Serb. Astron. J. } 202 (2021), 1 - 16

UDC 524.882 : 524.7
Invited review

DOI: https://doi.org/10.2298/SAJ2102001K

INVESTIGATING CLOSE BINARY SUPERMASSIVE
BLACK HOLES AT HIGH ANGULAR RESOLUTION
A. Kovačević1,2
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SUMMARY: Gravitational waves (GW) in the nano-Hz domain are expected to be radiated by closebinaries 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 SMBHs (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-SMBHs. In this review, we focus on RM and spectroastrometry observational
signatures of CB-SMBHs with non-zero eccentricity from recent simulations with particular attention
to recent developments and open issues.
Key words. Galaxies: active – Quasars: supermassive black holes – Accretion: accretion disks –
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 ≥ 106 M ; very
high luminosities (up to Lbol ∼ 1048 erg s−1 ), setting 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 entire electromagnetic spectrum. In a unified model,
an AGN’s SMBH is surrounded by a subparsec geometrically thin accretion disc threaded by strong
1
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magnetic fields and a dusty torus (Antonucci 1993,
Urry and Padovani 1995). The clouds with Keplerian motion populate two distinctive regions: the
broad-line region (BLR) and the narrow-line (NLR)
region. Many observational studies indicate the range
of 103 − 104 km s−1 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 gravitational potential of the SMBH. Substantial monitoring campaigns use light echoes (BLR emission
light curves), a technique called reverberation mapping (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, Ilić et al. 2017,
for a thorough review of Serbian AGN group contribution) 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 luminosity, RBLR ∼ L (see the review in Popović
2020). However, RM provides this and other important AGN scaling relations locally (redshift z < 0.3)
and probed a narrow SMBH mass range, typically
107−8 M (Bentz 2016). These local relations are
then extrapolated to a much higher redshift and for
larger SMBH masses (109−10 M ). However, for monitoring non-local AGN, RM should cover an observational time baseline of decades to recover the reliable
BLR dimensions since the dynamical time scales and
cosmological time dilation ∼ (1 + z) increase the observed dimensions (Kaspi et al. 2007). This obscures
knowledge of the galaxy/SMBH co-evolution and of
the high redshift SMBHs population in general. Additionally, assumptions about the geometry of BLR
components may bias the inferred physical interpretation (Mangham et al. 2019). Thus, an independent
method to detect the BLR structure is needed. In
this light, interferometry is a newly-introduced independent 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 (µ) to
milli (m)- arcsecond (as) scales, requiring long baselines. Being extragalactic objects at large distances,
AGNs are also relatively faint sources for observations, thus only observed in optical interferometry
with 8–10-metre-class telescopes and instrumentation
with premium sensitivity (Hönig et al. 2018). Continuum 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 telescopes in a six-baseline array configuration (GRAVITY 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 doubling the sample for which the near-infrared (NIR) interferometry is available. However, the BLR is much
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smaller (angular size < 0.1 mas) than the hot dust
region and is unresolvable even with the VLTI. Instead, its kinematics is imprinted as the photocentre 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 − 105 gravitational radii (Netzer 2015), has
been the long-term task of spectroastrometry (Petrov
et al. 2001, Marconi et al. 2003), which is now possible with GRAVITY.
GRAVITY Collaboration (2018) made the first
robust measurements of the BLR size and kinematics for 3C 273 by combining differential phase with
the Paα emission line profile. These measurements
are complementary with the BLR model as a thick
rotating disc in the gravitational well of SMBH ∼
3 × 108 M which is further entirely consistent with
the result of decade-long RM. IRAS 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 µas is consistent with the radius–luminosity relation based on Hβ 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 subparsec scales. At such scales, the NIR interferometry is capable of opening the window for exploration
of the close-binary SMBH (CB-SMBH). By providing 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 angular structure of the BLR in a direction perpendicular to line-of-sight (LOS), whereas the RM observations 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 examination of the double-peaked features of the [O III]
line found in SDSS quasars (Wang et al. 2009). However, CB-SMBHs signatures are ambiguous (Popović
2012, De Rosa et al. 2019, Wang and Li 2020). Nevertheless, we are aware that most of AGN features can
be explained by individual SMBHs accretion (Rees
1984), indicating that most CB-SMBHs have probably 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 candidates 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 monitorings (see e.g., Kovačević et al. 2017, 2018, 2019,
2020c,d). From theory of the hierarchical mergers
of galaxies, CB-SMBHs emerging from dual galactic cores must be formed at centers of some (if not
all) galaxies for certain periods of evolution (Begelman et al. 1980, Wang and Ip 2020). Also, some
other types of AGN such as Changing-look AGN (CLAGNs) as a new subpopulation (see e.g. notable
case of NGC 3516, Shapovalova et al. 2019, Ilić et
al. 2020, Feng et al. 2021) challenge some fundamental 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 orbit (see Wang and Bon 2020). This review focuses
on RM and spectroastrometry observational signatures of CB-SMBHs with non-zero eccentricity from
numerical simulations with particular attention to recent developments and open issues. The outline of
this work is as follows. In Section 2, we described the
general formalism of Keplerian bound SMBHs binaries. 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 CBSMBHs with current and future instruments is discussed in Section 5. The work is summarized in the
last section.
2.

where M is the mean anomaly. The barycentric vector n defines the line of sight. Then the binary inclination angle to the observer is cos i0 = n · J bin
where J bin is the normalized orbital angular momentum vector of the CB-SMBH system.
2.1.

Evolutionary pathway

Substantially observations of galaxies and AGNs
in the electromagnetic Universe focus on the cosmic high noon, a period around z ∼ 1.5 − 3. This
epoch features several critical transitions in galaxy
evolution, of which galaxy mergers drive the formation 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 process. 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:
tdf [yr] ∼

 r 2
4 × 106
σc
c
M8−1
−1
log N 200 km s
pc

1
where M8 = 10M
8 M is the primary mass, the galaxy
core is presumed to have a velocity dispersion σc , a
radius rc 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

GENERAL FORMALISM

Here we introduce the generic evolutionary pathway of CB-SMBHs, and geometric configurations of
CB-SMBH systems. We adopt the following notation: a bold font variable refers to a 3×1 vector, and
unless otherwise specified, the indices k = 1, 2 are
used to discern the primary and secondary components’ parameters. The cloud parameters are identified with the subcript c, which can be followed by numerical index k = 1, 2 if a cloud is in the BLR of primary 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 M1 and
M2 to be the primary and secondary SMBH masses
(M1 > M2 ), respectively with CB-SMBH mass ratio:
M2
< 1.
M1
In our RM and interfeormetric models, the input parameters are five orbital elements defining the
size and shape (a, e, i, Ω, ω) of orbit and time t, while
the output parameters are position (r(t)) and velocity (ṙ(t)) of objects (both SMBH and each cloud in
the BLRs) obtained by solving Kepler’s equation (all
parameters definitions are given in Kovačević et al.
(2020a,b):
q=

{a, e, i, Ω, ω, M, t}k ⇒ Kepler0 s Eqn. ⇒
{r(t), ṙ(t)}q , k = 1, 2,

(1)
(2)

(3)

a<

Gµ
,
4σc2

where G is the gravitational constant and
µ=

M1 M2
M1 + M2

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 decouple from external influences and perhaps evolve primarily via the emission of GWs as a pure two-body
system. Due to this decoupling, the GWs frequencies lie in the nano-Hz band, well below any groundbased, the but pulsar-timing arrays (PTAs) can directly 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
3
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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 interferometry, another promising technique is a joint
analysis of the interferometry and RM observations.
The circumbinary discs may also offer electromagnetic 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 observational 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. 3 illustrates the residence time for different
orbital periods and redshifts. The lines show the
evolution of binary residence time, with total mass
M1 + M2 ∼ 108 M , as the orbital motion decays
from longer to shorter orbital periods, for three different mass ratios (red line for q = 1, black for q = 0.5
and green for q = 0.05). The segments with different gradients roughly correspond to distinct stages
of the binary evolution. At long orbital periods,
the binary evolution is slow and dominated by angular momentum exchange with the CBD, whereas
at short orbital periods, the binary enters the GWdriven regime and the evolution is faster. The shaded
region distinguishes the parts of the binary evolution accessible for study, assuming homogenous cadence and 10 yr monitoring campaign. The classical setup of the BLR is a virialized distribution of
clouds, with evidence that many are rotating systems. A variety of RM observations suggest that
the fast-rotating BLRs are flattened while slower rotating BLRs are more spherically distributed due to
turbulence (see GRAVITY Collaboration 2020c, and
references therein). Additionally, the GRAVITY observations of 3C 273 currently support the simplest
model. The BLR size of each SMBH in the binary is
described by RBLR ∼ L0.5 relation conditioned by the
photoionization process, also depending on accretion
of the components, which is given by
0.5
RBLR ∼ 3.8κ−0.5 λE
M60.5

(4)

6
Fig. 1: Scheme of three crucial stages of the binary where
M6 = MSM BH /106 M , the bolometric cora galaxy merger.andjelka@matf.bg.ac.rs
Here we
c2
rection is κ, the Eddington ratio is λE = ηṀ
LE with
focus on electromagnetic signatures of the second stage
the radiative efficiency η , the mass accretion rate Ṁ ,
when CB-SMBH forms (middle pane).

VirtualSMBHs
SPIG 2020|
August following
2020
evolution

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 potential of the CB-SMBHs system. We assume a standard geometrically thin, optically thick, steady-state
accretion disc model for the CBD, coplanar with the
binary orbit. A residence time tres ∼ |d ln a/dt|−1 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 characteristics (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 evolution 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 tres , and a
smaller fraction will be found at shorter tres (Charisi
et al. 2016). Based on Haiman et al. (2009), for a
fixed orbital period, tres relates only to the mass of
the binary M1 + M2 and the (unknown) mass ratio
q = M2 /M1 of the binary.
4

and Eddington luminosity is LE = 1.44×1044 erg s−1.
For circular binaries ei = 0 and semi-major axes ai ,
the relative distance of two components is time independent:
|r(e1 = 0, e2 = 0)| = a,
(5)
where a = a1 + a2 .
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 parameters, as explained in Kovačević 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 relatively stable on the RM timescales. Even if broadline profiles in the CB-SMBH and single SMBH cases
could be similar, investigations of Popović et al.
(2000), Shen and Loeb (2010) generally show that
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2.1. OBSERVATIONAL EVIDENCE FOR BINARY SUPERMASSIVE BLACK HOLES
2

BARTH ET AL.

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.

(<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

Komossa 03

F IG . 1.— SDSS color-composite image of NGC 3341. The field of view is
2′ × 2′ . North is up and east is to the left.

Barth 08

Figure 2.3: Left: Optical image of NGC6240 obtained by Hubble Space Telescope. Right: X-ray
SDSS J104232.05+050241.9. The SDSS only obtained a
image of the central region of NGC6240 obtained by NASA’s Chandra X-ray Observatory show- spectrum of object B, and not of the galaxy’s primary nucleus
The Astrophysical
786:103
(14pp),
2014
May(0.5-1.5
10 keV), or of object C. The luminosities of the two off-nuclear sources
ing two accreting
supermassive blackJournal,
holes: red color
corresponds
to soft
X-rays
green to medium X-rays(1.5-5 keV), and blue to hard X-rays(5-8 keV). Credit: NASA/CXC/M- (Mg = −17 and −16.6 mag for objects B and C) are too high
for these to be super star clusters, but they could be dwarf elPE/S.Komossa et al. 2003.
lipticals, or the bulges of low-mass spirals whose disks have
already been stripped off during the merger. Objects B and
C are located at projected separations of 9.′′ 5 and 15.′′ 6 (5.1
2.1.1 Direct Evidence for Dual SMBHs: Spatially Resolved Systems
and 8.4 kpc) from the primary nucleus, respectively, and the
−1
In this section cases in which both SMBHs can be spatially resolved in a single galaxy are described. separation between B and C is 11.′′ 9 (6.4 kpc).

rules out a chance projection of unrelated sources.
Emission-line fluxes were measured
by Li,
direct
Liu,
&integration
Komoss
of the starlight-subtracted spectra; the key diagnostic flux ratios are listed in Table 1. Figure 3 displays the emissionline flux ratios of [O III]/Hβ and [N II]/Hα in a Baldwin et al.
(1981) diagnostic diagram, in comparison with galaxies from
the Kauffmann et al. (2003) sample. The Keck spectrum of
object B confirms its classification as a Seyfert 2, as it falls
−1
within the Seyfert branch of the diagnostic diagram. Its [O III]
−l
λ5007 −1/3
emission line has−2/3
FWHM = 116 km s−1 , similar to the
∗
cr
g ∗ seen
∗ in other Seyfert 2 nuclei having
low [O6III] linewidths
3. KECK OBSERVATIONS
low-mass host galaxies (Barth et al. 2008).
We obtained spectra of all three nuclei at the Keck-II teleIn the [O III]/Hβ vs. [N II]/Hα diagram, the primary nucleus
−lon the−1/3falls
scope using the ESI spectrograph (Sheinis et al. 2002)
in the −2/3
region of LINER/H II “composite” or “transition”
g
∗
∗ to the boundary with H II nuclei, following the
night of 2008 March 2 UT. Observing conditions were rel-6
objects, close
atively poor for Mauna Kea, with some cirrus overhead and
Kewley et al. (2006) classification scheme. However, we note
seeing of ∼ 1.′′ 5. Despite the poor seeing, a narrow slit of
that the [O I]/Hα and [S II]/Hα ratios at the nucleus are conwidth 0.′′ 75 was used in order to resolve
narrow absorption
sistent with classification as an H II nucleus (Ho et al. 1997;
g
and emission lines in dwarf galaxies. The spectra6cover 3800–
Kewley et al. 2006). Thus, the classification of the nucleus is
6
BH scale of 11.5
⊙ km
⊙ ambiguous. The narrow-line profiles
∗
10900 Å over 10 echelle orders,
at a uniform
somewhat
at the ∗
nucleus⊙
s−1 pixel−1 and instrumental dispersion of σi = 22 km s−1 . The
are double-peaked, with a peak-to-peak velocity separation of
∗ at PA=115
⊙ ◦, close ⊙ 310 km s−1 . This velocity splitting could arise from either raspectra were obtained with the∗slit oriented
to the parallactic angle for the midpoint of the exposure sedial motion or rotation; similar double-peaked profiles due to
quence, at airmass 1.2–1.3. Exposure times were 900 s each
the rotation of a circumnuclear disk are seen, for example, in
for the primary nucleus and object C, and 1200 s for object B.
the transition-type nucleus of NGC 3245 (Ho et al. 1995).
′′
Spectra were extracted using a width of 2 and flux-calibrated
For the weak emission lines in object C, we find [N II]/Hα
using observations of the standard star Feige 34. The S/N per
= 0.93 ± 0.27, indicated as a shaded band in Figure 3. The
nearly-equal strengths of [N II] and Hα are inconsistent with
pixel in the continuum at 6600 Å is ∼ 20, 15, and 10 for the
an H II region origin for the emission lines. Given the nonnucleus and objects B and C, respectively. To obtain pure
detection of [O III] λ5007 emission, the most likely classifiemission-line spectra, we performed starlight subtraction uscation for this object is a LINER or LINER/H II composite.
ing observations of template stars observed with the same ESI
configuration. (See Barth
et
al.
2008
for
a
detailed
description
The
Hα equivalent width is only ∼ 1 Å. ∗
∗
cr
cr
of the reduction, calibration, and starlight-subtraction proceWhile the optical data identify object B as an AGN with
dures.) The starlight-subtracted
spectra of the three nuclei are
a high
b
b degree of confidence, the source of ionizing phoshown in Figure 2. For object C, the only detected emission
tons in the nucleus and object C is less certain. In the ablines are Hα and [N II] λ6583.
sence of definitive AGN signatures such as broad-line emission, very weak LINER-type emission lines such as those
4. RESULTS AND DISCUSSION
seen in object C could in principle result from photoionization of diffuse gas by sources unrelated to an AGN, such as
The starlight subtraction procedure yields radial velocities
post-AGB stars (Binette et al. 1994) or X-ray binaries. Inof cz = 8325 ± 9, 8131 ± 6, and 8145 ± 6 km s−1 for the prideed, Chandra observations have revealed that some nearby
mary nucleus and objects B and C, respectively. This con“Type 2” LINERs do not have a central AGN-like point source
firms the physical association between the three objects and

semi-major axis

a " a ≃ 1177.6k β M

Starburst Galaxy NGC 6240

NGC 6240 is a result of the merger of two galaxies and belongs to the ultra luminous infrared
galaxy (ULIRG) class. It harbors two optical nuclei (Figure 2.3-left). Due to the recent collision
and merger of two galaxies the star formation rate is very high. Large amounts of gas and dust
make it diﬃcult to observe the central regions of the galaxy with optical telescopes. However,
X-ray emissions from the central part of the galaxy can penetrate gas and dust.
Observations performed with the Chandra X-ray observatory (Komossa et al. 2003) reveal the
presence of two accreting supermassive black holes (Figure 2.3-right). The projected separation
between the two black holes is 700 pc (Max et al. 2007). Kinematic evidence suggest that the two
supermassive black holes are not yet bound.

A dual SMBH system has been reported in the central regions of NGC 3393 after the observation of X-ray emission from the two AGNs (see Figure 2.4) using NASA’s Chandra X-ray
Observatory (Fabbiano et al. 2011). Two SMBHs are separated by ∼ 135 pc and are estimated to
have masses ∼ 106 M⊙. NGC 3393 hosts the nearest known pair of supermassive black holes (at
a distance of 160 million light years). It also happens to be the first time that a pair of SMBHs
has been reported in a spiral galaxy like our Milky Way.

Liu 04

Using multi-frequency Very Long Baseline Array (VLBA) observations, Maness et al. (2004)
reported the presence of two central, compact, flat-spectrum components (possibly active galactic nuclei) in the radio galaxy 0402+379 (Figure 2.5). Further VLBA observations of the same
galaxy were performed by Rodriguez et al. (2006) who concluded that the two components are

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

11

-GW

×β M

– 21 –

Spiral Galaxy NGC 3393

Radio (Elliptical) Galaxy 0402+379

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, Kovačević et al 19
campaigns + interferometry: Songsheng+19

≃ 471

rr m

!

k
2.5

"

rr m

(4

(where r is the Schwarzschild radius of the black hole, an
M = M /10 M with M the solar mass, m = M /M
and r = R /R with R the solar radius), the tidal disruptio
and the light curves of tidal flares are significantly different from
the predictions by the canonical fallback model for unboun
stars (Hayasaki et al. 2013). This is then inconsistent with th
observations of SDSS J1201+30. For typical nuclear star cluster
around SMBHs in the galactic nuclei, the fraction of stars wit
a " a is negligible. Therefore, we assume a ≫ a o
|E | ≪ ∆E and neglect |E | in the discussions of the TDE
in SDSS J1201+30 from now on. However, this does not impl
that the star is necessary from the influence radius of the SMBH
The observations of the tidal flare in SDSS J1201+30 ar
consistent with the predictions of the canonical fallback mode
for stellar tidal disruption. In the canonical fallback model, th
stellar plasma after tidal disruption distributes evenly in specifi
energy E between −∆E and ∆E. Therefore about half of th
stellar plasma gains energy and is ejected away from the system
while the other half loses energy and becomes bound to th
SMBH. The bound stellar plasma follows Keplerian orbits wit
extremely high eccentricities and falls back to the pericenter a
a mass rate
!
"
M∗ t − TD −5/3
Ṁ(t) ≃
for t # TD + tmin
(5
3tmin
tmin
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F IG . 2.— Portions of the starlight-subtracted Keck spectra of the three
nuclei.

Figure 1. Simulated light curves in the observer frame for SDSS J1201+30
obtained with MBH = 106 M⊙ . Observational data from S2012 (open diamonds
and arrows for upper limits) and a t −5/3 power-law (dotted line) are overplotted.
The top x-axis gives the dates of observation. In the simulations, θ = 0.3π , Ω =
0.2π , and ω = 1.5π . Top panel: results for penetration factor β = 3.0 (solid
red line) and β = 3.5 (dashed blue line, shifted upwards by 1 dex) with l = 2.
For both simulations, eb = 0, Tb = 140 days, and q = 0.1. Middle panel: same
as the top panel while l = 0. The differences of the light curves between the top
and middle panels are tmin and fx (see the text for details). The first interruption
in the light curve for β = 3.0 appears on 2010 July 2, about two days after the
last detection and five days before the first upper limit. Bottom panel: results
for the elliptical binary orbits with eb = 0.2 (solid red line) and eb = 0.3
(dashed blue line, shifted upwards by 1 dex), with l = 2. For both simulations
φb = 1.7π , Tb = 150 days, q = 0.1, and β = 2.0. The first interruption in the
light curve for eb = 0.2 appears on 2010 July 4.
(A color version of this figure is available in the online journal.)
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TD = 0 is the epoch of disruption and tmin is the return time o
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relationship of ∆E and β. Thus, we use l = 2 as the fiducial
value throughout the paper, except when noted otherwise.
The initial total energy of the star Eb is usually assumed to be
negligible in the literature (except, e.g., Hayasaki et al. 2013)
because stars approaching from the SMBH influence radius
dominate the TDEs in single SMBH systems with spherical
isotropic distributions of stars in the galactic nuclei (e.g.,
Magorrian & Tremaine 1999; Wang & Merritt 2004). However,
the tidal disruptions are overwhelmed by the bound stars inside
the SMBH sphere of influence due to either the scattering
of the massive companion in SMBHB systems (Chen et al. 2009,
2011), or the chaotic orbits of stars in the galactic nuclei with
triaxiality (e.g., Vasiliev & Merritt 2013; Liu & Chen 2013) and
thus the total (binding) energy of stars is not necessary small. If
the total energy of the bound stars has |Eb | ! ∆E, or an orbital
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tidal disruption of solar-type stars and all the uncertainties ar
absorbed into β. After the bound stellar debris falls back t
pericenter, it quickly circularizes at radius rc ≃ 2rp due to stron
shocks between incoming and outgoing stellar plasma streams
leading to accretion onto the SMBH (Rees 1988; Phinney 1989
Ulmer 1999). Numerical simulations suggest that the accretio
rate may peak at tpeak ∼ 1.5tmin instead of time tmin as i
Equation (5) (Evans & Kochanek 1989; Lodato et al. 2009)
Equation (5) shows that the SMBH accretes at rates large
than the Eddington accretion rate ṀEdd = LEdd /0.1c2 with th
Eddington luminosity LEdd = 1.25 × 1044 M6 erg s−1 , and c th
speed of light, until a time
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Fig. 2: Diagram of explored signatures of binary SMBH up to now. Electromagnetic emission of circumbinary disc
Fig. 4.— Keplerian orbits of a supermassive black hole binary. Top: radial velocity c
and synergy between reverberation mapping and interferometry are most
likely drivers for nearby future CB-SMBH
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The TF is a projection of a six-dimensional (three
spatial and three kinematical) phase space distribution into 2D phase space (defined by radial velocity
Vz and time lag τ ). The contribution of a particular
Fig. 3: Residence time of a binary SMBH with total mass cloud of single BLR to overall response depends on:
its distance from the continuum source (setting the
of ∼ 108 M , for mass ratios q = 1, q = 0.5, q = 0.05
time delay of its response); its radial velocity (i.e. the
denoted with red, black, and green color, respectively. velocity at which its response is observed); and emisThe red regions emphasize the observable orbital period. sivity (a parameter describing cloud efficiency of the
reprocessing continuum into line photons in a steadystate).
Thus, the TF for a single elliptical disc can be
they reverberate differently to the continuum vari- written as follows:
ations. Wang et al. (2018) provided the first semiZ
analytical formulae for two-dimensional (2D) transfer functions (TFs) of emission lines to continuum in Ψ(v, τ ) = (%)δ(v−Vnobs )δ(ct−(|%|−%·nobs ))d% dV,
circular CB-SMBH models, in contrast with single
(7)
SMBH cases.
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Z

Ro

Ψ(v, τ ) = 0

12

%−q d%

Ri

2π

Z

Z

imax

dΩ
0

Z

2π

sin i di
−imin

δ(X1 )δ(X2 )dE

(8)

0

where X1 = v − Vz , X2 = ct − cτ , and E is the eccentric anomaly of a cloud in its orbital plane. Limits of integration imin , imax indicate the range of the
clouds orbit inclination in a disc-like BLR, so that
Θ = |imax − imin |. Then, the composite TF for CBSMBH with non-zero eccentricity is obtained by deriving Ψ1 (v, τ ) and Ψ2 (v, τ ) for each BLR and coupling them as follows:

flux [ arbit rary unit s]

10

8

Ψ(v, τ )coupled =

6

4

2

0
− 10

0
3

10
−1

vV[ 10 km s ]
Fig. 4: Series of line profiles corresponding to theoretical
2D transfer function map obtained for coplanar elliptical
CB-SMBH with M1 = 108 M , M2 = 0.5 · 108 M , e =
0.5, Ω1 = Ω2 = 0◦ , ω1 = 0◦ , ω2 = 180◦ . Orbital parameters of the clouds in both BLRs are Ωc = 100◦ , ωc =
0◦ , 180◦ and eccentricities are random. From bottom to
top spectra are sampled in time instances ti = kP
12 , k =
0, ..., 6 where P is the orbital period.

where % is the responding volume emissivity (assumed isotropic) of the emission region as a function
of position, and %, V are barycentric state vectors of
a cloud. We adopted the emissivity law (%) = 0 %−q
(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 Kepler’s equation. Since the orbital plane of a cloud is
defined by inclination (i) and longitude of the ascending node (Ω) of its orbit, the TF of the elliptical disc
can be given as follows:
6

Ψ1 (v, τ ) Ψ2 (v, τ )
+
,
1 + Γ0
1 + Γ−1
0

(9)

where Γ0 is the coupling factor obtained by normalization of the continuum variation of one of SMBH
with continuum of another SMBH. Here we used the
constant Γ0 ∼ 1 as the simplest case when the binary black holes have the same properties of continuum variations. The masses of components are
M1 = 108 M , M2 = 0.5 × 108 M . We let the pericenters of clouds orbit be uniformly distributed for
BLR around a primary (Ri , Ro ) = (7, 15) lightdays
(ld) and a secondary component (Ri , Ro ) = (4, 10)
ld. 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 (Bogdanović et al. 2007). An illustration the velocityresolved 2DTF produced by the biconical configuration 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 passing 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 halfangle. 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 configuration 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 contrast, at a larger inclination, i = 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 different positions during their mutual motion (Kovačević
et al. 2020a). The maps are deformed bell shapes,
which are distinctive from biconical blades.
Kinematics derived from our elliptical BLR models and binary geometry are reduced to circular signatures when eccentricity and orbital orientation parameters are set to zero. Fig. 4 shows an example of a series of velocity profiles obtained by integrating 2DTF when orbital eccentricities of clouds in
both BLRs are random. One of the prominent spectral features of the eccentric CB-SMBH observed by
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Fig. 5: 2D Transfer function of CB-SMBH with clouds in biconical geometry. Parameters of model: M1 =
108 M , M2 = 0.5 × 108 M , e = 0.9, the conical opening angle is 30◦ , (7,15) ld and (4,10) ld 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 x 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, Ω1 = Ω2 = 0◦ , ω1 = 0, ω2 = 180◦ , clouds orbits in both
BLRs have random eccentrities and Ωc1 = Ωc2 = 100◦ , ωc1 = 110◦ , ωc2 = 290◦ . Figure adopted from Kovačević et
al. (2020a).

Kovačević et al. (2020a) is an intermediate peak when
clouds orbital eccentricities are randomized. This intermediate 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 Kovačević
et al. (2020a)). This spectral line feature has been observed in spectral lines of a few objects: 3C 390.3 by
Popović et al. (2011, see their Fig. 1), Arp 102B by
Popović et al. (2014, see their Fig. 3), NGC 4151
by Shapovalova et al. (2008, see their Fig. 6) and
E1821+643 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 Kovačević 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).
Kovačević et al. (2020a) show that rising the inclination of the elliptical orbit of more massive SMBH
and decreasing the angle of pericenter of clouds orbits
which have random eccentricities blurs the contribution 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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4.

Uncertainities of interferometric differential phase
measurements are reduced in the case of narrow spectral 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):
ZZ
F (u) =
I(σ)e−2πiσ,λu dσ,
(10)

12

10

flux [ arbit rary unit s]

INTERFEROMETRY OF CB-SMBH

where F is the flux of object, I is the object intensity
distribution, σ = (α, δ) are the object coordinates in
the sky and u = B/λ = (u, v) is the baseline vector
of the interferometer. Let the moments of I(σ) are
given as:
Z
µp = I(σ, λ)σ p dσ,
(11)

8

6

where p = (p, q), σ p = αp δ q . We can expand the
complex term in Eq. 10 via Taylor series if |σu| <<
1:

4

e

−2πiσu

=

∞
X
(−2π)l (σu)l
l=0

.

(12)

Taking into account the above complex term we
can write definition of the complex visibility V (u) =
F (u)
F (0) as:
V (u) ∼ 1 − 2πiuΞ,
(13)

2

where

R
Ξ=

0
− 10

0
3

v 10 km s
V[

10
−1

]

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 diminish the contribution of smaller SMBH at the middle
and at the end of the orbital period. It is hard to justify the presence of kinematic features of CB-SMBHs
through the spectra and 2DTF map alone. This goal
depends on several RM campaign factors: (1) homogeneous and high cadence, (2) reasonable spectral
resolution, and (3) spectral calibration should be improved for the shape changes of the Hβ profiles ([O
III] 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 candidate CB-SMBHs and roughly infer the geometry and
kinematics of the constituent BLRs.
8

l!

I(σ, λ)σdσ
R
.
I(σ)dσ

(14)

Then, the phase of visibility is arg(V (u)) ∼
−2πuΞ. However, the phase can be disrupted by
the atmospheric turbulence when only one baseline
(two telescopes) is used. This problem can be reduced with the differential phase ∆φ (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 λ and λr (a wavelength of a reference
channel), respectively:
∆φ = −2πu · (Ξ(λ) − Ξ(λr )).

(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 reference so that ξ(λr ) = 0 (see Kovačević et al. 2020b,
and references therein).
It has been shown both empirically (see e.g.,
GRAVITY Collaboration 2018, 2020a,b,c) and theoretically (Songsheng et al. 2019) that differential interferometry can follow a variation of the BLR photocentre. It is an underexploited astrophysical parameter in the AGN investigation, with an interpretation
similar to the BLR spectral lines. Given the geometry
and kinematics of a BLR, its I(σ, λ) can be calculated

CLOSE BINARY SUPERMASSIVE BLACK HOLES AT HIGH ANGULAR RESOLUTION

for one broad emission line with the observed central
wavelength λc as:
Z
Fc
D(r, V)δ(σ − σ 0 )δ(λ − λ0 )drdV,
I(σ, λ0 )l =
4πr2
where  is a reprocessing coefficient at cloud position
r, Fc is the ionizing flux received by the observer,
D(r, V) is the velocity distribution, σ 0 = (r − (r ·
n)n)/D, n is a unit vector defining the line of sight
of the observer, λ0 = λc γ(1 + Vn/c)(1 − RrS )−0.5 , γ
is the Lorentz factor, RS 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 Itot = Icont + f Il .
For a Keplerian BLR with the clouds orbital eccentricities e = 0.5 model, the intensity distribution
for the Paα 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 pericenter.
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, P A = 90◦ ). We
take a typical GRAVITY baseline as B = 100m and
we assume that the baseline is perpendicular to the
binary rotation axis (P A = 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 continuum 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 modified 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. Kovačević et al. (2020b) estimated signatures 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 observables with different combinations of orbital and
geometrical parameters. The general expression for
the complex visibility of a binary system is given by:
P
2πuσ
j=1,2 Fj Vj (u)e
P
V (u) =
(16)
j=1,2 Fj
where Vj (u) and Fj are the normalized visibility
and flux for each individual component, respectively.

Fig. 10 shows the interferometric observables for CBSMBH with both unresolved components.
In this model, the larger SMBH is inclined by 5 degrees to the smaller SMBH orbital plane. This leads
to degeneracy in spectral line (Fig. 10) so it is almost 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.
Kovačević 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 Ω and ω induce
an increase in amplitude of the differential phase.
The peaks are deformed due to the superposition of
trigonometric functions of angles controlling the orbital 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 ic = U(−5◦ , 5◦ ). Model parameters are for the left plot Ωc ∈ U(10◦ , 90◦ ), ωc =
110◦ , ic ∈ U(−5◦ , 5◦ ), ec = 0.5, i0 = 45◦ . Model
parameters in the right plot are ic = U(−5◦ , 5◦ ),
Ωc = 100◦ , ωc = 10◦ , i0 = 45◦ , ec = U(0.1, 0.5). Variation of the line of sight shapes the evolution of both
observables with largest effects seen when ωc = 270◦ .
The left peak of the spectral line is more prominent
when Ωc , ωc ≤ 180◦ and ec > 0.3, but the right peak
dominates when ωc = 270◦ . These two orbital parameters 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 observations.
Kovačević 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 Sshaped 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
orbital characteristics of SMBHs and clouds in their
BLRs.
An example of a coplanar CB-SMBH system,
where clouds of smaller SMBH have anti-aligned angular 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 parameters vary simultaneously, the shapes of differential
phases will be more complicated. The randomiza-
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Fig. 8: The normalized intensity distribution for Paα for a single SMBH model. Model parameters are: M =
6 × 107 M , ic = (−10◦ , 10◦ ), Ωc = 180◦ , ωc = 100◦ ; the inner and outer radii of BLR are given by (20,45) ld.
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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 Paα spectral line.

tion of nodes and apocentres of clouds’ orbits in both
BLRs affects the forms of both observables. A central 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
i0 = 10◦ , the spectral lines have concave wings and
narrow core. As i0 increases, the line shapes broaden
with convex sides. Still, differential phases vary drastically 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 inclination 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
10

differing differential phases. This implies that the
differential phases are markers for CB-SMBH. Observationally for the observer the variability of the
differential phase is most substantial for lower inclinations. As much as the central part of the spectral
lines is disfigured, the net effect is that the differential 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 differential phase peaks move closer to the center of the line.
Kovačević et al. (2020b) investigated the effects of
anti-aligned clouds’ orbital momenta on velocity distributions. Velocity fields are manifested in the closed
surface, preserving their topological volume and spatial coherency. For randomly distributed inclinations
of the clouds orbit, the velocity fields of such BLRs
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Fig. 10: Interferometric observables for the CB-SMBH model: M1 = 6 × 107 M , M2 = 4 × 107 M , i1 = 5◦ , i2 =
0◦ , e = 0.5, Ω1,2 = 100◦ , ω1 = 190◦ , ω2 = 10◦ , ωc1 = 100◦ , ωc2 = 280◦ , ec = 0.5, ic = (−10◦ , 10◦ ). The inner
and outer radii of BLRS of larger and smaller SMBHs are (20, 40) ld and (16, 32) ld. Spectrum (left), differential
phase (middle), and squared visibility (right) for Paα.
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Fig. 11: Evolution of the Paα emission line (upper subplots) and the corresponding differential phase (∆φ, lower
subplots) as a function of wavelength and radial velocity. Figure adopted from Kovačević et al. (2020b).
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Fig. 12: Evolution of the Paα emission line (upper subplots) and the corresponding differential phase (∆φ, lower
subplots) as a function of wavelength (or radial velocity) for different models with anti-aligned angular momenta of
clouds in the BLR of less massive SMBH in the CB-SMBH system. C stands for the coplanar CB-SMBH system.
= = U(l, r) stands for inclination ranges from U(−l, l) up to U(−r, r). The model parameters are: Left: C, Ωk =
100◦ , ω1 = 250◦ , ω2 = 70◦ , ek = 0.5, k = 1, 2; ic1 = U(−5◦ , 5◦ ), ic2 = U(90◦ , 175◦ ), Ωc = rnd(0.1◦ , 359◦ ),
ωc1 = 120◦ , ωc2 = 300◦ , ec = 0.5; Right: C, Ωk = 100◦ , ω1 = 250◦ , ω2 = 70◦ , ek = 0.5, k = 1, 2; = =
U(10◦ , 45◦ ), δ= = 5◦ ic2 = U(90◦ − 175◦ ), Ωc = ωc = rnd(0.1◦ , 359◦ ), ec = 0.5. Adopted from Kovačević et al.
(2020b).

are not volume-preserving in the topological sense.
For the synchronous alignment of angular momenta
of the BLR clouds, the absolute value of clouds’ velocities increases toward the outer side lobes of disclike BLRs. For anti-aligned BLRs, the absolute values 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 proposed a method to determine the direct geometrical
distances to radio-quiet quasars that can measure the
cosmological constant Λ. 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 spectroastrometry sensitively detect the angular structure of the
BLR in the direction perpendicular to the line-ofsight (LOS), whereas the RM observations are more
sensitive along the direction of sight. The time lag
of an emission line response to the continuum variation is also the radial position of the line emitter
12

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 analysis of data collected by both techniques can thus directly measure the AGN absolute angular distances
and central black hole masses (Wang et al. 2020).
As the Paα and Hβ lines are both from n = 4
energy level to n = 3, 2, respectively, the Paα regions overlap regions with the Hβ line measured by
RM. Moreover, the lengths of GRAVITY observations and RM campaigns are quite different, measuring 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 dedicated to searching for the CB-SMBH electromagnetic signatures. There are just a few monitorings,
primarily because of critical technological and practical observational criteria for disentangling the CBSMBHs 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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Reverberation mapping
time lag measurement

Transverse interferometric
measurement

Emission line source
3D position

Compact continuum

Fig. 13: Broad line region tomography through RM and interferometry. The solid curve represents the RM measurement. 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 Hβ Asymmetry (MAHA)
uses the Wyoming Infrared Observatory 2.3 m telescope to explore the geometry and kinematics of the
gas responsible for complex Hβ emission-line profiles, which also provides opportunity to search for
evidence of CB-SMBH (see Du et al. 2018a, Brotherton 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 Hβ emission line by thousands of km s−1 . 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 Hβ lines, radial velocity curves, and derived minimum limits on the total 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
Hβ 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 Kovačević et al. 2021a,b). It is estimated
that combining rolling cadence operations with powerful 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 CBSMBH 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., without 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 relies 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 interferometry will revolutionize the extragalactic astronomy because, at < 1 arcsec resolution, we start
to see changing structures in AGN which is a qualitatively new view.
6.

CONCLUSION

Our current knowledge about CB-SMBHs is increasing, yet on a rudimentary level. There are enormous open questions about CB-SMBHs, which include (but are not limited to): under what conditions
are both or only one of the SMBH active implications of two degrees of freedom of CB-SMBH orbital
shape on continuum variation, significant uncertainties 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 so13
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urces as one would expect. The key differences can be
found at resolution < 1 arcsec when changing structures 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 signatures of CB-SMBHs from numerical simulations. Although there are not yet proven CB-SMBHs, searches
for CB-SMBHs through various channels of multimessenger techniques are appealing. We expect that
the identifications of CB-SMBHs may have lead to
detection of GWs. Some indices point out a probable non-zero eccentricity for some CB-SMBH emitting GWs. A mechanism that could lead to eccentric
mergers is the Kozai–Lidov oscillation (Wen 2003),
where a distant third object perturbs the binary orbital motion. Theoretically a continuous-GW detection by PTAs could yield a measurement of the
system’s orbital frequency and eccentricity (BurkeSpolaor et a. 2019) but no other CB-SMBH orbital
elements. However, chirp mass and source distance
cannot be directly measured unless the orbital frequency evolution is observed throughout the PTA
observations or if the host galaxy of the continuouswave source is identified (Burke-Spolaor et a. 2019).
In data collected over 13 years, the North American Nanohertz Observatory for Gravitational Waves
(NANOGrav) has found an intriguing low-frequency
signal (Arzoumanian et al. 2020). The study examined potential implications for the supermassive black
hole binary population under the hypothesis that
the signal is indeed astrophysical. In this light, independent electromagnetic observational techniques
have to be involved, such as the reverberation mapping technique and spectroastrometry technique with
a high spatial resolution (realized at the GRAVITY/VLTI and JWST). Combined with growing and
improved theoretical predictions for electromagnetic
and GW signatures, there are great promises for detecting CB-SMBHs in the following decades. This
will then open up a new chapter in studies of cosmic
growth and evolution of SMBHs.
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Pregledni rad po pozivu
Oqekuje se da e gravitacioni talasi
(GT) u domenu nanoherca (nHz) poticati od
tesno dvojnih supermasivnih crnih rupa (TDSMCR gde su komponente sa keplerovskim kretaǌem na meusobnoj udaǉenosti maǌoj od
∼ 0.1 pc), a koje su relikti sudara galaksija, i uz to se predpostavǉa da e se detektovati tehnikom poznatom kao pulsarski
vremenski niz (PVN, eng. Pulsar Timing Array
(PTA)). Izazov u dosadaxǌim potragama za
TD-SMCR je u tome xto ǌihove otiske (signature) u podacima nije lako odvojiti od individualnih SMCR. PVN e imati uvid u
rane faze binarne evolucije samo za frekvencije potekle od binarnog sistema sa dovoǉno
velikom masom i velikom poqetnom ekscentriqnoxu. Stoga moramo koristiti i posmatraǌa u elektromagnetnom podruqju, kako
bismo odredili orbitalne parametre ovih
sistema i testirali svojstva nHz GT. 2D
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reverberaciono mapiraǌe (RM) je moan
alat za ispitivaǌe kinematiqkih svojstava
i geometrijskih karakteristika raspodele
jonizovanog gasa u blizini SMCR (pojedinaqne ili dvojne), ali koja moe ipak izgubiti deo informacija zbog projekcije na
liniju vizure posmatraqa. Meutim, spektroastrometrija dostupna na instrumentima
AMBER i GRAVITY i ǌihovim dolazeim
naslednicima omoguie nezavisno mereǌe
dimenzija, geometrije i kinematike emisionog regiona SMCR. Kombinovaǌem ove dve
tehnike bie mogue razrexiti detekciju TDSMCR. U ovom pregledu emo razmotriti RM
i spektroastrometrijske posmatraqke otiske
(signature) TD-SMCR koje imaju znaqajnu
ekscentriqnost, a koje su dobijene iz skoraxǌih simulacija, poklaǌajui pri tom posebnu
paǌu otvorenim pitaǌima.

