITY has enormously enhanced sensitivity and
coverage by combining information from four tele-
scopes in a six-baseline array configuration (GRAV-
ITY Collaboration 2020a). GRAVITY Collaboration
(2020b) used data from GRAVITY ongoing the AGN
observing program to measure hot dust region sizes
for eight of the brightest type 1 AGN, almost dou-
bling the sample for which the near-infrared (NIR) in-
terferometry is available. However, the BLR is much

smaller (angular size < 0.1 mas) than the hot dust
region and is unresolvable even with the VLTI. In-
stead, its kinematics is imprinted as the photocen-
tre shift of atomic gas in the BLR relative to the
hot dust ring across the emission line’s wavelength
(or radial velocity). The photocentre shift can be
measured via a small differential phase signal < 1°
(Rakshit et al. 2015) whose detection requires deep
integrations. Spatially resolving the tiny size of the
BLR, 103 —10° gravitational radii (Netzer 2015), has
been the long-term task of spectroastrometry (Petrov
et al. 2001, Marconi et al. 2003), which is now possi-

ble with GRAVITY.
GRAVITY Collaboration (2018) made the first

robust measurements of the BLR size and kinemat-
ics for 3C 273 by combining differential phase with
the Paa emission line profile. These measurements
are complementary with the BLR model as a thick
rotating disc in the gravitational well of SMBH ~
3 x 108 M, which is further entirely consistent with
the result of decade-long RM. TRAS 09149—6206 is
the second source, following 3C 273, for which the
NIR interferometric observations provided the size
of the BLR and an estimate of the mass of the
central black hole (GRAVITY Collaboration 2020c).
The BLR size of ~ 65 pas is consistent with the ra-
dius—luminosity relation based on H5 RM of AGNs.
With all of this in mind, the GRAVITY instrument
has proven that the NIR interferometry is a robust
device to probe the innermost regions of AGN on sub-
parsec scales. At such scales, the NIR interferome-
try is capable of opening the window for exploration
of the close-binary SMBH (CB-SMBH). By provid-
ing information from spatial dimension, the upgraded
GRAVITY+ instrument will ultimately resolve the
binarity of AGNs (GRAVITY+ Collaboration 2019)
that are expected in thousands from surveys such as
SDSS-V (Kollmeier et al. 2019) and 4MOST (Swann
et al. 2019). Generally, the GRAVITY observations
through spectroastrometry sensitively detect the an-
gular structure of the BLR in a direction perpendic-
ular to line-of-sight (LOS), whereas the RM observa-
tions are more sensitive along the direction of sight.
Combined observables of these two techniques can
give information on the distance and 3D structure of
the emitting region. The dual AGNs appear among
galaxies frequently (Wang et al. 2019) based on ex-
amination of the double-peaked features of the [O III]
line found in SDSS quasars (Wang et al. 2009). How-
ever, CB-SMBHs signatures are ambiguous (Popovié¢
2012, De Rosa et al. 2019, Wang and Li 2020). Never-
theless, we are aware that most of AGN features can
be explained by individual SMBHs accretion (Rees
1984), indicating that most CB-SMBHs have prob-
ably finished their final coalescences (Wang and Li
2020). Several observational signatures have been
used to search for CB-SMBH candidates (De Rosa
et al. 2019). For example, there are notable attempts
to resolve the periodic signal in light curves with a
very long time baseline covering several decades (see
Bon et al. 2012, Li et al. 2016, Bon et al. 2016, Li
et al. 2019). A few hundreds of CB-SMBH candi-
dates have been identified from systematic searches
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over extensive time-domain surveys (Graham et al.
2015, Charisi et al. 2016, Liu et al. 2016) and time
series analysis of decadal AGN long term monitor-
ings (see e.g., Kovacevi¢ et al. 2017, 2018, 2019,
2020¢,d). From theory of the hierarchical mergers
of galaxies, CB-SMBHs emerging from dual galac-
tic cores must be formed at centers of some (if not
all) galaxies for certain periods of evolution (Begel-
man et al. 1980, Wang and Ip 2020). Also, some
other types of AGN such as Changing-look AGN (CL-
AGNs) as a new subpopulation (see e.g. mnotable
case of NGC 3516, Shapovalova et al. 2019, Tli¢ et
al. 2020, Feng et al. 2021) challenge some fundamen-
tal physics of AGNs so that a possible explanantion
for them is that CB-SMBHs with high eccentricities
are able to trigger the CL transition through one or-
bit (see Wang and Bon 2020). This review focuses
on RM and spectroastrometry observational signa-
tures of CB-SMBHs with non-zero eccentricity from
numerical simulations with particular attention to re-
cent developments and open issues. The outline of
this work is as follows. In Section 2, we described the
general formalism of Keplerian bound SMBHs bina-
ries. In Section 3, we described modeled kinematics
and reverberation maps of CB-SMBH. In Section 4,
we introduce optical interferometry, emphasizing the
modeled observables of differential interferometry of
CB-SMBH. The feasibility of present and future RM
and optical interferometric observation of the CB-
SMBHs with current and future instruments is dis-

cussed in Section 5. The work is summarized in the
last section.

2. GENERAL FORMALISM

Here we introduce the generic evolutionary path-
way of CB-SMBHs, and geometric configurations of
CB-SMBH systems. We adopt the following nota-
tion: a bold font variable refers to a 3x1 vector, and
unless otherwise specified, the indices k = 1,2 are
used to discern the primary and secondary compo-
nents’ parameters. The cloud parameters are identi-
fied with the subcript ¢, which can be followed by nu-
merical index k = 1,2 if a cloud is in the BLR of pri-
mary or secondary. If all clouds in the disc-like BLR
share the same quantity of a particular parameter, it
will be indicated by subscript c. We assume M; and
Ms to be the primary and secondary SMBH masses
(My > My), respectively with CB-SMBH mass ratio:

_ M,
=3t

In our RM and interfeormetric models, the in-
put parameters are five orbital elements defining the
size and shape (a, e, 4, Q, w) of orbit and time ¢, while
the output parameters are position (r(t)) and veloc-
ity (7(¢)) of objects (both SMBH and each cloud in
the BLRs) obtained by solving Kepler’s equation (all
parameters definitions are given in Kovacevi¢ et al.

(2020a,b):

q < 1.

{a,e,i,Q,w, M, t}, = Kepler'sEqn. =
{rt),7()},. k=12,

(1)
(2)

where M is the mean anomaly. The barycentric vec-
tor n defines the line of sight. Then the binary in-
clination angle to the observer is cosig = 1 - Jpin
where Jy;y is the normalized orbital angular momen-
tum vector of the CB-SMBH system.

2.1. Evolutionary pathway

Substantially observations of galaxies and AGNs
in the electromagnetic Universe focus on the cos-
mic high noon, a period around z ~ 1.5 — 3. This
epoch features several critical transitions in galaxy
evolution, of which galaxy mergers drive the forma-
tion of supermassive binary black holes (Begelman
et al. 1980, Volonteri et al. 2003). In the merger
remnant, the evolution of SMBHs develops in three
phases, each characterized by a distinct physical pro-
cess. Dynamical friction (Chandrasekhar 1943, Just
et al. 2011) triggers sinking of SMBHs in the merger
remnant, making SMBHs close enough that they form
a binary system (Fig. 1 top pane). This occurs on
the Chandrasekhar dynamical friction time-scale:

4 x 108 o e\ 2
t ~ = (—”) Mgt (3
at [yr] e N 200kms T \pc) s (3)

where Mg = 1()18\471\1/[@18 the primary mass, the galaxy
core is presumed to have a velocity dispersion o., a
radius 7. and confines N stars. The binary orbital
energy is extracted efficiently by this process until the
binary reaches the hard stage. This stage assumes a
binary orbital separation

Gu
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where G is the gravitational constant and

MMy
R VA VA

is the reduced mass of the system. At this point in
evolution, the dynamical friction diminishes, while
SMBHs are at mutual parsec scale distances.

In the second phase, stars on orbits intersecting
the binary orbit drain out binary’s orbital energy by
the slingshot during three-body encounters shrinking
the binary orbit. If it is efficient to bring the SMBHs
in the binary close enough (milliparsec - subparsec
separations), the pair becomes CB-SMBH (Fig. 1
middle pane). At this stage, both SMBHs will decou-
ple from external influences and perhaps evolve pri-
marily via the emission of GWs as a pure two-body
system. Due to this decoupling, the GWs frequen-
cies lie in the nano-Hz band, well below any ground-
based, the but pulsar-timing arrays (PTAs) can di-
rectly probe these frequencies. In the third and final
phase, GW emission takes out the remaining orbital
energy in the binary leading the SMBHs to coalesce
(Fig. 1 bottom pane).

Identification of the CB-SMBHs provides us with
essential constraints on the interaction processes that
govern the shrinkage of the binary beyond the final
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parsec. CB-SMBHs are so close (~0.01 pc) that they
are difficult to image using current optical technology.
Various signatures have been used to search for and
identify binary candidates (Fig. 2).

As shown by Wang et al. (2020), except for in-
terferometry, another promising technique is a joint
analysis of the interferometry and RM observations.
The circumbinary discs may also offer electromag-
netic signatures. In particular, these two signatures
have not been explored and applied on AGNs in depth
so far. Thus, they can be most likely to drive obser-
vational efforts shortly in this field.

dynamical friction regime
bound pair of SMBH
separation 10pc-10kpc

decoupling from external influences,
CB-SMBH forms

separation 0.001pc -0.01 pc

Final parsec dynamics

GW radiation reaction,
separation <0.001pc

CB-SMBH coalescence:

‘inspiral’ (adiabatic orbital decay),
‘merger’, and ‘ringdown’

Fig. 1: Scheme of three crucial stages of the binary

SMBHs evolution following a galaxy merger. Here we

focus on electromagnetic signatures of the second stage
when CB-SMBH forms (middle pane).

2.2. Geometry

The two fundamental components constitute the
CB-SMBH systems: (1) circumbinary disc (CBD)
and (2) emission-line regions. Unlike a single SMBH,
the two components are confined by the joint poten-
tial of the CB-SMBHs system. We assume a stan-
dard geometrically thin, optically thick, steady-state
accretion disc model for the CBD, coplanar with the
binary orbit. A residence time t.es ~ |dIna/dt|=! is
determined by orbital decay and it is associated to
each phase of the forming binary SMBH. This is the
fraction of time that a binary with specific character-
istics (mass, mass ratio, orbital period) spends at a
given orbital separation during its lifetime. Since the
bright phase of AGN (order of several 107 yrs, Martini
2004) is of the order of time scale of the binary evo-
lution from the outer edge of the CBD to coalescence
(Haiman et al. 2009), the binaries with separations
in this entire range are distributed so that a larger
fraction of sources will populate longer t,.s, and a
smaller fraction will be found at shorter ¢, (Charisi
et al. 2016). Based on Haiman et al. (2009), for a
fixed orbital period, t..s relates only to the mass of
the binary M; + My and the (unknown) mass ratio
q = My /M, of the binary.

Fig. 3 illustrates the residence time for different
orbital periods and redshifts. The lines show the
evolution of binary residence time, with total mass
M + My ~ 108M@, as the orbital motion decays
from longer to shorter orbital periods, for three dif-
ferent mass ratios (red line for ¢ = 1, black for ¢ = 0.5
and green for ¢ = 0.05). The segments with differ-
ent gradients roughly correspond to distinct stages
of the binary evolution. At long orbital periods,
the binary evolution is slow and dominated by an-
gular momentum exchange with the CBD, whereas
at short orbital periods, the binary enters the GW-
driven regime and the evolution is faster. The shaded
region distinguishes the parts of the binary evolu-
tion accessible for study, assuming homogenous ca-
dence and 10 yr monitoring campaign. The classi-
cal setup of the BLR is a virialized distribution of
clouds, with evidence that many are rotating sys-
tems. A variety of RM observations suggest that
the fast-rotating BLRs are flattened while slower ro-
tating BLRs are more spherically distributed due to
turbulence (see GRAVITY Collaboration 2020c, and
references therein). Additionally, the GRAVITY ob-
servations of 3C 273 currently support the simplest
model. The BLR size of each SMBH in the binary is
described by Rgrr ~ L% relation conditioned by the
photoionization process, also depending on accretion
of the components, which is given by

RpLr ~ 3.8~ " Ap° Mg (4)

where Mg = Msyrpr/10°Mg, the bolometric cor-

r .2
rection is k, the Eddington ratio is A\g = % with

the radiative efficiency n , the mass accretion rate M,
and Eddington luminosity is Ly = 1.44 x 10**ergs—1.
For circular binaries e; = 0 and semi-major axes a;,
the relative distance of two components is time inde-
pendent:

|r(ex1 =0,e3 =0)| = aq, (5)

where a = a1 + as.

In the circular case, the velocities of SMBHs
and their relative velocity are also time-independent.
However, in elliptical configurations of clouds in the
BLR of CB-SMBH on elliptical orbits, the positions
and velocities depend on time and osculating orbital
elements. Our model accounts for all these parame-
ters, as explained in Kovacevié et al. (2020a,b).

3. REVERBERATION MAPPING OF
CB-SMBH

Reverberation mapping (RM) is a well-tested tool
for measuring the kinematics of ionized gas around
SMBHs. RM is based on the following assumptions
(see, e.g., Peterson 2014): (1) the ionizing photons
originate from a point source much smaller than the
BLR; (2) photoionization is the dominant mechanism
producing the emission lines; and (3) the BLR is rel-
atively stable on the RM timescales. Even if broad-
line profiles in the CB-SMBH and single SMBH cases
could be similar, investigations of Popovi¢ et al.
(2000), Shen and Loeb (2010) generally show that
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wide (10pc-10 kpc) pairs, spatially resolved:
-two/three point like X ray, radio or optical core; AGN-type emission lines

NGC 6240 Komossa +03; 3C75 Hudson 06; NGC 3341 Barth +08; Mrk463 Bianchi +08;
J100043.15+020637.2 Comerford +09; the quasar pair J1254+0846 Green +10.

Komossa 03

(<10pc) binaries, spatially unresolved in optical and X- ray:

-radio interferometry: 0402+379 Rodriguez 09

-systematic search in optical and NIR spectroscopic DB for QSO
with large velocity shifts (>few hundreds km s-1): SDSS J0927+2943 , J1536+0441,
J1050+3456, J1000+2233 , J0932+0318 Tsalmantza +11; 88 candidates Eracleous +12

-charact. dips in TDE light curves: SDSSJ120136.02+300305.5 Liu +14

-periodicity in light curves: OJ 287 Valtonen +08

2010 2011
Jun_Jul Avg Sep Oct Nov Dec Jon Feb Uar Apr Moy Jun Jul Avg Sep Oct *|

il

L,(0.2-2keV)
2R
S —

close (<=0.01 pc) binaries CB-SMBH~coalescence:

-GW

-electormagnetic emission-typical CB-SMBH periods are ~10 yr,
opening the interesting opportunity of directly detect periodic variability:
NGC 4151 Bon +12, PG 1302-102 Graham+15, Kovacevi¢ et al 19

-RM campaigns + interferometry: Songsheng+19

Vo ki)

BINARY SMBH OBSERVABLES
ACROSS

post coalescence:

-double-double radio galaxies: Schoenmakers 00
-X shaped radio galaxies: Merritt & Ekers 02, Zier 05

EVOLUTION OF SMBH PAIRS |recoiling SMBHs -spatial and/or kinematic offsets from hosts:

E1821+643 Robinson+10, review Komossa 12

Fig. 2: Diagram of explored signatures of binary SMBH up to now. Electromagnetic emission of circumbinary disc
and synergy between reverberation mapping and interferometry are most likely drivers for nearby future CB-SMBH

observations.

-—- g=1
--- g=05
--- g=0.05

SN WA g og

Fig. 3: Residence time of a binary SMBH with total mass
of ~ 108 M), for mass ratios ¢ = 1, ¢ = 0.5, ¢ = 0.05
denoted with red, black, and green color, respectively.
The red regions emphasize the observable orbital period.

they reverberate differently to the continuum vari-
ations. Wang et al. (2018) provided the first semi-
analytical formulae for two-dimensional (2D) trans-
fer functions (TFs) of emission lines to continuum in
circular CB-SMBH models, in contrast with single
SMBH cases.

However, Kovacevi¢ et al. (2020a) extended this
formalism to account for CB-SMBH with non-zero
eccentricity. In the simple linear theory, the broad
emission-line radial velocity V,, and time dependent
response L(V,,t) is a convolution of prior, time de-
layed continuum variations C(t — 7) with a transfer
function ¥(V,,7) such that (Blandford and McKee
1982):

—+oo

L(V,,T)= / C(t — 1)U (V,, )dr. (6)

— 00

The TF is a projection of a six-dimensional (three
spatial and three kinematical) phase space distribu-
tion into 2D phase space (defined by radial velocity
V, and time lag 7). The contribution of a particular
cloud of single BLR to overall response depends on:
its distance from the continuum source (setting the
time delay of its response); its radial velocity (i.e. the
velocity at which its response is observed); and emis-
sivity (a parameter describing cloud efficiency of the
reprocessing continuum into line photons in a steady-
state).

Thus, the TF for a single elliptical disc can be
written as follows:

W(o,7) = / €(0)5(v—Viigne)3(ct—(|o]— 0ope))d AV,

(7)
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Fig. 4: Series of line profiles corresponding to theoretical
2D transfer function map obtained for coplanar elliptical
CB-SMBH with M; = 108Mg, My = 0.5-103My, e =
0.5, Q=0 = 0°,wy = 0°,we = 180°. Orbital param-
eters of the clouds in both BLRs are 2. = 100°,w, =

0°,180° and eccentricities are random. From bottom to
kP k=

top spectra are sampled in time instances t; = 35,

0, ...,6 where P is the orbital period.

where €p is the responding volume emissivity (as-
sumed isotropic) of the emission region as a function
of position, and g,V are barycentric state vectors of
a cloud. We adopted the emissivity law e(g) = ego™?
(see Eracleous et al. 1995, and references therein),
where ¢ is a polar form of trajectory of the cloud
determined for given time span from solution of Ke-
pler’s equation. Since the orbital plane of a cloud is
defined by inclination (7) and longitude of the ascend-
ing node () of its orbit, the TF of the elliptical disc
can be given as follows:

Ro 2m 7;max
U(v,7) = eo/ ,g_ng/ dQ/ sin ¢ di
R; 0 -

Tmin
2m

d(X1)6(X)dE (8)
0

where X1 = v —V,, Xy = ¢t — cr, and F is the ec-
centric anomaly of a cloud in its orbital plane. Lim-
its of integration 4min, imax indicate the range of the
clouds orbit inclination in a disc-like BLR, so that
© = |imax — tmin|- Then, the composite TF for CB-
SMBH with non-zero eccentricity is obtained by de-
riving ¥4 (v, 7) and ¥o(v,7) for each BLR and cou-
pling them as follows:

\111(1)77-)
14T

\I’Q(U7T)
14+T,Y

9)

v (’U, 7-)coupled =

where I'y is the coupling factor obtained by normal-
ization of the continuum variation of one of SMBH
with continuum of another SMBH. Here we used the
constant I'g ~ 1 as the simplest case when the bi-
nary black holes have the same properties of con-
tinuum variations. The masses of components are
M, =103M®, My = 0.5 x 108M®. We let the peri-
centers of clouds orbit be uniformly distributed for
BLR around a primary (R;, R,) = (7,15) lightdays
(Id) and a secondary component (R;, R,) = (4,10)
Id. The inclination range for cloud trajectories in
both BLR is ~ 5—7 degrees. This assumption agrees
with the hypothesis that near coplanar accretion discs
and BLR could be expected in gas-rich mergers (Bog-
danovi¢ et al. 2007). An illustration the velocity-
resolved 2DTF produced by the biconical configura-
tion in BLRs of both SMBHs is shown in Fig. 5. In
this configuration, the emitting clouds are confined to
two opposing cones, aligned on a common axis pass-
ing through the continuum source in each BLR. The
axis can be inclined at different angles to the line of
sight, and both cones have the same opening half-
angle. The approaching and receding flows produce
a distinctive bifurcated structure with paired blades
for each SMBH in the system. Smaller horizontal
and upward blades correspond to the biconical con-
figuration of clouds in SMBH with a smaller mass.
The blades are wide, and their angular separation is
greater since the cone angle is larger (30°). In con-
trast, at a larger inclination, 7 = 90°, both blades are
almost vertical and overlapped, making discernment
of the SMBH components difficult.

Fig. 6 shows a 2DTF map for coplanar elliptical
binary SMBH orbits with disc-like BLRs at two differ-
ent positions during their mutual motion (Kovacevié
et al. 2020a). The maps are deformed bell shapes,
which are distinctive from biconical blades.

Kinematics derived from our elliptical BLR mod-
els and binary geometry are reduced to circular sig-
natures when eccentricity and orbital orientation pa-
rameters are set to zero. Fig. 4 shows an exam-
ple of a series of velocity profiles obtained by inte-
grating 2DTF when orbital eccentricities of clouds in
both BLRs are random. One of the prominent spec-
tral features of the eccentric CB-SMBH observed by
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-0.5 ] 0 0.5 1.0 15
(1000km/s)

Fig. 5: 2D Transfer function of CB-SMBH with clouds in biconical geometry. Parameters of model:

t(days)

-0.1 0.0 0.1 0.2
v(1000km/s)

M, =

108 Mg, My = 0.5 x 103Mg,e = 0.9, the conical opening angle is 30°, (7,15) Id and (4,10) 1d are the inner
and outer boundaries of the primary and secondary BLR, respectively. Clouds are on circular orbits around the axis
of cone with inclinations (—7°,7°) Left: The cone axis inclined by 45°. Right: The cone axis inclined by 90°. Radial
velocity and time lags of clouds in BRLs are given in  and y-axis, respectively.
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Fig. 6: 2DTF maps obtained for coplanar CB-SMBH with disc-like BLRs. Inset plots present orbital phase of the
binary system corresponding to the map. Direction of motion of the binary SMBH is anticlockwise Model parameters

are: a coplanar elliptical binary system with e = 0.5, Q1 = Qs = 0°, w; = 0,wy = 180°, clouds orbits in both
BLRs have random eccentrities and 2.1 = Q¢ = 100°, we; = 110°, wee = 290°. Figure adopted from Kovacevié et

al. (2020a).

Kovacevi¢ et al. (2020a) is an intermediate peak when
clouds orbital eccentricities are randomized. This in-
termediate peak can be more or less visible depending
on the orbital phase and on the random realization of
eccentricities (compare Fig. 4 vs. Fig. 5 in Kovacevié¢
et al. (2020a)). This spectral line feature has been ob-
served in spectral lines of a few objects: 3C 390.3 by
Popovié et al. (2011, see their Fig. 1), Arp 102B by
Popovi¢ et al. (2014, see their Fig. 3), NGC 4151
by Shapovalova et al. (2008, see their Fig. 6) and
E18214643 by Shapovalova et al. (2016, see their
Fig. 15). Interestingly, NGC 4151 and E1821+643
have been seen as binary SMBH candidates (e.g. see
Gaussian process analysis in Kovacevi¢ et al. 2017,
2018, and references therein). In contrast, spectral

lines of a circular CB-SMBH with the eccentric cloud
orbit in Fig. 7 show a gradual change of spectral lines
over the orbital motion, with less prominent auxiliary
features (i.e., an intermediate peak).

Kovacevic et al. (2020a) show that rising the incli-
nation of the elliptical orbit of more massive SMBH
and decreasing the angle of pericenter of clouds orbits
which have random eccentricities blurs the contribu-
tion of emission of smaller SMBH. However, in the
same non-coplanar settings of the binary system, if
we randomize orientations of clouds in both BLRs
and eccentricities of clouds of more massive SMBH
are more significant than those of smaller SMBH, the
contribution of less massive SMBH to the spectral
line is less apparent with the hint of its presence seen
as asymmetry of line profiles. On the other hand, ran-
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Fig. 7: The same as Fig. 4 but for circular CB-SMBH.

domization of eccentricities and orientations of clouds
in both BLRs of non-coplanar CB-SMBH can dimin-
ish the contribution of smaller SMBH at the middle
and at the end of the orbital period. It is hard to jus-
tify the presence of kinematic features of CB-SMBHs
through the spectra and 2DTF map alone. This goal
depends on several RM campaign factors: (1) ho-
mogeneous and high cadence, (2) reasonable spectral
resolution, and (3) spectral calibration should be im-
proved for the shape changes of the Hj profiles ([O
II1] is then a poor calibrator for this goal). Given the
observed TFs from RM campaigns, we can directly
compare them with the atlases to select the candi-
date CB-SMBHs and roughly infer the geometry and
kinematics of the constituent BLRs.

4. INTERFEROMETRY OF CB-SMBH

Uncertainities of interferometric differential phase
measurements are reduced in the case of narrow spec-
tral lines and they are not contaminated by the
wavelength-independent errors (see Waisberg et al.
2017). We modelled the differential phases from the
computed brightness distribution of BLRs based on
the Zernike-van Cittert’s theorem (Petrov 2012):

F(w = [[ 1)e o,

where F is the flux of object, I is the object intensity
distribution, o = («, d) are the object coordinates in
the sky and u = B/X\ = (u,v) is the baseline vector
of the interferometer. Let the moments of I(o) are
given as:

(10)

fp = /I(cr,/\)apald7

where p = (p,q), oP = aPd?. We can expand the
complex term in Eq. 10 via Taylor series if |ou| <<
1:

(11)

> (= s ! ou ¢
6727Tia'u _ Z ( 2 )l'( ) ] (12)
1=0 '

Taking into account the above complex term we

can write definition of the complex visibility V' (u) =
F(u)

W as:
V(u) ~1-27miu=, (13)
where fI( Nod
o, \odo
==L 14
JI(o)do (14)

Then, the phase of visibility is arg(V(u)) ~
—27uZ. However, the phase can be disrupted by
the atmospheric turbulence when only one baseline
(two telescopes) is used. This problem can be re-
duced with the differential phase A¢ (see e.g. Delaa
et al. 2013, and references therein). The differential
phase is defined as the difference between the fringe
phases obtained in two spectral channels centred on
wavelengths A and A, (a wavelength of a reference
channel), respectively:

Ap = 27w - (BE(N) — E(\)). (15)
This quantity is particularly relevant for line profiles
when accounting the kinematics of the source, and
the continuum region is the natural choice as a ref-
erence so that £(A.) = 0 (see Kovacevi¢ et al. 2020D,
and references therein).

It has been shown both empirically (see e.g.,
GRAVITY Collaboration 2018, 2020a,b,c) and the-
oretically (Songsheng et al. 2019) that differential in-
terferometry can follow a variation of the BLR photo-
centre. It is an underexploited astrophysical parame-
ter in the AGN investigation, with an interpretation
similar to the BLR spectral lines. Given the geometry
and kinematics of a BLR, its I(o, A) can be calculated
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for one broad emission line with the observed central
wavelength . as:

(o, N = / 4675227(1«, V)5(0 — 0')5(A — N)drdV,

where € is a reprocessing coefficient at cloud position
r, F. is the ionizing flux received by the observer,
D(r,V) is the velocity distribution, ¢/ = (r — (r -
n)n)/D, n is a unit vector defining the line of sight
of the observer, X' = Acy(1 4+ Vn/c)(1 — B5)705
is the Lorentz factor, Rg is the Schwarzschild radius
and D is the distance to the object. We have included
the relativistic and transverse Doppler shift and the
gravitational redshift, since these effects could impact
the emission line shape (see GRAVITY Collaboration
2018, and references therein). The global intensity is
obtained by adding the emission line and continuum
intensities Iyor = Icont + f11.

For a Keplerian BLR with the clouds orbital ec-
centricities e = 0.5 model, the intensity distribution
for the Paa line spectral channel is given in Fig. 8.
All clouds orbits have the same focus where SMBH
is located. The cloud velocity field distributions are
chosen to decrease radially from the focus, and the
significant emission occurs in the vicinity of the peri-
center.

Fig. 9 shows the spectrum, the interferometric
differential phase and differential visibility for a single
SMBH BLR model given in Fig. 8 and considering an
interferometric basline U(B = 100m, PA = 90°). We
take a typical GRAVITY baseline as B = 100m and
we assume that the baseline is perpendicular to the
binary rotation axis (PA = 90°) so that the baseline
B is along the photoncenter displacement for a pure
Keplerian binary (Rakshit et al. 2015, Songsheng et
al. 2019).

The difference between the line and the contin-
uum photocentre grows as the line rises, vanishes
in the line center, and reverses in the second half
of the line. This gives a typical S-shape differential
phase where the peaks are more prominent due to the
clouds’ elliptical motion than in a circular case. The
differential visibility globally displays a w-shape mod-
ified due to the elliptical motion of clouds. Songsheng
et al. (2019) showed that interferometric observables
could be modeled for the circular CB-SMBH case.
The interferometric model of the CB-SMBH system is
a composition of two sources (their BLRs) considered
either as point-like or disc-like models with assumed
morphologies. Kovacevi¢ et al. (2020b) estimated sig-
natures of the elliptical orbital motion of clouds in the
BLR of a single SMBH and elliptical orbital setup of
CB-SMBH on spectro-interferometric observables. In
addition, they investigated the evolution of these ob-
servables with different combinations of orbital and
geometrical parameters. The general expression for
the complex visibility of a binary system is given by:

Zj:m Fjvy’(u)ezma
Zj:m F}

where Vj(u) and F; are the normalized visibility
and flux for each individual component, respectively.

V(u) = (16)

Fig. 10 shows the interferometric observables for CB-
SMBH with both unresolved components.

In this model, the larger SMBH is inclined by 5 de-
grees to the smaller SMBH orbital plane. This leads
to degeneracy in spectral line (Fig. 10) so it is al-
most indistinguishable from a single SMBH (Fig. 9).
However, some slight distinctions are recognizable.
Namely, the deep between the horns are caused by
velocity fields of clouds but with more prominence in
CN-SMBH due to the superposition of projection of
velocity fields of clouds in both SMBHs. However,
the binary differential phase is distinctive due to the
CB-SMBH configuration. Also, the squared visibility
indicates the binarity of the system.

Kovacevi¢ et al. (2020b) constructed exhaustive
atlases of the differential ’zoo’ phases for single

SMBH and CB-SMBH systems. For a single SMBH,
the differential phases resemble a deformed S shape,
indicating the rotational and an elongated motion
of clouds in BLR. Larger values of 2 and w induce
an increase in amplitude of the differential phase.
The peaks are deformed due to the superposition of
trigonometric functions of angles controlling the or-
bital shape. In addition, an increasing cloud orbital
inclination produces differential phases with smaller
amplitudes. These distortions are an illustrative
proof of presence of asymmetry in the disc.

Assuming non-randomised motion, we show in
Fig. 11 spectral lines and differential phases for the
CB-SMBH model. The clouds’ orbital inclinations
have uniform distribution i, = U (—5°,5°). Model pa-
rameters are for the left plot . € U(10°,90°),w, =
110%,4i. € U(—5°,5%),e. = 0.5,i9 = 45°. Model
parameters in the right plot are i, = U(—5°,5°),
Q. =100°, w. = 10°, 49 = 45°, e, = U(0.1,0.5). Vari-
ation of the line of sight shapes the evolution of both
observables with largest effects seen when w, = 270°.
The left peak of the spectral line is more prominent
when ., w, < 180° and e. > 0.3, but the right peak
dominates when w, = 270°. These two orbital pa-
rameters significantly influence the amplitude of the
differential phase when eccentricity is smaller.

Notable net effects of both orbital shape angles are
found when they have larger values simultaneously.
These maps can help to extract exceptional features
of the BLR structure from future high-resolution ob-
servations.

Kovacevi¢ et al. (2020b) demonstrated differences
between the differential 'zoo’ phases of single SMBH
and CB-SMBH systems. The differential phases of
CB-SMBH appear as two blended and deformed S-
shaped signals, asymmetrical along the line center,
whose variabilities depend on the orbital motion of
clouds and SMBHs. The shape and amplitude of the
phases of CB-SMBH systems depend on presumed
orfil{al characteristics of SMBHs and clouds in their

S.

An example of a coplanar CB-SMBH system,
where clouds of smaller SMBH have anti-aligned an-
gular momenta, and the inclinations of orbits of
clouds are linearly spaced between 90° and 175° are
given in Fig. 12. It is also clear from the grid of
models that if a more substantial number of param-
eters vary simultaneously, the shapes of differential
phases will be more complicated. The randomiza-



A. KOVACEVIC

0.975 >
0.950 &

()
0.925 £
0.900 g
0.875 5

Q
0.850 N

©
0.825 ¢
0.800 S

Fig. 8: The normalized intensity distribution for Pac for a single SMBH model. Model parameters are: M =
6 x 10" Mg, i. = (—10°,10°), Q. = 180°,w, = 100°; the inner and outer radii of BLR are given by (20,45) Id.

1.0 1 1.00 A
0.1 1

% 0.8 - 0.99 41
: z
T 0.6+ S 5 0.98 1
N g u
° .2. ’ 0.97
£ 041 -0.1 e
o (@]
=

0.2 1 0.96 -

T T T _02 | T T T 095 T T T
2.025 2.050 2.075 2.100 2.025 2.050 2.075 2.100 2.025 2.050 2.075 2.100

Observed wavelength (107 m)

Fig. 9: The effect of elliptical motion of clouds for a single SMBH BLR model given in Fig. 8. Spectrum (left),
differential phase (middle), and differential visibility (right) are given for the Pac spectral line.

tion of nodes and apocentres of clouds’ orbits in both
BLRs affects the forms of both observables. A cen-
tral whirl is a prominent feature in the right panel.
Before proceeding further, we make a digression to
an additional consideration. For the line of sight
1o = 10°, the spectral lines have concave wings and
narrow core. As i increases, the line shapes broaden
with convex sides. Still, differential phases vary dras-
tically in their amplitudes, widths, and forms.

The differential phase signal is sensitive to the
position of orbital nodes, inclinations, eccentricities,
and arguments of pericentre, along with standardly
expected effects related to the geometrical inclina-
tion of the observer. The right-skewed distributions
of the clouds’ orbital eccentricities cause noise effects
as small random fluctuations in the differential phase
curve. Also, some examples of synthetic spectral lines
of a single SMBH are indistinguishable from those
obtained from the CB-SMBH system but still have
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differing differential phases. This implies that the
differential phases are markers for CB-SMBH. Ob-
servationally for the observer the variability of the
differential phase is most substantial for lower incli-
nations. As much as the central part of the spectral
lines is disfigured, the net effect is that the differ-
ential phase peaks move away from the line center.
The plateau between the differential phase peaks is
more prominent. The opposite is valid when there
are higher contributions of projected lower velocities
in spectral lines. The reversed situation occurs when
the line peaks are closer together, when the differen-
tial phase peaks move closer to the center of the line.
Kovacevi¢ et al. (2020b) investigated the effects of
anti-aligned clouds’ orbital momenta on velocity dis-
tributions. Velocity fields are manifested in the closed
surface, preserving their topological volume and spa-
tial coherency. For randomly distributed inclinations
of the clouds orbit, the velocity fields of such BLRs
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are not volume-preserving in the topological sense.
For the synchronous alignment of angular momenta
of the BLR clouds, the absolute value of clouds’ ve-
locities increases toward the outer side lobes of disc-
like BLRs. For anti-aligned BLRs, the absolute val-
ues for the velocity increase toward sections close to
the apocentre and pericentre.

5. OBSERVATIONAL PROSPECTS FOR
CB-SMBH

Elvis and Karovska (2002) were the first who pro-
posed a method to determine the direct geometrical
distances to radio-quiet quasars that can measure the
cosmological constant A. In this case, the parallax
triangle is inverted with the known length being the
dimension of BLR of the distant quasar. Up to now,
the GRAVITY observations through spectroastrom-
etry sensitively detect the angular structure of the
BLR in the direction perpendicular to the line-of-
sight (LOS), whereas the RM observations are more
sensitive along the direction of sight. The time lag
of an emission line response to the continuum vari-
ation is also the radial position of the line emitter
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with respect to the continuum source. However, two
more coordinates are needed to determine the 3D
image of the region. Interferometry could provide
transverse measurements (Woillez et al. 2003) and
two missing coordinates (see Fig. 13). A joint anal-
ysis of data collected by both techniques can thus di-
rectly measure the AGN absolute angular distances
and central black hole masses (Wang et al. 2020).
As the Paa and HS lines are both from n = 4
energy level to n = 3,2, respectively, the Paa re-
gions overlap regions with the Hf line measured by
RM. Moreover, the lengths of GRAVITY observa-
tions and RM campaigns are quite different, measur-
ing the variable part and entire regions, respectively.
Wang et al. (2020) found that the spectra of 3C
273 are similar in widths and shapes, implying that
the GRAVITY-measured regions are about identical
to the RM-measured ones. There are projects ded-
icated to searching for the CB-SMBH electromag-
netic signatures. There are just a few monitorings,
primarily because of critical technological and prac-
tical observational criteria for disentangling the CB-
SMBHs signatures. The process of synergy between
the RM and interferometry investigations of AGN
has already begun. The long-term RM project called
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Fig. 13: Broad line region tomography through RM and interferometry. The solid curve represents the RM measure-

ment. The horizontal lines correspond to the interferometry measurement. The blue circle represents a continuum
source. The combination of both techniques produces the 3D position of the line-emitting region (shaded polygon).

Monitoring AGNs with HS Asymmetry (MAHA)
uses the Wyoming Infrared Observatory 2.3 m tele-
scope to explore the geometry and kinematics of the
gas responsible for complex Hf emission-line pro-
files, which also provides opportunity to search for
evidence of CB-SMBH (see Du et al. 2018a, Broth-
erton et al. 2020). Several candidates (such as Mrk 6
and Ark 120) show potential features for CB-SMBHs.
This RM also closely cooperates with the ongoing
GRAVITY AGN operations. Eracleous et al. (2012)
compiled a list of 88 CB-SMBHs candidates showing
significant offsets of the HS emission line by thou-
sands of kms™'. Since then, this set of candidates
was continuously spectroscopically monitored (see
Runnoe et al. 2015, 2017). The study by (Runnoe
et al. 2017) presented a catalog of measured radial
velocity variations of the broad Hf lines, radial ve-
locity curves, and derived minimum limits on the to-
tal mass of CB-SMBHs based on the hypothesis that
the velocity variations arise from the orbital motion.

Similar searches for the CB-SMBH candidates based
on the multi-epoch SDSS spectroscopy of the broad

Hp line have been completed by (Shen et al. 2013,
Liu et al. 2014, Guo et al. 2019). Preparations for
the upcoming photometric and spectroscopic surveys
(Vera C. Rubin Observatory Legacy Survey of Space
and Time (LSST), Manuakea Spectroscopic Explorer
(MSE)) are undergoing. Serbian team for the LSST
directable software in-kind contribution designed the
metrics to estimate the cadence effects on detecting
CB-SMBH by upcoming time-domain surveys (LSST
and MSE Kovacevi¢ et al. 2021a,b). It is estimated
that combining rolling cadence operations with pow-
erful deep learning algorithms can lead to detection
of a few dozens of the CB-SMBH candidates in the
optical domain.

When writing this article, we expect the James
Webb Space Telescope (JWST) to accompany the

suite of available instruments relevant to the CB-
SMBH investigation on October 31, 2021. Its

Near-Infrared Imager and the Slitless Spectrograph

(JWST-NIRISS) Aperture Masking Interferometry
(AMI) mode will permit accurate imaging (i.e., with-
out any prior assumptions on source geometry) at ~
65 mas angular resolution at centers of AGNs. This is
paramount for studying complex extended accretion
flows in the vicinity of SMBHs (Ford et al. 2014). A
NIRISS AMI mode applied on the low redshift AGN
with double-peaked optical emission lines will find
dual AGNs at separations of < 35 pc and contrasts of
< 10 mag up to ~ 50 Mpc. Thus, NIRISS’s AMI will
probe binaries closer to the merger and with lower
accretion rate (and lower mass) secondary SMBHs
(Ford et al. 2014). Ground-based interferometry re-
lies on modeling the amplitude and closure phase
based on a priori model of the source, while JWST
AMI is capable of inverse Fourier transforming the
fully measured complex visibilities (Ford et al. 2014).
Significantly, ground-based instruments’ meaningful
results depend on the model’s accuracy, for which the
number of free parameters is lesser than the number
of equations. Both ground-based and space-born in-
terferometry will revolutionize the extragalactic as-
tronomy because, at < 1 arcsec resolution, we start
to see changing structures in AGN which is a quali-
tatively new view.

6. CONCLUSION

Our current knowledge about CB-SMBHs is in-
creasing, yet on a rudimentary level. There are enor-
mous open questions about CB-SMBHs, which in-
clude (but are not limited to): under what conditions
are both or only one of the SMBH active implica-
tions of two degrees of freedom of CB-SMBH orbital
shape on continuum variation, significant uncertain-
ties in evolution timescales of CB-SMBHs, what are
the geometry and kinematics of BLRs in CB-SMBH
systems. In the sense of spectral line shapes, the
sources share many similarities and may not always
appear as different to the single accreting SMBH so-
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urces as one would expect. The key differences can be
found at resolution < 1 arcsec when changing struc-
tures start to appear in interferometric observables,
as we showed here. Such modeling is essential for
selecting putative signatures that may guide present
and future surveys.

We reviewed several possible observational signa-
tures of CB-SMBHs from numerical simulations. Al-
though there are not yet proven CB-SMBHs, searches
for CB-SMBHs through various channels of multi-
messenger techniques are appealing. We expect that
the identifications of CB-SMBHs may have lead to
detection of GWs. Some indices point out a prob-
able non-zero eccentricity for some CB-SMBH emit-
ting GWs. A mechanism that could lead to eccentric
mergers is the Kozai-Lidov oscillation (Wen 2003),
where a distant third object perturbs the binary or-
bital motion. Theoretically a continuous-GW de-
tection by PTAs could yield a measurement of the
system’s orbital frequency and eccentricity (Burke-
Spolaor et a. 2019) but no other CB-SMBH orbital
elements. However, chirp mass and source distance
cannot be directly measured unless the orbital fre-
quency evolution is observed throughout the PTA
observations or if the host galaxy of the continuous-
wave source is identified (Burke-Spolaor et a. 2019).
In data collected over 13 years, the North Ameri-
can Nanohertz Observatory for Gravitational Waves
(NANOGrav) has found an intriguing low-frequency
signal (Arzoumanian et al. 2020). The study exam-
ined potential implications for the supermassive black
hole binary population under the hypothesis that
the signal is indeed astrophysical. In this light, in-
dependent electromagnetic observational techniques
have to be involved, such as the reverberation map-
ping technique and spectroastrometry technique with
a high spatial resolution (realized at the GRAV-
ITY/VLTT and JWST). Combined with growing and
improved theoretical predictions for electromagnetic
and GW signatures, there are great promises for de-
tecting CB-SMBHs in the following decades. This
will then open up a new chapter in studies of cosmic
growth and evolution of SMBHs.

Acknowledgements — The author thanks the Edi-
tors and prof. Luka C. Popovié¢ for their insight-
ful suggestions that contributed to a much-improved
manuscript. Furthermore, the author wishes to ad-
dress a special thank to prof. Dragana Ili¢ for sup-
porting. Author acknowledges the funding provided
by the Faculty of Mathematics University of Belgrade
(the Ministry of Education, science and technolog-
ical development of Republic Serbia contract 451-
03-9/2021-14/200104).  Author also acknowledges
the support by The Chinese Academy of Sciences
President’s International Fellowship Initiative (PIFI)
for visiting scientist.

REFERENCES

Antonucci, R. 1993, ARA&A, 31, 473
Arzoumanian, Z., Baker, P. T., Blumer, H., Becsy, B., et
al. 2020, ApJ, 905, L34

14

Begelman, M. C., Blandford, R. D. and Rees, M. J. 1980,
Natur, 287, 307

Bentz, M. C. 2016, AGN Reverberation Mapping. In:
Boffin H., Hussain G., Berger J. P., Schmidtobreick
L. (eds) Astronomy at High Angular Resolution. As-
trophysics and Space Science Library, vol 439. (Cham,
Switzerland: Springer)

Best, P. N.,; Kauffmann, G., Heckman,T. M., Brinch-
mann, J., Charlot, S., Ivezi¢, Z. and White, S. D. M.
2005, MNRAS, 362, 25

Blandford, R. and McKee, C. 1982, ApJ, 255, 419

Blandford, R. D., Netzer, H., Woltjer, L., Courvoisier,
T. J.-L. and Mayor, M. 1990, Active Galactic Nuclei,
(Berlin, Heidelberg: Springer-Verlag)

Bogdanovié, T., Reynolds, C. S. and Miller, M. C. 2007,
AplJ, 661, L147

Bon, E., Jovanovicé, P., Marziani, P., Shapovalova, A. 1.,
et al. 2012, ApJ, 759, 118

Bon, E.; Zucker, S., Netzer, H., Marziani, P., et al. 2016,
AplJS, 225, 29

Brotherton, M. S., Du, P., Xiao, M., Bao, D-W., et al.
2020, AplJ, 905, 77

Burke-Spolaor, S., Taylor, S. R., Charisi, M., Dolch, T.,
et al. 2019, A&ARwv, 27, 5

Chandrasekhar, S. 1943, ApJ, 97, 255

Charisi, M., Bartos, I., Haiman, Z., Price-Whelan, A. M.,
et al. 2016, MNRAS, 463, 2145

Delaa, O. Zorec, J., Domiciano de Souza, D., Mourard,
D., Perrau, K., et al. 2013, A&A, 555, A100

De Rosa, A., Vignali, C., Bogdanovié, T., Capelo, P. R.,
Charisi, M., et al. 2019, NewAR, 86, 101525

Du, P., Brotherton, M. S., Wang, K., Huang, Z.-P., Hu,
C., Kasper, D. H., Chick, W. T., et al. 2018a, ApJ,
869, id. 142

Du, P., Zhang, Z. X., Wang, K., Huang, Y. K., et al.
2018b, ApJ, 856, 6

Elvis, M. and Karovska, M. 2002, ApJ, 581, L.67

Eracleous, M., Livio, M., Halpern, J. P. and Storchi-
Bergmann, T. 1995, ApJ, 438, 610

Eracleous, M., Boroson, T. A., Halpern, J. P. and Liu, J.
2012, ApJS, 201, 23

Feng, H. C., Hu, C., Li, S.-S., Liu, H. T\, et al. 2021, ApJ,
909, id. 18

Ford, K. E. S., McKernan, B., Sivaramakrishnan, A.,
Martel, A. R., et al. 2014, ApJ, 783, 73

Graham, M. J., Djorgovski, S. G., Stern, D., et al. 2015,
MNRAS, 453, 1562

GRAVITY Collaboration Sturm, E., et al. 2018, Natur,
563, 657

GRAVITY+ Collaboration Eisenhauer, F., Garcia, P.,
Genzel, R., Honig, S., et al. 2019, GRAVITY+: To-
wards Faint Science, All Sky, High Contrast, Milli-
Arcsecond Optical Interferometric Imaging, White Pa-
per and Proposal

GRAVITY Collaboration Pfuhl, O., et al. 2020a, A&A,
634, Al

GRAVITY Collaboration Dexter, J., et al. 2020b, A&A,
635, A92


https://ui.adsabs.harvard.edu/abs/1993ARA&A..31..473A
https://ui.adsabs.harvard.edu/abs/1993ARA&A..31..473A
https://ui.adsabs.harvard.edu/abs/2020ApJ...905L..34A
https://ui.adsabs.harvard.edu/abs/2020ApJ...905L..34A
https://ui.adsabs.harvard.edu/abs/1980Natur.287..307B
https://ui.adsabs.harvard.edu/abs/1980Natur.287..307B
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362...25B
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362...25B
https://ui.adsabs.harvard.edu/abs/1982ApJ...255..419B
https://ui.adsabs.harvard.edu/abs/1982ApJ...255..419B
https://ui.adsabs.harvard.edu/abs/2007ApJ...661L.147B
https://ui.adsabs.harvard.edu/abs/2007ApJ...661L.147B
https://ui.adsabs.harvard.edu/abs/2012ApJ...759..118B
https://ui.adsabs.harvard.edu/abs/2012ApJ...759..118B
https://ui.adsabs.harvard.edu/abs/2016ApJS..225...29B
https://ui.adsabs.harvard.edu/abs/2016ApJS..225...29B
https://ui.adsabs.harvard.edu/abs/2020ApJ...905...77B
https://ui.adsabs.harvard.edu/abs/2020ApJ...905...77B
https://ui.adsabs.harvard.edu/abs/2019A&ARv..27....5B
https://ui.adsabs.harvard.edu/abs/2019A&ARv..27....5B
https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C
https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2145C
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.2145C
https://ui.adsabs.harvard.edu/abs/2013A&A...555A.100D
https://ui.adsabs.harvard.edu/abs/2013A&A...555A.100D
https://ui.adsabs.harvard.edu/abs/2019NewAR..8601525D
https://ui.adsabs.harvard.edu/abs/2019NewAR..8601525D
https://ui.adsabs.harvard.edu/abs/2018ApJ...869..142D
https://ui.adsabs.harvard.edu/abs/2018ApJ...869..142D
https://ui.adsabs.harvard.edu/abs/2018ApJ...856....6D
https://ui.adsabs.harvard.edu/abs/2018ApJ...856....6D
https://ui.adsabs.harvard.edu/abs/2002ApJ...581L..67E
https://ui.adsabs.harvard.edu/abs/2002ApJ...581L..67E
https://ui.adsabs.harvard.edu/abs/1995ApJ...438..610E
https://ui.adsabs.harvard.edu/abs/1995ApJ...438..610E
https://ui.adsabs.harvard.edu/abs/2012ApJS..201...23E
https://ui.adsabs.harvard.edu/abs/2012ApJS..201...23E
https://ui.adsabs.harvard.edu/abs/2021ApJ...909...18F
https://ui.adsabs.harvard.edu/abs/2021ApJ...909...18F
https://ui.adsabs.harvard.edu/abs/2014ApJ...783...73F
https://ui.adsabs.harvard.edu/abs/2014ApJ...783...73F
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453.1562G
https://ui.adsabs.harvard.edu/abs/2015MNRAS.453.1562G
https://ui.adsabs.harvard.edu/abs/2018Natur.563..657G
https://ui.adsabs.harvard.edu/abs/2018Natur.563..657G
https://ui.adsabs.harvard.edu/abs/2020A&A...634A...1G
https://ui.adsabs.harvard.edu/abs/2020A&A...634A...1G
https://ui.adsabs.harvard.edu/abs/2020A&A...635A..92G
https://ui.adsabs.harvard.edu/abs/2020A&A...635A..92G

CLOSE BINARY SUPERMASSIVE BLACK HOLES AT HIGH ANGULAR RESOLUTION

GRAVITY Collaboration Amorim, A., et al. 2020c, A&A,
643, A154

Grier, C. J., Trump, J. R., Shen, Y., Horne, K., et al.
2017, ApJ, 851, 21

Guo, H., Liu, X., Shen, Y., et al. 2019, MNRAS, 482,
3288

Haiman, Z., Kocsis, B. and Menou, K. 2009, ApJ, 700,
1952

Honig, S. F., Alonso Herrero, A., Gandhi, P., Kishimoto,
M., et al. 2018, ExA, 46, 413

1li¢, D., Shapovalova, A. 1., Popovié, L. C., Chavushyan,
V., et al. 2017, FrASS, 4, 12

1li¢, D., Oknyansky, V., Popovi¢, L. C., Tsygankov, S. S.,
et al. 2020, A&A, 638, id. A13

Jaffe, W., Meisenheimer, K., Rottgering, H. J. A., Lein-
ert, C. H., et al. 2004, Natur, 429, 47

Just, A., Khan, F. M., Berczik, P., Ernst, A. and
Spurzem, R. 2011, MNRAS, 411, 653

Kaspi, S., Brandt, W. N., Maoz, D., Netzer, H., Schnei-
der, D. P. and Shemmer, O. 2007, ApJ, 659, 997

Kishimoto, M. Hénig, S., Antonucci, R., Barvainis, R., et
al. 2011 A&A, 527, 121

Kollmeier, J., Anderson, S. F., Blanc, G. A., Blanton, M.
R., et al. 2019, BAAS, 51, id. 274

Kovagevié, A., Popovié, L. C., Shapovalova, A. I. and Tli¢,
D. 2017, Ap&SS, 362, id. 31

Kovagevié¢, A. B., Pérez-Hernéndez, E., Popovi¢, L. C.,
Shapovalova, A. 1., Kollatschny, W. and Ili¢, D. 2018,
MNRAS, 475, 2051

Kovagevié¢, A. B., Popovié¢, L. C., Simi¢, S. and Ili¢, D.
2019, ApJ, 871, id. 32

Kovagevié, A. B., Wang, J.-M. and Popovi¢, L. C. 2020a,
A&A, 635, id. Al

Kovacevié, A. B., Songsheng, Y.-Y., Wang, J.-M. and
Popovié, L. C. 2020b, A&A, 644, A8S

Kovagevié¢, A. B., Yi, T., Dai, X., Yang, X., Cvorovié-
Hajdinjak, I. and Popovié, L. C. 2020c, MNRAS, 494,
4069

Kovagevié¢, A. B., Popovi¢, L. C. and Tli¢, D. 2020d, OAst,
29, 51

Kovagevié, A., Tli¢, D., Popovié¢, L. C., Jankov, I, et al.
2021a, accepted for publication in MNRAS

Kovagevié, A., Ili¢, D., Jankov, L., Popovié, L. C., et al.
2021b, submitted to LSST SCOC

Li, Y.-R., Wang, J.-M., Ho, L. C., Lu, K.-X., et al. 2016,
ApJ, 822, 4

Li, Y.-R., Wang, J.-M., Zhang, Z.-X., Wang, K., et al.
2019, ApJS, 241, 33

Liu, T., Gezari, S., Ayers, M., et al. 2019, ApJ, 884, 36

Liu, X., Shen, Y., Bian, F., Loeb, A. and Tremaine, S.
2014, ApJ, 789, 140

Mangham, S. W., Knigge, C., Williams, P., et al. 2019,
MNRAS, 488, 2780

Marconi, A., Maiolino, R. and Petrov, R. G. 2003,
Ap&SS, 286, 245

Marconi, A., Risaliti, G., Gilli, R., Hunt, L. K., Maiolino,
R. and Salvati, M. 2004, MNRAS, 351, 169

Martini, P. 2004, Coevolution of Black Holes and Galax-
ies, from the Carnegie Observatories Centennial Sym-

posia, Ed. by L. C. Ho. (Cambridge: Cambridge Uni-
versity Press.), 169

Netzer, H. 2013, The Physics and Evolution of Active
Galactic Nuclei (Cambridge: Cambridge University
Press)

Netzer, H. 2015, ARA&A, 53, 365

Padovani, P., Alexander, D. M., Assef, R. J., De Marco,
B., Giommi, P., Hickox, R. C., et al. 2017, A&ARv, 25,
2

Peterson, B. M. 1998, AdSpR, 21, 57

Peterson, B. M. 2014, SSRv, 183, 253

Peterson, B. M., Ferrarese, L., Gilbert, K. M., Kaspi, S.,
et al. 2004, ApJ, 613, 682

Petrov, R. G., Malbet, F., Richichi, A., et al. 2001, CR-
Phy, 2, 67

Petrov, R. G., Millour, F., Lagarde, S., Vannier, M., Rak-
shit, S., Marconi, A. and Weigelt, G. 2012, in Proc.
SPIE 8445, Optical and Infrared Interferometry III,
ed. F. Delplancke, J. K. Rajagopal, and F. Malbet
84450W-1

Popovié, L. C. 2012, NewAR, 56, 74

Popovié, L. C. 2020, OAst, 29, 1

Popovié, L. C., Mediavilla, E. G. and Pavlovi¢, R. 2000,
SerAlJ, 162, 1

Popovié, L. C., Shapovalova, A. I, Tli¢, D., Kovacevié, A.,
Kollatschny, W.; et al. 2011, A&A, 528, id. A130

Popovié, L. C., Shapovalova, A. L., Ili¢, D., Burenkov, A.,
et al. 2014, A&A, 572, id. A66

Rakshit, S., Petrov, R. G., Meilland, A. and Hénig, S. F.
2015, MNRAS, 447, 2420

Rees, M. J. 1984, ARA&A, 22, 471

Runnoe, J. C.; Eracleous, M., Mathes, G., Pennell, A., et
al. 2015, ApJS, 221, id. 7

Runnoe, J. C., Eracleous, M., Pennell, A.; et al. 2017,
MNRAS, 468, 1683

Salpeter, E. E. 1964, ApJ, 140, 796

Shapovalova, A. I., Popovié¢, L. C., Collin, S., Burenkov,
A. N, et al. 2008, A&A, 486, 99

Shapovalova, A. I., Popovié, L. C., Chavushyan, V. H.,
Burenkov, A. N., Ili¢, D., et al. 2016, ApJS, 222, id. 25

Shapovalova, A. 1., Popovi¢, L. C., Afanasiev, V. L., Tli¢,
D., Kovacevié, A., et al. 2019, MNRAS, 485, 4790

Shen Y. and Loeb, A. 2010, ApJ, 725, 249

Shen, Y., Liu, X., Loeb, A. and Tremaine, S., 2013, ApJ,
775, 49

Songsheng, Y.-Y., Wang, J.-M., Li, Y.-R. and Du, P.
2019, ApJ, 881, 140

Swain, M., Vasisht, G., Akeson, R., Monnier, J., et al.
2003, AplJ, 596, 1163

Swann, E., Sullivan, M., Carrick, J., et al. 2019, Msngr,
175, 58

Urry, C. M. and Padovani, P. 1995, PASP, 107, 803

Volonteri, M., Haardt, F. and Madau, P. 2003, ApJ, 582,
559

Waisberg, 1., Dexter, J., Pfuhl, O., Abuter, R., Amorim,
A., Anugu, N., et al. 2017, ApJ, 844, 72

Wang, F., Yang, J., Fan, X., Hennawi, J. F., et al 2021,
AplJ, 907, L1

Wang, J.-M. and Bon, E. 2020, A&A, 643, L9

15


https://ui.adsabs.harvard.edu/abs/2020A&A...643A.154G
https://ui.adsabs.harvard.edu/abs/2020A&A...643A.154G
https://ui.adsabs.harvard.edu/abs/2017ApJ...851...21G
https://ui.adsabs.harvard.edu/abs/2017ApJ...851...21G
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3288G
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3288G
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3288G
https://ui.adsabs.harvard.edu/abs/2009ApJ...700.1952H
https://ui.adsabs.harvard.edu/abs/2009ApJ...700.1952H
https://ui.adsabs.harvard.edu/abs/2009ApJ...700.1952H
https://ui.adsabs.harvard.edu/abs/2018ExA....46..413H
https://ui.adsabs.harvard.edu/abs/2018ExA....46..413H
https://ui.adsabs.harvard.edu/abs/2017FrASS...4...12I
https://ui.adsabs.harvard.edu/abs/2017FrASS...4...12I
https://ui.adsabs.harvard.edu/abs/2020A&A...638A..13I
https://ui.adsabs.harvard.edu/abs/2020A&A...638A..13I
https://ui.adsabs.harvard.edu/abs/2004Natur.429...47J
https://ui.adsabs.harvard.edu/abs/2004Natur.429...47J
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411..653J
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411..653J
https://ui.adsabs.harvard.edu/abs/2007ApJ...659..997K
https://ui.adsabs.harvard.edu/abs/2007ApJ...659..997K
https://ui.adsabs.harvard.edu/abs/2011A&A...527A.121K
https://ui.adsabs.harvard.edu/abs/2011A&A...527A.121K
https://ui.adsabs.harvard.edu/abs/2019BAAS...51g.274K
https://ui.adsabs.harvard.edu/abs/2019BAAS...51g.274K
https://ui.adsabs.harvard.edu/abs/2017Ap&SS.362...31K
https://ui.adsabs.harvard.edu/abs/2017Ap&SS.362...31K
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.2051K
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.2051K
https://ui.adsabs.harvard.edu/abs/2019ApJ...871...32K
https://ui.adsabs.harvard.edu/abs/2019ApJ...871...32K
https://ui.adsabs.harvard.edu/abs/2020A&A...635A...1K
https://ui.adsabs.harvard.edu/abs/2020A&A...635A...1K
https://ui.adsabs.harvard.edu/abs/2020A&A...644A..88K
https://ui.adsabs.harvard.edu/abs/2020A&A...644A..88K
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.4069K
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.4069K
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.4069K
https://ui.adsabs.harvard.edu/abs/2020OAst...29...51K
https://ui.adsabs.harvard.edu/abs/2020OAst...29...51K
https://ui.adsabs.harvard.edu/abs/2016ApJ...822....4L
https://ui.adsabs.harvard.edu/abs/2016ApJ...822....4L
https://ui.adsabs.harvard.edu/abs/2019ApJS..241...33L
https://ui.adsabs.harvard.edu/abs/2019ApJS..241...33L
https://ui.adsabs.harvard.edu/abs/2019ApJ...884...36L
https://ui.adsabs.harvard.edu/abs/2019ApJ...884...36L
https://ui.adsabs.harvard.edu/abs/2014ApJ...789..140L
https://ui.adsabs.harvard.edu/abs/2014ApJ...789..140L
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.2780M
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.2780M
https://ui.adsabs.harvard.edu/abs/2003Ap&SS.286..245M
https://ui.adsabs.harvard.edu/abs/2003Ap&SS.286..245M
https://ui.adsabs.harvard.edu/abs/2004MNRAS.351..169M
https://ui.adsabs.harvard.edu/abs/2004MNRAS.351..169M
https://ui.adsabs.harvard.edu/abs/2004cbhg.symp..169M
https://ui.adsabs.harvard.edu/abs/2015ARA&A..53..365N
https://ui.adsabs.harvard.edu/abs/2015ARA&A..53..365N
https://ui.adsabs.harvard.edu/abs/2017A&ARv..25....2P
https://ui.adsabs.harvard.edu/abs/2017A&ARv..25....2P
https://ui.adsabs.harvard.edu/abs/2017A&ARv..25....2P
https://ui.adsabs.harvard.edu/abs/1998AdSpR..21...57P
https://ui.adsabs.harvard.edu/abs/1998AdSpR..21...57P
https://ui.adsabs.harvard.edu/abs/2014SSRv..183..253P
https://ui.adsabs.harvard.edu/abs/2014SSRv..183..253P
https://ui.adsabs.harvard.edu/abs/2004ApJ...613..682P
https://ui.adsabs.harvard.edu/abs/2004ApJ...613..682P
https://ui.adsabs.harvard.edu/abs/2001CRPhy...2...67P
https://ui.adsabs.harvard.edu/abs/2001CRPhy...2...67P
https://ui.adsabs.harvard.edu/abs/2001CRPhy...2...67P
https://ui.adsabs.harvard.edu/abs/2012SPIE.8445E..0WP
https://ui.adsabs.harvard.edu/abs/2012NewAR..56...74P
https://ui.adsabs.harvard.edu/abs/2012NewAR..56...74P
https://ui.adsabs.harvard.edu/abs/2020OAst...29....1P
https://ui.adsabs.harvard.edu/abs/2020OAst...29....1P
https://ui.adsabs.harvard.edu/abs/2000SerAJ.162....1P
https://ui.adsabs.harvard.edu/abs/2000SerAJ.162....1P
https://ui.adsabs.harvard.edu/abs/2011A&A...528A.130P
https://ui.adsabs.harvard.edu/abs/2011A&A...528A.130P
https://ui.adsabs.harvard.edu/abs/2014A&A...572A..66P
https://ui.adsabs.harvard.edu/abs/2014A&A...572A..66P
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.2420R
https://ui.adsabs.harvard.edu/abs/2015MNRAS.447.2420R
https://ui.adsabs.harvard.edu/abs/1984ARA&A..22..471R
https://ui.adsabs.harvard.edu/abs/1984ARA&A..22..471R
https://ui.adsabs.harvard.edu/abs/2015ApJS..221....7R
https://ui.adsabs.harvard.edu/abs/2015ApJS..221....7R
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.1683R
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.1683R
https://ui.adsabs.harvard.edu/abs/1964ApJ...140..796S
https://ui.adsabs.harvard.edu/abs/1964ApJ...140..796S
https://ui.adsabs.harvard.edu/abs/2008A&A...486...99S
https://ui.adsabs.harvard.edu/abs/2008A&A...486...99S
https://ui.adsabs.harvard.edu/abs/2016ApJS..222...25S
https://ui.adsabs.harvard.edu/abs/2016ApJS..222...25S
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.4790S
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.4790S
https://ui.adsabs.harvard.edu/abs/2010ApJ...725..249S
https://ui.adsabs.harvard.edu/abs/2010ApJ...725..249S
https://ui.adsabs.harvard.edu/abs/2013ApJ...775...49S
https://ui.adsabs.harvard.edu/abs/2013ApJ...775...49S
https://ui.adsabs.harvard.edu/abs/2019ApJ...881..140S
https://ui.adsabs.harvard.edu/abs/2019ApJ...881..140S
https://ui.adsabs.harvard.edu/abs/2003ApJ...596L.163S
https://ui.adsabs.harvard.edu/abs/2003ApJ...596L.163S
https://ui.adsabs.harvard.edu/abs/2019Msngr.175...58S
https://ui.adsabs.harvard.edu/abs/2019Msngr.175...58S
https://ui.adsabs.harvard.edu/abs/1995PASP..107..803U
https://ui.adsabs.harvard.edu/abs/1995PASP..107..803U
https://ui.adsabs.harvard.edu/abs/2003ApJ...582..559V
https://ui.adsabs.harvard.edu/abs/2003ApJ...582..559V
https://ui.adsabs.harvard.edu/abs/2003ApJ...582..559V
https://ui.adsabs.harvard.edu/abs/2017ApJ...844...72W
https://ui.adsabs.harvard.edu/abs/2017ApJ...844...72W
https://ui.adsabs.harvard.edu/abs/2021ApJ...907L...1W
https://ui.adsabs.harvard.edu/abs/2021ApJ...907L...1W
https://ui.adsabs.harvard.edu/abs/2020A&A...643L...9W
https://ui.adsabs.harvard.edu/abs/2020A&A...643L...9W

A. KOVACEVIC

Wang, J.-M. and Li, Y.-R. 2020, RAA, 20, 160

Wang, J.-M., Chen, Y.-M., Hu, C., et al. 2009, ApJ, 705,
L76

Wang, J.-M., Songsheng, Y.-Y., Li, Y.-R. and Yu, Z.
2018, ApJ, 862, 171

Wang, J.-M., Songsheng, Y.-Y., Li, Y.-R., Du, P. and
Zhang, Z.-X. 2020, NatAs, 4, 517

Wang, J. and Ip, W.-H. 2020, RAA, 20, 157

Wang, M.-X., Luo, A.-L., Song, Y.-H., et al. 2019, MN-
RAS, 482, 1889

Weigelt, G., Hofmann, K. -H., Kishimoto, M., Honig, S.,
et al. 2012, A&A, 541, L9

Wen, L. 2003, ApJ, 598, 419

Wittkowski, M., Kervella, P., Arsenault, R., Paresce, F.,
et al. 2004, A&A, 418, L39

Woillez, J., Sol, H., Lai, O., Guyon, O. and Perrin, G.
2003, in Proceedings of SPIE - The International Soci-
ety for Optical Engineering, 4838(2), 1389

Zeldovich, Ya. B. and Novikov, I. D. 1964, Dokl. Akad.
Nauk SSSR, 155, 1033

N3YYABAILE TECHO IABOJHUX CYIIEPMACUMBHUX
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Oueryje ce ma he rpaBuTanMOHM TaJacu
(I'T) y momeny mamoxepua (nHz) moTunaru on
TECHO NBOJHUX cynepMmacuBHuX npHux pyma (TII-
CMIIP rae cy KOMIIOHEHTE Ca KEINIEPOBCKUM Kpe-
TameM Ha MehycoOHOj yIabeHOCTH MammO] Of
~ 0.1 pc), a Koje Cy peNUKTU Cynapa Tajlak-
cuja, U y3 TO Ce IpeAnocTaBha Oa he ce nxe-
TEKTOBATU TEXHUKOM I[IO3HATOM KAaO IIyJICAPCKU
Bpemencku Hu3 (IIBH, enr. Pulsar Timing Array
(PTA)). MNza3zoB y mocamammuM oOTparaMa 3a
TIO-CMIIP je y ToMe mTO HUXOBE OTHUCKe (CuUr-
HAType) y moJanuMa HUje JIAKO OABOJUTU O WH-
muBunyasaux CMIIP. IIBH he umaru yBunm y
pare (a3e ODMHApHE €BONYyIMje caMO 3a (pEKBEH-
nuje moTeKJge On OMHAPHOI CUCTEMAa Ca JOBOJHHO
BEJIMKOM MaCOM ¥ BEJUKOM IOYETHOM EKCIIeH-
rpuyromhy. Crora MOpaMO KOPUCTUTU U TMOC-
MaTpama y €eJIEeKTPOMArHETHOM IIOAPYYjy, KaKO
OucMo ompemuiu OpOUTANHE NapaMeTrpe OBUX
cucremMa u Tectupasu csojcrBa nHz T'T. 21
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peBepbepannono wamumpame (PM) je wmohan
ajaT 3a WCIUTUBAIKE KUHEMATUYKUX CBOjCTABA
U TEeOMETPUjCKUX KAPAKTEPUCTUKA PACIIOIeIIe
jommzoBanor raca y Ouwmsuaun CMIIP (nojenn-
HAUHe WIM ABOJHE), AJM KOja MOMKE WIAK W3TY-
6uty neo wmHpopManuja 300r HpoOjerIuje Ha
auHUjy Bu3ype mnocmarpada. Mebhyrtum, cnoek-
TPOaCTPOMETpHUja AOCTYIHA HA WHCTPYMEHTUMA
AMBER un GRAVITY u muxoBuMm poJazehum
HaciaemauMa oMoryhmhe HE3aBUCHO Mepeme
IVMEH31ja, TeOMeTpHUje U KUHEMATUKE eMU-
cuonor perunona CMIIP. Kombunosamem oBe nBe
texuure 6uhe moryhe paspemmru gerekmujy T./1-
CMIIP. ¥ oBom mperseny hemo pazmorpuru PM
U CIEKTPOACTPOMETPUjCKE MOCMATPAUKE OTUCKE
(curmarype) TIA-CMIIP koje umajy 3HadYajHY
EeKCIIEHTPUYHOCT, & KOoje Cy mobujeHe m3 CKOpAaIll-
BUX CUMYyJannja, TOKIAmajy Ny Ipu TOM MOoCeOHy
MaKEBHY OTBOPEHUM MUTAHUMA.
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