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ABSTRACT

Here we consider the perspective to detect sub-pc super-massive binary black-hole (SMBBH) systems using long-term photo-
metric and spectroscopic monitoring campaigns of active galactic nuclei. This work explores the nature of long-term spectral
variability caused by the dynamical effects of SMBBH systems. We describe in great detail a model of SMBBH system which
considers that both black holes have their accretion disc and additional line emitting region(s). We simulate the HV spectral
band (continuum+broad HV line) for different mass ratios of components and different total masses of the SMBBH systems
(106 − 108M⊙). We analyze the set of continuum and broad line light curves for several full orbits of SMBBHs with different
parameters, to test the possibility to extract the periodicity of the system. We consider different levels of the signal-to-noise ratio,
which is added to the simulated spectra. Our analysis showed that the continuum and broad line profiles emitted from an SMBBH
system are strongly dependent, not only on the mass ratio of the components but also on the total mass of the system. We found
that the mean broad line profile and its rms could indicate the presence of an SMBBH. However, some effects caused by the
dynamics of a binary system could be hidden due to a low signal-to-noise ratio. Finally, we can conclude that the long-term AGN
monitoring campaigns could be beneficial for the detection of SMBBH candidates.

Key words: galaxies: active – black hole physics: line-profiles

1 INTRODUCTION

It is well known that there are many galaxy mergers where a col-
lision occurs on kpc scale (see e.g. Burke-Spolaor 2011; Fu et al.
2011; Roland et al. 2013; Woo et al. 2013, 2014; Liu et al. 2014;
Shangguan et al. 2016; Liu et al. 2018, etc.). Eventually, a two collid-
ing galaxies can evolve into so-called sub-pc phase, where two super-
massive black holes (SMBHs), surrounded by local gas and stellar
host, build a super-massive binary black hole (SMBBH) system. This
phase is a prior SMBBH stage of the coalescence that is expected to
be a source of gravitational waves (GWs). Thus, as sub-pc SMBBHs
are a potential source of GWs, their detection and location on the sky
are essential, especially after recent detection of the gravitational-
wave signals (see e.g., for GW150914 in Abbott et al. 2016). Addi-
tionally, future superior radio facilities such as Five-hundred-meter
Aperture Spherical Telescope (FAST) and Square Kilometre Array
(SKA) are going to improve the sensitivity of Pulsar Timing Array
(PTA) project for GW detection (Lam 2018; Nguyen et al. 2020).
The GW sources for PTA detection are SMBBHs, therefore finding
a sample of SMBBH candidates may be very significant for future
PTA GW detection.

The SMBBH system is expected to reside in the center of a
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number of galaxies (Begelman et al. 1980; Merritt & Milosavljević
2005), however, there is a problem in detecting SMBBHs. Di-
rect imaging in the high resolution radio observations could
be potentially a good method for SMBBH detection (see e.g.
Burke-Spolaor 2011; Fu et al. 2011; Roland et al. 2013; Tsai et al.
2013; Liu et al. 2014; Mooley et al. 2018, etc.), especially on kpc
scale distances (see Fu et al. 2011). At sub-pc scale, an SMBBH
system usually cannot be spatially resolved by present day avail-
able observational facilities, especially for the high-redshift ob-
jects1. But, in the case where the spectral characteristics re-
flect the dynamical signature of an orbital motion of the binary
system, spectral observations can be used for detection of the
SMBBH candidates (see e.g. Gaskell 1983; Popović et al. 2000;
Shen & Loeb 2010; Tsalmantza et al. 2011; Eracleous et al. 2012;
Popović 2012; Bon et al. 2012; Liu et al. 2014; Barth et al. 2015;
Nguyen & Bogdanović 2016; Li et al. 2016; Simić & Popović 2016;
Wang et al. 2017; Li et al. 2019; De Rosa et al. 2019; Nguyen et al.
2020; Serafinelli et al. 2020, etc.).

1 For the objects in the local universe, exceptions are the
Event Horizon Telescope (https://eventhorizontelescope.org/) and Gravity
(https://www.eso.org/sci/facilities/paranal/instruments/gravity.html), which
can observe with a very high spatial resolution.
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Typically, a sub-pc SMBBH system that is surrounded by gas pro-
duces an activity that is similar to the one observed in an active
galactic nucleus (AGN). This has an advantage that we could detect
the activity produced by an SMBBH system, but also it has a dis-
advantage that it is hard to separate an SMBBH activity from the
single AGN activity (see for a review Popović 2012). For example,
some peculiar spectral line profiles can be explained with both single
and SMBBH models (as e.g. double peaked emission lines). Also,
the periodic oscillation which should be present in the light curves
are often hidden by the stochastic nature of the AGN activity and
different observational effects (e.g. poor S/N ratio, cadence, etc.).

There are several spectroscopic features that indicate a presence
of sub-pc SMBBHs (see e.g. Eracleous et al. 2012; Popović 2012;
Bon et al. 2012; Graham et al. 2015a,b; Li et al. 2016; Guo et al.
2019; Serafinelli et al. 2020, etc.) but, in addition, there is a great
deal of effects (as e.g. random fluctuations caused by explosion or
giant flares, see Civano et al. 2018; Graham et al. 2018). These can
affect the observed spectra (continuum and spectral lines) and hide
the signatures of an SMBBH presence which are expected to be seen,
e.g. in periodicity, and/or line profiles variations.

To detect sub-pc SMBBHs, the large spectroscopic surveys
have been used, as e.g. SDSS (Sloan Digital Sky Survey, see
e.g. Tsalmantza et al. 2011; Eracleous et al. 2012; Ju et al. 2013;
Liu et al. 2014; Graham et al. 2015a), that can give some indi-
cations for a number of objects which are good SMBBH can-
didates. To confirm an SMBBH presence one should follow the
spectral variability of the system (Bon et al. 2012; Runnoe et al.
2015; Barth et al. 2015; Shapovalova et al. 2016; Li et al. 2016;
Kovačević et al. 2017, 2019, 2020). It is expected that SMBBHs
have similar variability (Runnoe et al. 2015; Shapovalova et al. 2016;
Kovačević et al. 2017, 2019, 2020), but with some particular charac-
teristics caused by dynamical effects of a binary system (as e.g. pe-
riodicity,see Bon et al. 2012; Graham et al. 2015a,b; Li et al. 2016;
Bon et al. 2016; Kovačević et al. 2017, 2019, 2020; Li et al. 2019;
De Rosa et al. 2019) that can be used to distinguish it from others
mechanisms which produce spectral variability.

Moreover, in the next decade, we expect to have comprehensive
AGN monitoring campaigns, out of which the Vera C. Rubin Obser-
vatory Legacy Survey of Space and Time (LSST) with its very high
cadence 10-year survey seems to be very promising for the detection
of SMBBH candidates (see, e.g. Brandt et al. 2018). Futhermore,
the Maunakea Spectroscopic Explorer (MSE) with its multi-object
spectrographs will provide the spectral survey of a large number of
AGNs, and complement the photometric surveys in the quest for
SMBBH systems (see MSE Science Team 2019). These motivated
us to investigate in time-domain the influence of the dynamical effect
of a binary system to a spectral energy distribution (SED) and broad
line profiles of an SMBBH system. By knowing those details, one
could improve the detection probabilities of SMBBH systems and
shape future monitoring campaigns.

In this paper, we elaborate on the phenomenological model of
an SMBBH system, introducing complex structure of the continuum
and line-emitting regions, and exploring the time-domain perspective
necessary in the analysis of the long-term monitoring results. We
calculate the resulting SED of the SMBBH system, and explore the
variability in the continuum at 5100 Å and HV broad line luminosity,
as well as in the broad line profile. These spectral features are selected
as they are usually observed in the spectral monitoring campaigns, but
are also covered in photometric surveys. Beside dynamical effects,
we analyze the influence of the total mass of the system and the mass
ratio of the components to the resulting spectra, as well as the effect
of adding the white noise to the simulated SED. We aim to determine

properties of correlations between continuum and emission line light
curves of an SMBBH system, and to test the possibility to detect
periodicity in these light curves, which is important for the future
long-term time-domain surveys.

The paper is organized as follows. In §2 we describe in great details
the model and used assumptions, and in §3 we present results of the
analysis of the simulated SED (continuum and broad HV emission
line), with the emphasis on the variability of continuum and line
emission. Finally in §4 we outline our conclusions.

2 THE SMBBH MODEL

An AGN hosts an SMBH in the center with an accretion disc, which
continuum emission ionizes the gas in the broad line region (BLR).
The BLR consists of a large number of emitting clouds and, in a
whole, is optical thin (see Gaskell 2009), i.e., there are no effects of
radiative transfer. The BLR seems to be flattened with the inclination
that is similar to the accretion disc (and dusty torus) inclination
(Collin et al. 2006; Savić et al. 2019).

The model considers two AGNs at a sub-pc mutual distance in
which both SMBHs have their own accretion disc and BLR, and
consequently, that activity can be detected from both SMBHs, i.e.,
both components are emitting the electromagnetic spectrum that is
typical for an AGN, similarly as in Simić & Popović (2016). In ad-
dition, in this paper we introduce that SMBBH system is surrounded
by a common circum-binary BLR (for more details in §2.4).

Besides standard Newtonian consideration of dynamical effects of
SMBBH system on spectral observables we introduced in our model
additional features discussed in further subsections. Fig. 1 (upper
panel) illustrates the assumed SMBBH system in which each SMBH
has its own accretion disc, which is a continuum source, and the
BLR, which emits broad lines.

To investigate the variability of the continuum and line emission,
and study the periodicity in the light curves, we introduce a simple
dynamical model in which the SMBBH gravitationally interacts with
the accretion disc surrounding the opposite SMBH, affecting the
surface disc temperature. Consequently, this disc accretion rate is
altered, causing the change in the continuum and line emission.

We discuss separately different aspects of the proposed model: 1)
the dynamical parameters of the SMBBH system; 2) the structure
of the disc that is the source of the continuum emission; 3) the
sources of the continuum variability; 4) the structure of the BLRs
in both components; and 5) the empirical constraints in the broad
line parameters defined by dynamical and physical properties of the
central source.

2.1 Dynamical parameters of the SMBBH system

Our model of the binary system contains two SMBHs, which one
realization is shown in Fig. 1. We discuss the most general case where
components have arbitrary masses designated in our computation as
<1 and <2, and the ratio of component masses is defined as

@ =
<1

<2
,

with<1 < <2. Orbits in such a system are elliptical with eccentricity
422 .

In general equation for the period P in binary system can be com-
puted from the third Kepler law, as (Hilditch 2001):

%2
=

4c203

� (<1 + <2)
, (1)

MNRAS 000, 1–?? (2020)
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Figure 1. One example of the SMBBH model. Accretion disc surrounding each SMBH (small black dot in the center) is denoted with blue (lower SMBH mass
<1) and red disc (higher SMBH mass <2). Dark grey region depicts the BLR outer limit defined with the Roche lobe, and light gray region defines the BLR
outer limit empirically calculated (see §2.4 for details). Dashed ellipses are orbits of SMBHs, and the x and y axis give the position in pc with the respect to
the SMMBH barycenter, denoted with cross. Model input parameters (SMBH masses <1 , <2 , eccentricity 422 , mean distance between components 0, orbital
inclination 8) are given in the plot. Bottom panel shows three different phases defined with C = 0, C = %orb/4 and C = %orb/2, respectively from left to right. The
assumed orbital inclination of 8 = 45> is kept constant.

where 0 is a mean distance between components, � universal gravi-
tational constant.

In our particular case of SMBBHs, the orbital period %orb can be
written as:

%orb = 210

(
0

0.1?2

)3/2 (
2 × 108M⊙
<1 + <2

)1/2
(2)

that is given in years. The mean distance between components 0 is
given in pc and masses <1,2 in 108M⊙.

To compute orbital motion and radial velocities of components, we
use the standard Keplerian approach. We introduce mean anomaly
as

" =
2c
%orb

(C − g) = 2cΦ

where g is initial moment of measurements, C is time variable and Φ

is orbital phase of the system, usually ranging from 0 to 1. Using the
Kepler’s equation given in a form of:

" = � − 422 sin(�) (3)

we can numerically extract eccentric anomaly � , which than can be
used to compute true anomaly as:

\ = 2 arctan

(√
1 + 422
1 − 422

tan
�

2

)
(4)

Now, the orbital paths or true barycentric orbits of the SMBBHs
in the system are given by:

A1,2 (\) =
01,2 (1 − 42

22)
1 + 422 cos(\) (5)

with 01,2 computed from the condition of placing origin of coordinate
system in the barycentre, which gives:

01 =
@0

1 + @ and 02 =
0

1 + @ (6)

In computations we assume that components differ in orientation by
180o or 0.5Porb. SMBHs barycentric positions are used for the calcu-
lation of continuum luminosity variability due to the disc temperature
perturbation (see §2.3 and Appendix A).

MNRAS 000, 1–?? (2020)
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The inclination of the orbital plane 8 is an angle between the normal
on the orbital plane and the line-of-sight. In the case when this angle
is zero, the radial velocity in the observer frame will also be zero.
In principle, the radial velocity cannot be observed in the face-on
orientation of an SMBBH system. Thus in our model, we assumed
an orbital inclination angle to be 45◦. As the orbit is elliptic, also the
azimuthal angle is important, but for a system it will be a constant
for an observer. In this paper we take it to be equal to zero. In further
research we plan to investigate the influence of azimuthal angle in
our model in more detail. This configuration is presented in Fig. 1.

Radial velocities of components and their semi-amplitudes can be
computed in the observer frame using:

Erad
1,2 (\) =  1,2 [cos(\ + l) + 422 cos(l)] + W, (7)

 1,2 =
2c01,2 sin(8)

%orb

√
1 − 42

22

(8)

where l is argument of perihelion which can have arbitrary values,
but we choose l = 30> in order to examine most interesting case
and W is systemic velocity which in our case is equal to 0.

Effectively, SMBHs radial velocities are used for the calculation
of continuum emission (§2.2), luminosity variability (§2.3) and for
defining physical properties of BLRs (§2.4). The bottom panel of Fig.
1 shows the scheme of three dynamical phases (C = 0, C = %orb/4 and
C = %orb/2 respectively from left to right), i.e., the position during the
system revolution defined by time and angular velocity of SMBBH.

2.2 The structure of the accretion disc – continuum emission

In our model both components have the accretion disc and the BLR
surrounding the discs, as shown in Fig. 1. For calculating the disc
continuum emission in the UV-optical-IR bands, we use the model
of a standard optically thick, geometrically thin, black body accre-
tion disc (see e.g. Pringle & Rees 1972; Shakura & Sunyaev 1973;
Novikov & Thorne 1973), which effective temperature ) 8

4 5 5
(for

8 = 1, 2) as a function of radius from the center is given as (Yan et al.
2014):

) 8eff [ ] = 2·105
(
108

<8

)1/4 (
'in

'

)V (
1 −

√
'in

'

)1/4 (
0.1
n

)1/4 (
5�

0.3

)1/4

(9)

where 'in is the inner disc radius, <8 is the SMBH mass of the 8-th
component of an SMBBH, and V power law index equal to 3/4 in the
standard disc model, although different values can be considered. n
is the radiative efficiency, while 5� is the Eddington ratio that is:

5� =

¤"acc
¤"Edd

,

where ¤"acc is the accretion rate and ¤"Edd is the Eddington accretion
rate. In the single SMBH case 5� is usually assumed to be ∼ 0.3.

For a disc part that is not close to the central SMBH, Eq. 9 simpli-
fies to) ∝ '−V . We consider the emission from the UV to IR spectral
range. Therefore we use only thermal emission as the primary radia-
tion mechanism, and neglect the contribution of the inverse Compton
and synchrotron radiation, as they are significant in the X-ray and W
bands.

In such case, the radiated power emitted by a small ring-like ele-
ment of the disc surface 3( = 2cA3A at the distance A from the system

0 2000 4000 6000 8000 10 000 12 000
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L
o
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/s
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Figure 2. An example of a real quasar spectrum described with our model.
The observed spectrum of 3C273 taken from Shang et al. (2005) (blue dots)
is simulated with our model of a single SMBH with an accretion disc (dashed
black line).

center, with effective temperature )eff defined in Eq. 9 is given as
(Poindexter et al. 2008):

3! = 4c
2ℎ22

_5

3( cos(8)[
exp( ℎ2

_:�)eff
) − 1

] (10)

where ℎ, 2, :B are Plank constant, speed of light, and Boltzman
constant, respectively. \disc is the inclination of the disc of one SMBH
component. To compute total luminosity of a disc (i.e., the SED), we
integrate Eq. 10 over entire surface of the disc and obtain:

! (_) ∝
∫
(disc

_3! (_,)eff) (11)

For the above equation we need to define the inner 'in
8

and outer

'out
8

radii of the disc. For the inner disc radius we adopt 'in
8
∼ 10 'g,

since we focus only on the UV/optical/IR emission. For the outer
disc radius, we use the relationship given by Vicente et al. (2014), in
which the outer radius, in units of light days (ld), is defined as:

'out
8 =

1
2
· A0

[
<8 [M⊙]

109

]2/3
(12)

where 8=1,2 denotes the component of an SMBBH, and A0 is 4.5+0.7
−1.6

ld. The exponent 2/3 in Eq. 12, is expected in the case of Shakura-
Sunayev accretion disc (Shakura & Sunyaev 1973), that is in agree-
ment with estimates obtained by microlensing (see e.g. Morgan et al.
2010).

To test our model for a case of a single SMBH with an accretion
disc, we compare it with the observed spectrum of 3C273, as this
is one of the most studied objects with high quality observations
(Fig. 2). The modeled SED follows very well the observed spectrum
of 3C273 in the UV, optical, and IR wavelength bands taken from
Shang et al. (2005). The assumed parameters for the simulated model
are: the accretion disc inclination \disc = 45◦, and the SMBH mass
of < ≈ 2 × 109M⊙ . The SMBH mass is a bit smaller then obtained
in (Paltani & Turler 2005), which is probably caused by the fixed
inclination in our model.

We assume the optical continuum at _5100 Å reflects the ionizing
continuum, which is important for the BLR dimension estimates
and could be perturbed by interactions of SMBHs. In our analysis,
we consider only the disc contribution to the ionizing continuum

MNRAS 000, 1–?? (2020)
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emission, but we note that other sources of the optical continuum
could be present, as e.g., synchrotron optical continuum radiation
from a jet. However, the jet continuum radiation probably cannot
ionize the BLR and is not relevant for this model.

2.3 Luminosity variability due to dynamical interaction

First, in Eq. 10 we include dynamical effects of radial motion taking
the shift in the emitted energy (wavelengths) of photons as:

_ = _0 (1 + I8dopp),

where I8dopp = E8/2. The velocity E8 is calculated using Eq. 7 and 8.
This dynamical effect of the radial motion of the SMBBH compo-
nents is included in the line shift, but also in the continuum.

Second, one should consider the gravitational effect, i.e., the per-
turbation of the accretion disc of one SMBBH component due to
the interaction caused by the companion. This interaction depends
mostly on the distance between components and their masses. The
analysis of the theory of disc perturbation due to tidal interaction is
out of the scope of this work. We only consider that the gravitational
interaction can affect the accretion rate of the disc, and consequently,
the disc temperature profile of the components.

Due to the gravitational interaction of two SMBBH components
(designated with indexes 8 and 9), the effective disc surface temper-
ature of the 8-th component can be modified as (see also Appendix
A):

) 8eff = ) 8>

(
1 +

< 9

<8

'8

A 9 (C)
· cos V

)1/4
, (13)

where ) 8> is the effective disc surface temperature for non-perturbed
disc, A 9 (C) is the distance between the perturbing SMBH (i.e., 9-th
component) and the part of the perturbed disc located at radius '8
from the host SMBH (see illustration in Appendix A). The distance
A 9 (C) can be written as:

A 9 (C) = 0(C)

√
1 +

(
'8

0(C)

)2

− 2
'8

0(C) · cos(i), (14)

where 0(C) is distance between two SMBHs, and i is the angle
between 0(C) and '8 observed from the center of component 8. For
more details see explanation in Appendix A.

Third, the accretion rate of both SMBH components is affected
by the binary dynamics that forms spiral streams which accumulate
additional matter near each SMBH (forming so called “mini discs” of
gas orbiting the individual SMBHs, Farris et al. 2014). This changes
the accretion rates in both components. To include the changes in the
accretion rates we applied the relations given in Farris et al. (2014)
and find that the changes in effective temperature of 8-th component
has a form (see Appendix B):

) 8eff (C) = )
8
>

(
1 +

< 9

<8

' · cos V
A (C)

)1/4
·
(
5 8
�
(C)
5 80
�

)1/4
, (15)

where the tidal perturbation and accretion rate changes are taken into
account.

Eqs. 13, 14 and 15 show that the perturbation in the effective
temperature is a function of the distance between components, which
is time dependent. The amplitude of the temperature perturbation also
depends on the masses of components, and as shown in Fig. 3, the
temperature perturbation will be stronger in the part of the disc closer
to the perturbing component. As expected, closer to the perturbing

Figure 3. Logarithm of the temperature profiles across the disc along the axis
between the two interacting SMBHs at the selected distance of 0.01 pc with
the masses of 0.5 × 109M⊙ and 109M⊙ and BH minimum separation. The
upper panel shows the temperature profile of the disc around the SMBH of
0.5×109M⊙ and the bottom of 109M⊙. Solid line represents the unperturbed
and dashed the perturbed temperature profile. The arrows show the direction
of the interaction, i.e., the position of the companion.

Figure 4. Same as in Fig.3, but for maximal BHs separation.

SMBH (with lower mass <1), the effective temperature in the disc
is decreased by the perturbation. This is caused by the additional
gravitational effect, which perturbs Keplerian-like rotation in this
part. On the other side, in the case of maximal SMBH separation, the
accretion is more effective (see Fig. 4), both discs become brighter,
and the total luminosity of the system is in the maximum.

Taking into account the interactions, and that luminosity of the

MNRAS 000, 1–?? (2020)
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system is determined by the temperatures of both SMBH disc, we
calculated the total luminosity, !tot, of the an SMBBH as:

!tot (_, C) ∝
∫
(disc

_3!tot(_,)eff , C) (16)

where 3!tot is calculated, taking both (3!1 and 3!2) components,
as:

3!tot = 3!1 + 3!2 = 4c
2ℎ22

_5


∑
==1,2

3(= cos(8=)[
exp( ℎ2

_:�)
=

eff (C)
) − 1

]

. (17)

)=eff (C) depends on orbital elements (as it is shown in Eq. 15), i.e., the
total luminosity of the system is time dependent.

We note that the eclipsing effect, in which one of the components
is eclipsing another, may cause the variability in the total luminosity
of an SMBBH system. However, the eclipse could happen only in a
near edge-on binary orientation; thus it is implausible. In addition,
the accretion discs considered here are very thin i.e., the thickness
of the disc is much smaller compared to the overall radius, so even
if the eclipse occurs, we do not expect significant changes in the
total emission of an SMBBH system. In our simulations, we fix the
inclination of the binary rotation plane to be 8 = 45◦, consequently,
we will not consider this effect.

The additional dynamical effect we consider here is the vari-
ability of the observed emission caused by the Doppler beaming
(D’Orazio et al. 2015). The luminosity of an SMBBH system is con-
verted to the flux that an observer can detect. The apparent flux �_
at a fixed observed wavelength _ is modified from the flux of a sta-
tionary source �0

_
. Following D’Orazio et al. (2015) one can obtain:

Δ�a

�a
=

Δ�_

�_
= (3 − U)(E8 (C)/2), (18)

where E8 (C) is the velocity of a component given in Eqs. 7 and 8.
Since coefficient U is taken from �0

a ∝ aU , we assumed that U = 3/4.
We calculate for each component the emitted flux including the

Doppler beaming effect as:

�8 (_) = �8
0 (_){1 + [(3 − U)(E8 (C)/2)]}, (19)

where

�8
0 (_) =

!8 (_)
4c�2

, (20)

where � is the cosmological luminosity distance to the SMBBH
system. In order to avoid the influence of distances, we are going to
present our results using luminosity, i.e.,:

4c�2 · �8 (_) = !8 (_){1 + [(3 − U)(E8 (C)/2)]}, (21)

where 8 = 1, 2 denotes the component of the system. The Doppler
beaming effect is applied to both - continuum and line emissions.

2.4 Physical properties of BLRs and broad line parameters

The BLR may be present around both SMBH components in the
binary system (see discussion in Popović 2012; Simić & Popović
2016). Here we assume that both components have its own BLR, and
we consider the following two cases:

• Two separated BLRs. There is no contact between BLRs, i.e.,
each BLR is inside the Roche lobe of its SMBBH component (illus-
trated in Fig. 1). The continuum luminosity of the central source (i.e.,
accretion disc) determines the dimensions of its BLR (see §2.4.1),
and the perturbation can be only due to gravitational interaction.

• Two BLRs inside the Roche lobes of each component and one

circum-binary BLR (cBLR). Each component has the BLR which
is filling the corresponding Roche lobe, and also the total continuum
luminosity coming from the accretion disc of both components is
high enough to create an extra cBLR (see Fig. 5 and §2.4.3).

In both cases we suppose that: i) the BLR is flattened in the
same plane as accretion discs, ii) the inner parts of the BLR are
overlapping the accretion disc, iii) the BLR extends a few tens of
light days in diameter (Kaspi et al. 2005), and iv) the kinematics of
the BLR depend on the mass of the central SMBH (Peterson 2014).
In the second case of separated BLRs, the standard cBLR parameters
depend on the dynamical parameters and masses of both components.

As we aim to explore the variability of emission lines usually
covered in the optical monitoring campaigns, thus we consider here
the HV line, which is the most analyzed line in this spectral range.

2.4.1 Estimation of the BLR sizes

We use the results of reverberation mapping to constrain the BLR
parameters and HV line properties, similar as in Simić & Popović
(2016), taking into account the SMBH mass of each component in
the binary system, i.e., their emitted continuum luminosities. The
reverberation mapping gave the empirical relationships between the
BLR size (estimated from the time delay between the continuum and
emission line light curves) and the luminosity of the continuum or
the broad line (see e.g Peterson 2014, and reference therein). Here we
use these empirical results to constrain the dimensions of the BLR
based on the continuum emission of each component. And then, to
estimated BLR dimension, we calculate the intensity of the broad
emission line.

There are several empirical relationship between the BLR size
and the luminosity of the line and continuum obtained from the
reverberation mapping (for review see Popović (2020)).

For the first case of separated BLRs, one can estimate the HV BLR
size 'BLR using this relationship given in Kaspi et al. (2005), (see
also Simić & Popović (2016)):

'BLR

10ld
= (2.21 ± 0.21)

[
_!_(5100Å)
1044erg s−1

]0.69±0.05

, (22)

where _!_(5100Å) is the luminosity at 5100 Å. Here we use the
continuum emission at _5100 Å for each of the two accretion discs
and apply the above Eq. 22, though there are other relationships
(see for a review, e.g. Popović 2020), which would not change our
analysis. Similar computations could be conducted for the high-
luminosity/high redshift quasars, using empirical relations presented
in e.g., Kaspi et al. (2007).

For the second case, when the binary system is surrounded by ad-
ditional circum-binary BLR, i.e., cBLR, we use the same Eq. 22 for
estimating the size of each BLR. In this case of cBLR, the continuum
luminosity !total (5100Å) is taken to be the sum of luminosities of
each disc. For different orbital phases, !total(5100Å) will be differ-
ent, and consequently, the variability in the surrounding BLR should
be detected. This variability is caused by Doppler effect, temperature
perturbation of accretion disc and different accretion rates for both
SMBHs. Note here, that in difference with circum-binary accretion
discs (see Artymowicz & Lubow 1994), the cBLR represents a num-
ber of non-interacting emitting clouds which are only gravitationally
bound to the central mass (which is sum of masses of two SMBHs)
and only follow the gravitational potential of the system, i.e., the
inner radius of the cBLR is determined by the Roche lobe.
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2.4.2 The HV line profiles - intensity, width and shift

In general, we can consider different shapes and inclination of the
BLR, but one highly expected scenario is that the BLR has a flat-
tened geometry and is strongly self-shielding near the accretion disc
(i.e., the AGN equatorial plane, see Gaskell 2009). Thus, the BLR
is co-planar with the accretion disc, which is also co-planar with
the SMBBH orbits (see §2.1), and therefore the BLR orientation is
defined by the same inclination angle 8 as the SMBBH system.

The flattened BLR is likely to produce double-peaked line profile,
instead of Gaussian profile. However, the most of AGNs show single
peaked profiles that indicates that in general BLR is slightly flattened,
and that double-peaked profiles are mostly coming from disc-like
(strong flattened BLRs). Therefore, here we assume, for simplicity,
that all three BLRs are emitting Gaussian-like line-profiles, whose
parameters are reflecting the dynamical effects of the SMBBH system
and characteristics of each BLR.

In the case of separated BLRs, i.e., BLRs in Roche lobes of com-
ponents 1 and 2, we calculate the total line profile of different con-
figurations of the SMBBH system as:

�dyn (_) = �1 (_) + �2 (_), (23)

where each component emits the Gaussian line profile �8 (for 8=1,2):

�8 (_) = �8 (_0) exp


− ©

«
_ − _0 · (1 + I8dopp)√

2f8

ª®¬
2

cos(8) (24)

where _0 is the transition wavelength for HV, f8 is the velocity
dispersion defined by the SMBH mass and dimension of the BLR,
and I8dopp is the Doppler correction for radial component velocities.

In the case of the cBLR, the total line profile is:

�tot (_) = �dyn (_) + �cBLR (_), (25)

where the cBLR component emits the following Gaussian line profile:

�cBLR (_) = �cBLR (_0) exp


−

(
_ − _0√
2fcBLR

)2
cos(8) (26)

where fcBLR is the velocity dispersion defined by the total masses
of the SMBBH and dimension of the cBLR.

For calculating the line profile using the above equations, one has
to find the maximal line intensity (at _0), velocity dispersion, and
line shift. To estimate the HV line intensity we used the empirical
relationship given by Wu et al. (2004):

log 'BLR (lt-days) = 1.381 + 0.684 · log

(
_! (�V)

1042erg s−1

)
, (27)

from which in combination with Eq. 22, we can derive the connection
between the luminosities in the HV line and continuum:

!42 (HV) = �1 · (!44)�2 , (28)

where !42 (HV) is the _! (HV) given in units of 1042erg s−1, and
!44 is _! (5100) in units of 1044erg s−1. Introduced constants are
�1 = 0.88 and �2 = 1.00877.

For the Gaussian profile the maximal intensity can be calculated
as:

�8 (_0) =
_! (HV)√

2cf8
, (29)

where velocity dispersion f8 is related to the BLR velocity EBLR as:

f8 = _HV
EBLR (<8)

2
. (30)

m
1

disk 1

r
roche

BLR1
r

roche

BLR2

m
2

disk 2

Figure 5. SMBBH system in a complex configuration, with the BLRs of each
component (BLR1 and BLR2) inside their Roche lobes and the surrounding
common circum-binary BLR (cBLR).

The velocity in the BLR assuming the BLR virilization can be cal-
culated as:

EBLR (<8) =
√

�<8

5+ 'BLR
. (31)

where<8 , 'BLR and�, represents SMBH mass, BLR size and grav-
itational constant, respectively. 5+ is the virialization factor which
depends on the BLR geometry and inclination. Here we assumed that
whole BLR is virialized, therefore only inclination (8) of the BLR is
taken into account, then 5+ = 1/sin2 (8) (see Afanasiev et al. 2019).
Similarly EcBLR is calculated taking the total mass (<1 +<2) instead
of the mass of one component (<8) in Eq. 31.

The gas velocity in the BLR directly depends on the SMBH mass
and dynamical parameters. Thus the line profiles will depend on the
same parameters. We underline that the line maximal intensity also
depends on the mass of SMBH.

The line shift caused by gravitational effects in the close vicinity
of the SMBH is given with (see e.g. Jonić et al. 2016)

Δ_8g =
�<8

2'BLR
.

In comparison to the dynamical shift, the gravitational shift can be
neglected for the parameters we use in our model. Therefore we did
not take it into account.

2.4.3 Reduced broad line shift due to Roche lobe

Both components in the assumed binary system can have the BLR
with dimensions given by either Eq. 22 or Eq. 27. However, one
should take into account that only a part of the BLR which is inside
of the Roche lobe of a component will have the radial velocity that
reflects the dynamical motion of the component (as it is shown in Fig.
5). Thus we assume that due to the gravitational pull of an SMBH,
only a part of the BLR is dynamically active, i.e., follow the orbital
path of the SMBH.

Therefore, the BLR of a single component is reduced to the Roche
lobe limit even though empirical relationship gives a larger dimension
(see also an illustration in Fig. 1).

The total line profile of a proposed binary system contains three
broad components (see Fig. 5). The first coming from the BLR1 -
defined by the Roche lobe of the primary component, the second
from the BLR2 - defined by the Roche lobe of secondary, and finally,
the third component is emitted by the cBLR - the circum-binary BLR
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surrounding both SMBHs (BLR1 and BLR2). Both SMBHs heat the
gas in cBLR, i.e., gas kinematics is due to the net effect of both
masses and luminosities.

This configuration has important effects on the line profiles emitted
from BLRs, since the BLR1 and BLR2 are following the dynamics of
their SMBHs (orbital motion). Therefore they have radial velocities,
while the cBLR is assumed to be a stationary region. Considering the
mentioned arguments, in our model, we assume that both SMBHs
have their own BLRs constrained by Roche lobes and are moving
with their corresponding SMBH. It is difficult to estimate the ex-
act contribution in the total emission of those moving BLRs since
it would require comprehensive magneto-hydrodynamic modeling.
Thus we assumed three cases – the dynamical BLRs contribution is
70%, 50%, and 30%, while the rest of the emission is coming from
the stationary cBLR.

2.4.4 Time delay between continuum and line

In order to simulate time delay between the variability observed in
the continuum and line flux (luminosity), we assumed that the con-
tinuum luminosity would affect the dimensions of the BLRs. Taking
the continuum time dependent luminosity (as it is calculated using
Eq. 16), we account that different luminosity caused different BLR
dimensions (see Eq. 22). Therefore '�!' of all three considered
regions will change due to changes in the ionization continuum lu-
minosity. We take that the time delay for each BLR is proportional
to the light-crossing time over the entire BLR. This can be expressed
as:

ΔC8 = '
8
�!'/2, (32)

where '8
�!'

is the dimension of i-th BLR and 2 is the speed of
light. With this approximation, we simulate the time lag between
continuum and line variabilities. However, this time is significantly
shorter than the orbiting period.

2.5 Algorithm for modeling the composite spectrum of an

SMBBH and simulating its variability

To summarize the proposed model, we list here the steps required to
model the composite spectrum of the proposed SMBBH system and
simulate its variability:

(i) calculate the dynamical parameters and positions of the two compo-
nents with respect to the barycenter of the SMBBH system (see Eqs.
2-5);

(ii) assume inner radius 'in
8

and calculate the outer radius 'out
8

of both
accretion disc (Eq. 12), which is used to derive the temperature profile
across the accretion disc (Eq. 9) and disc luminosity (Eq. 10, 11),
accounting for the relativistic boosting effect (Eq. 21) and accretion
rate (Eq. 9);

(iii) note that the effect of variability is accounted with both the dynamical
effects of the binary motion (Eqs. 7 and 8), and the perturbation of the
disc temperature (i.e., accretion rate) due to the mutual gravitational
interaction of the two components in the SMBBH and change in the
accretion rate (Eqs. 13 and 15 );

(iv) from the obtained disc luminosity of each component in the SMBBH,
we estimate the dimensions of all three BLRs using empirical rela-
tionship (Eq. 22), testing whether two separated BLRs are within the
Roche lobe of the corresponding central SMBH (§2.4.3). If larger,
its BLR dimension is reduced to the Roche lobe limit;

(v) to simulate the broad HV line profile, we assume the Gaussian profile
(Eqs. 23-26) that is based only on the dynamical shift (Eq. 31). The

HV line maximal intensity (Eq. 29) is based on the empirical Eq. 28,
which is derived from the empirical Radius-Luminosity relationships
(Eqs. 22 and 27) and uses the BLR dimensions estimated in the
previous step;

(vi) the composite spectrum (continuum+broad HV line) is finally calcu-
lated taking into account contribution from all three gaseous regions
(BLR1, BLR2, cBLR) with different ratio of the contribution of the
surrounding cBLR (70%, 50%, and 30%). Each composite spectrum
in one series is normalized to a common constant value, and for this
we took the maximal value of the SED of the first spectrum in a
series;

(vii) to explore the spectral variability, we measure the continuum and line
luminosity in the HV spectral range, which is typically covered in the
optical monitoring campaigns, and construct their light curves. After
fitting the underlying continuum with the simple power-low from the
composite spectrum, the continuum luminosity is measured as the
mean value in the narrow interval 5090 – 5110 Å and the broad HV
line luminosity only in the range of wavelengths for which the line
intensity is greater than zero, when fitted continuum is removed.

To account for the effect of the real measurement uncertainty,
we introduce different signal-to-noise (S/N) ratio to the modeled
SED, which is later reflected in the measured continuum and line
luminosities, i.e., in the continuum and line light curves. The noise
distribution of photons is stochastic in nature and could be modeled
with the Gaussian distribution, so-called white noise. Therefore, we
added the white noise to the simulated SED (continuum + broad line).
Generally, one could use a normal distribution with mean parameter
` = 0, and constant dispersion f# , which determines the dispersion
of data (additive white Gaussian noise, see Proakis (2001)).

Additionally to the white noise, the intrinsic luminosity vari-
ability of each component can affect the periodicity signal of the
SMBBH. To simulate this effect, so called red noise, we superpose
a generated signal to this noise which is modeled using SER-SAG
code (Kovačević et al. in prep. 2021, Github link), which employs
Damped Random Walk (DRW, Kelly et al. 2009). The SER-SAG
code calculates DRW input parameters a characteristic amplitude f,
which affects exponentially-decaying variability with time scale g
around the mean flux <0 based on luminosity ! of the considered
SMBBH component (Kelly et al. 2009, 2013; Suberlack 2021). The
amplitude of the binary signal is taken as a percentage of the mean
flux of the considered SMBBH component.

Finally, to illustrate real optical spectra in the HV range that are
easily distinguished with the prominent doublet of [O III] forbid-
den lines, we artificially added the narrow [O III] __4959,5007ÅÅ
lines, calculated from the continuum at 1516Å and using the ra-
tio _4959/F_5007=1:3 (see Dimitrĳević et al. 2007). Note that these
narrow [O III] lines were not included in the measurements.

3 RESULTS AND DISCUSSION

To explore the variability of a binary SMBH system which has two
accretion discs with two BLRs, and the additional cBLR, we mod-
eled the series of spectra covering the HV line emission and the
nearby continuum at _5100Å, since this wavelength range is often
used in the reverberation mapping and optical monitoring campaigns
(see, e.g. Barth et al. 2015; Shapovalova et al. 2016; Ilić et al. 2017;
Shapovalova et al. 2019). The obtained results are depending only
on the dynamics of the system and can be (with small modifications)
applied to another wavelength band (as e.g., Mg II broad line and
nearby continuum at _3000Å) in case of high-redshift AGNs.
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The model is easily adapted to other orientation of the accre-
tion discs and BLRs with respect to the orbital plane of SMBBHs,
however, nearly co-planar accretion discs of SMBBHs are expected,
especially at sub-pc scales. Savić et al. (2019) showed for the merger
with a high amount of gas, the evolution of the SMBBH system
should be connected with their interaction with the surrounding gas.
Therefore, the gas accretion onto the SMBBH components results in
the alignment of black holes spin with the angular momentum of the
binary system (Bogdanović et al. 2007). Since we consider here sub-
pc distances between the components, i.e., final stages of a merger,
it is expected that the accretion discs are co-planar. Also, we do not
consider extreme mass ratios, thus the timescale after merging are ex-
pected to be long enough that the angular momentum of the accretion
discs (and flattened BLRs) aligns with the angular momentum of the
circumbinary BLR (similar as in the case of spiraling circumbinary
gas, see Miller & Krolik 2013). Therefore, for all models presented
here, we assumed that discs (and BLRs) are co-planar.

We first present the parameters of the simulated model, then we
discuss the variability of the continuum and broad HV line, and
finally, we give the analysis of the periodicity from the broad line
(and different line segments) light curve, which is expected to be
detected in the case of the SMBBHs (see e.g. Kovačević et al. 2018,
2019, 2020).

3.1 Parameters of the simulated models

We performed a number of simulations taking a range of different
input parameters of SMBBH systems (different masses, correspond-
ing calculated luminosities and dynamical parameters – see Table
1). For each set of input configuration, a series of spectra (80 epochs
equally spread) is modeled to cover four full orbits of the SMBBH
system. As an illustration of the connection between all parameters
of an SMBBH system, given here in order to compare dimensions
of different regions and orbital parameters, we take the following
dynamical parameters: <1 = 1 × 108, <2 = 5 × 108, 41 = 42 = 0.5,
and 0 = 0.01 pc (note that this case is not present in Table 1). From
these the dimension of accretion disc for components 1 and 2 are:
A1 = 4.185 × 10−4 pc and A2=1.2237×10−3 pc, respectively. Tak-
ing the continuum luminosity at 5100Å from both accretion discs,
the BLR dimension for the component 1 is 15 l.d. (0.0134 pc), for
the component 2 is 57 l.d. (0.0498 pc), and for the cBLR is 63 l.d.
(0.0549 pc). In this case the part of the single BLR covered by the
Roche lobe is very close to the accretion discs of components, thus
the Roche lobe reduced BLR dimensions (which follow the SMBBH
dynamics) are BLR1 ≈ 1 l.d. (8.39×10−4 pc), and BLR2 = 2.06 l.d.
(1.73 × 10−3pc),

Table 1 lists only the varying parameters for several cases used
in our simulations: column (I) gives the order of magnitude of the
SMBH mass for both components (in M⊙) and their mass ratio @;
columns (II) and (III) give the outer radius of the accretion disc of
components 1 and 2, respectively; columns (IV) and (V) list the di-
mensions of the Roche lobe reduced BLR of components 1 and 2
(BLR1 and BLR2), respectively, and column (VI) gives the dimen-
sion of the cBLR. All dimensions are given in 10−3 pc.

The case of two separated BLRs in the SMBBH system, and their
influence to the line profiles have been investigated in several papers
(see, e.g. Popović et al. 2000; Shen & Loeb 2010; Simić & Popović
2016; Bogdanović 2019, etc.), but here we address the long-term vari-
ability of the line and continuum emission, which was not studied
before and which could be necessary for the future large time-domain
surveys, as e.g., LSST. Our simulations show that clearly separated
BLRs can influence the line profile, but there is no significant influ-

Table 1. Input parameters of the SMBBH systems used in our simulations
(column I) and the derived parameters of the dimensions of the accretion
discs (columns II and III) and BLRs (columns IV, V and VI), all given in
10−3 pc. Given mass < represents the order of magnitude for both SMBHs,
expressed in M⊙. The eccentricities are kept constant for all simulations with
values 41 = 42 = 0.5.

param. set A1 A2 BLR1 BLR2 cBLR

(I) (II) (III) (IV) (V) (VI)

< ∼ 106

@ = 0.1 0.02 0.09 0.1 0.78 0.8
@ = 0.5 0.056 0.09 0.42 0.78 1
@ = 1 0.09 0.09 0.78 0.78 12

< ∼ 107

@ = 0.1 0.09 0.42 0.8 6 6.2
@ = 0.5 0.26 0.42 3.3 6 7.7
@ = 1 0.42 0.42 6 6 10

< ∼ 108

@ = 0.1 0.42 2 7 43 45
@ = 0.5 1.2 2 27 45 58
@ = 1 2 2 47 47 75

ence to the line and continuum intensity. Therefore here we present
the results of our simulations of the sub-pc separated SMBHs in
which three BLRs are present.

3.2 Continuum and broad line variability

We study the continuum and broad HV emission variability and
construct their corresponding light curves, and also we explore the
mean and rms line profiles of broad HV line.

The shape of the SED in the HV wavelength range is plotted in
Fig. 6, for different mass ratio (@ = 0.1, 0.5, 1) and different order of
magnitude of SMBH mass (106, 107 , 108M⊙) of the secondary com-
ponent. This model accounts for three BLR, two BLRs of primary
and secondary components which are coming from the correspond-
ing Roche lobes (BLR1 and BLR2, denoted with the long-dashed
and short-dashed line, respectively), and one cBLR component (dot-
dashed line in Fig. 6). Fig. 6 shows cases in which 30% of the line
luminosity is coming from the Roche lobe emission and 70% from
the cBLR. In Fig. 7 we show the opposite case, i.e., the contribution
from the cBLR is only 30%.

Figs. 6 and 7 show no significant difference in total broad line
profiles between cases with different cBLR and Roche BLRs (BLR1,
BLR2) contributions. However, the broad line profiles, as well as
the continuum and line intensities are significantly changing not
only with the mass ratio, but also with the black hole mass of the
components. However, in the case of the massive components (order
108M⊙), the BLR components coming from the Roche lobes for
subpc distant SMBBHs are contributing to the continuum around the
HV line, while for smaller masses, Roche components of the BLR
are contributing to the HV line. This is very important, since, the
expected dynamical effects in the broad line profiles probably are not
present in the case of subpc massive SMBBHs (∼ 108M⊙). Also,
it seems that only single cBLR is significantly contributing to the
observed broad line profiles (see plots i) in Figs. 6 and 7).

The simulated spectra with the added white noise of 3% (f# =

0.03) and artificially added [O III] __4959,5007ÅÅ emission for
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Figure 6. Modeled composite spectrum in the HV spectral range (continuum+HV line) in the closest separation phase (C = %orb/2). Different mass ratios are
used @ = 0.1, 0.5, 1 (from left to right) and different order of magnitude of SMBH masses 106, 107, 108M⊙ of the secondary component (from top to
bottom). The notation is as follows: dot-dashed line - emission from cBLR, long-dashed line - emission from the BLR1 of the component 1, short-dashed line -
emission from the BLR2 of the component 2, solid line - total emission, i.e., the sum of both components emission (line and continuum) and cBLR. Only broad
HV line is considered (without [O III], He II, narrow HV, etc.). In this case, 70% of total BLR emission originating from cBLR.

a) b) c)

d) e) f)

g) h) i)

Figure 7. The same as in Fig. 6, but if contribution of the cBLR to the total emission is 30%.

different masses and mass ratio is present in Figs. 8 and 9. We
considered broad line profiles for two positions of components, at
minimal and maximal distances. For each case of input parameters
two sub-panels are shown, with the modeled composite spectrum
(upper sub-panels) and continuum subtracted (bottom sub-panels).

There is a difference in line profiles, in the case of minimal distances,
the line profiles are weaker and narrower (Fig. 9), compared to the
maximal distance of the SMBHs, when the rate of accretion produces
more intensive and broader lines (see Fig. 8). This cannot be expected
in the case of an AGN with a single SMBH, for which the line
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Figure 8. The same as in Fig. 6, but including the effect of noise (3%) and [O III]__4959,5007ÅÅ emission in order to illustrate the real AGN spectra typically
observed in the optical band. For each case of input parameters (indicated on the panels) two sub-panels are shown, with the modeled composite spectrum
(upper) and continuum subtracted (bottom). The cBLR contributes with 30% to the total emission and perihelion position of SMBBH is assumed.

Shaded area defines the limit of the HVline integration, and vertical line indicates the position of HV.

luminosity is connected with the size of the BLR , i.e., when the
broad line is weak, the BLR radius decreases, the emission region is
closer to the central SMBH that causes higher rotation and as a result,
the line width will increase. However, in close binary SMBH systems
with complex BLR (composed of three BLRs), the situation is the
opposite. The minimal distance between the binary components,
lines emitted by the BLR1 and BLR2 are very broad and shifted (due
to high radial velocities). This causes that these line components
contribute mainly to the continuum and marginally to the total line
flux, whereas in the case of the maximal distance, when accretion is
the highest, the radial velocities of BLR1 and BLR2 components are
smaller and their contribution to the total line is important (especially
to the line wings). This effect produces a more intensive and broader
line in the case of maximal component distance than in the case of
minimal one.

Also, Figs. 8 and 9 demonstrate that the added noise influences the
modeled spectrum. But, if the noise is on the level of several percent,
the influence is not so strong, especially in the line profile, which is
still clearly detected. However, the spectrum is affected by different

S/N, and this especially manifests in the measured continuum, line
parameters, and their variability (see next sections).

3.2.1 Continuum and line luminosity light curves

We modeled broad HV line and continuum light curves of the
SMBBH system, taking four full rotation phases, for 80 equally dis-
tributed epochs. These simulated light curves are presented in Fig.
10, which shows broad line (open circles) and continuum (full cir-
cles) light curves for the mass of more massive component <2 of the
order of 106M⊙, 107M⊙ and 108M⊙ (from top to bottom), with the
component mass ratio @ = 0.5 and cBLR contribution of 30%. Line
and continuum luminosities are normalized to the maximal value
during the simulated period.

The line variability, which is caused by dynamical effects, is more
prominent than the continuum one (Fig. 10). The line and continuum
variability increase with total component mass and the periodicity
can be detected in both, line and continuum light curves. However, the
line variability in the massive SMBBHs seems to be more prominent
than the continuum one.
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Figure 9. The same as in Fig. 8, but for aphelion position.

In all three cases the variation of the HV line is very high and
show similar trends (expressed in arbitrary units), therefore, one
could expect that the periodical variability in broad lines is more
perspective for detection than from the continuum light curves.

We generated periodic signal from our model and added red noise
based on Eqs. 1 and 13, so that the final light curve is: � (C) =

3AF + � · �tot, where A is modulation amplitude, 3AF is red noise,
and �tot is binary periodic signal. We make a computations for case
b) in Fig. 10 and present it in Fig. 11 using arbitrary units. Amplitude
is taken to be � = ?4A2 · Mean(3AF), where ?4A2 = 4, 8, 12% (see
Fig. 11). We can see that decreasing the amplitude of periodic signal
the red noise becomes dominating and vice versa.

3.2.2 Broad line profile variability

For the analysis of the variability in the line profiles, the monitoring
campaigns usually use the mean and rms profiles, which reflect the
changes in the line emitting region. We calculate the HV line pro-
file for different binary phases for the same parameters as in previous
analysis (three different masses 106, 107, 108 M⊙ and the same mass
ratio @ = 0.5). After that we construct the mean and corresponding
rms line profile, which are shown in Fig. 12. The simulations are
performed for three different masses and three different ratios of

contribution to the total line luminosity of the BLRs of both compo-
nents (BLR1 and BLR2) and additional cBLR (ratios are denoted on
the right axis). In this computation we superposed 3% of additional
white noise on artificially generated spectrum. Since in this analyze,
attention is on the line profile, we normalize flux to maximal value
of continuum for each particular case.

Fig. 12 shows that mean line profiles change according to mass
ratio and ratio of emission from BLRs. For higher component masses,
the line profile is broader than in lower mass case. Additionally, line
profile deviates from a Gaussian shape and asymmetry of line is more
prominent in the case of higher component masses. For example,
an order of 108M⊙ component masses, the emission coming from
Roche BLR (BLR1, BLR2) contributes to the wings, whereas the
cBLR emission contributes to the line core. This is in accordance
with the dynamics of the BLRs, since Roche BLRs are moving and
therefore suffer Doppler effect, while cBLR is stationary.

However, the rms profiles show that most variability is not in the
line wings, but in the line core (Fig. 12, bottom of each panel).
This is because most of the emission in the line core comes from
an extended cBLR that is excited by continuum emission from both
accretion discs. Additionally, the rms does not follow Gaussian shape
particularly in cases with Roche BLRs domination.

White noise could also affect the spectral line profiles. Since, the
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Figure 10. Luminosity in arbitrary units of the total HV line (open circles)
and continuum luminosity (full circles), for different order of magnitude of
SMBH mass of the more massive component (106M⊙, 107M⊙ and 108M⊙,
from top to bottom) and mass ratio @ = 0.5. Intensity is scaled to fixed value
for all cases.

shape of the broad line can indicate an SMBBH system, here we
explore the influence of white noise to the line profile of HV (see
Fig. 13). We add the white noise on HV using ` = 0 and f = 0.03.
The specific line profiles for six different epochs are shown in Fig.
13. The line profiles and intensities are affected by the noise, but
still one can clearly recognize the different line profiles in different
phases (Fig. 13), which are the product of different positions and
dynamical parameters of the components. The mean and rms line
profiles constructed from the six characteristic orbital phases shown
in Fig. 13 are given in Fig. 14. The mean line profile shows nearly
symmetrical shape, with approximately Gaussian profile, with slight
deviation in line wings. The rms profile shows a maximum at the
line center indicating maximal variability, contrary to the line wings
where variability is significantly lower.

The mean HV line profile is a sum of three components, two which
are emitted from the BLRs that surround the SMBHs (within each
Roche lobe) and one from the cBLR that is enveloping the whole
binary system. Since Roche lobe follows the dynamics of SMBHs,
these components could have high radial velocities and consequently
a significant contribution from relativistic boosting effect. As a re-
sult for higher mass systems a significant change may be present
in the line wings. However, since the change in the accretion is the
most important, and it has maximum at maximal distances between
component, the amplification of the cBLR is more prominent than in
Roche BLRs, therefore the variability in the line core is dominant.

Figure 11. Continuum flux at _ = 5100Å (case b) in Fig. 10), for three differ-
ent cases of signal strength (4, 8 and 12%) in comparison to the superposed
red noise.

3.2.3 The line vs. line segment variability

In order to investigate the flux variability across the line profile
and its correlation with the continuum, we divide the HV line
in three segments (case when the cBLR contributes with 30%):
blue B=__4100-4600Å, central C=__4600-5100Åand red segment
R=__5100-5600Å, as it is shown in Fig. 14. The continuum emission
at _ = 5100Å, is used in this analysis.

The light curves (Fig. 15) are simulated taking three full orbits
of the system with following parameters <1 = 1 × 107M⊙ and
<2 = 5 × 107M⊙, eccentricity 41 = 42 = 0.5, and the mean distance
of 0 = 0.01pc. We add white noise with parameters ` = 0 and
f = 0.03 to the simulated light curves. Furthermore, we assumed
red noise influence on light curve signals as described in section 2.5.
The total flux is in arbitrary units and it is given in absolute scale. Fig.
15 reveals that light curves of line segments vary in a similar way.
The periodicity is present in all segments, and in the total line flux
(upper panel) as well as in the variation of the continuum (bottom
panel).

We also calculated correlations (based on the Pearson’s correla-
tion coefficients) between the HV line segments and continuum at
_ = 5100Å. Fig. 16 (panels a), b), c) and d)) shows that there is a
significant correlation between fluxes in the HV line segments (and
total HV emission) with the continuum, with very similar correlation
coefficient of A ≈ 0.8. Correlations between line segments (Fig. 16,
panels e), f ) and g)) are also very high.

Additionally, to confirm these correlations we computed a cross
correlation function between HV line segments and continuum,
shown in Fig. 17. The high correlation between line segments (blue,
green, red and total HV) and continuum is seen. It is noticeable that
there is a slight time delay of the blue segment to the central and
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Figure 12. Mean profile of HV line during the four full rotation of the system, for different order of magnitude of SMBH masses (106M⊙ to 108M⊙ from left
to right), and different ratio of contribution to the total line luminosity from the BLRs of both components (BLR1, BLR2) and cBLR (70% coming from the
BLR1+BLR2 and 30% from the cBLR, 50/50%, and 30/70% from up to bottom). The rms profile is given at bottom of each panel. We remind the reader that
the orientation of the system (orbital inclination 8 = 45◦) is always the same

.

red segments. This is expected since we have assumed time delay
between different BLRs and continuum (see §2.4.4), reflecting the
difference in the contribution of different BLRs to the emission line
parts. However, the time delay (∼ days) compared to the length of
the light curve (∼ years) is too short and cannot be easily detected
by simple visual inspection of the continuum and line light curves.
To carefully examine time delays, one should model the light curves
with a denser time sampling, which will be done in the forthcoming
paper.

3.3 Periodicity

One of the expected observational characteristics of an SMBBH sys-
tem is the periodicity or quasi-periodicity in the line and continuum
light curves during several orbiting periods (see also Bon et al. 2012;
Graham et al. 2015a,b; Li et al. 2016; Kovačević et al. 2019, 2020,
etc). However, if the periodicity is detected in an observed light curve,
it may indicate the presence of binary system (see Kovačević et al.
2019, 2020).

Here we perform an initial period analysis using Lomb-Scargle
(hereafter LS Lomb 1976; Scargle 1982) algorithm and compute pe-
riodicity diagrams (periodograms) of the continuum and line light
curves given in Figs. 11 and 13. More detailed investigations includ-
ing other methods for periodicity detection, are left for future studies.
In Fig. 18 we present periodograms for continuum at _ = 5100Å,
total HV line and its line segments. Peaks of the periodogram curves

show the orbital period of the SMBBH system. We also plot the hor-
izontal significance level lines for three different values of parameter
? (False Discovery Rate), ? = 0.1, ? = 0.01 and ? = 0.001. With
higher SPD (Spectral Power Density) values of the peak, false dis-
covery rate decreases. If height of the peak is reaching the value of
parameter ? = 0.1, than it means that there is a 10% probability of
mistake. For lower values of SPD, probability of false discovery is
bigger, and for higher SPD, false alarm has less probability.

Fig. 18 illustrates that periodicity could be determined by using
any of the line segments or total line, and continuum flux, since there
is not much difference in periodicity determination. A major issue
here is difference in intensity of the observed flux, since line flux is
much stronger than continuum (see Fig. 15). We outline that the LS
peaks are very broad and have deformed levels, due to which it is not
possible to determine their positions with high accuracy.

Finally, we explore periodicity in a number of simulated systems
shown in Fig. 8. For each case from Fig. 8, we calculate the contin-
uum and line emission variability for four complete orbits (shown in
Fig.19). We assumed two different levels of contribution of the cBLR
emission to the total line emission: 30% (red points in Fig. 19) and
70% (blue points in Fig. 19). The continuum light curve in Fig. 19 is
represented with black dots. Their periodograms are plotted in Fig.
20.

Figs. 19 and 20 show that the periodicity is clearly present in the
line and continuum light curves. The significance of periodogram
peaks is very similar, and the minor difference is due to the applied
white and read noise. Additionally, we can see that for high mass
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Figure 13. HV spectral line in six different phases of the SMBBH system with following parameters: <1 = 1 × 108M⊙, <2 = 5 × 108M⊙, 0 = 0.01pc and
4 = 0.5, with included white noise (` = 0, f = 0.03). Blue points indicate the case when the cBLR contributes with 70% to the total emission, and the red
points with 30%. Blue and red lines designate HV spectral line flux, without white noise included. Color coding is same as dots designation.
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Figure 14. Mean profile (upper panel) and rms value (lower panel) of six HV

line profiles (case when the cBLR contributes with 30%) presented in Fig. 13.
Dotted lines divide the mean profile in three different segments used in our
computations, blue parts (B=__4100-4600Å), central (C=__4600-5100Å)
and red (R=__5100-5600Å) segment.

systems periodogram peaks are slightly higher in absolute value,
than in the lower mass case.

4 CONCLUSIONS

For the first time we present long-term simulations of the expected
spectrophotometric variability of SMBBHs, taking different dynam-
ical parameters, and also specific characteristics of the SMBBHs, as
e.g. their mass, mass ratio, separation, and eccentricities. In addi-
tion, we include the perturbation of the disc temperature due to the
mutual gravitational interaction of the two components and change

Figure 15. Light curves of different line segments, blue (blue dots), central
(green dots), red (red dots) segments and total (black dots) HV line emission
(upper panel), and continuum at _5100Å (bottom panel). The white noise on
the level of 3% is taken into account, and the red noise is applied as described
in section 2.5

.

in the accretion rate of the SMBBH system. These two effects cause
periodical variations in the line and continuum light curves. Here we
explore the correlation between the continuum and line variability,
and test the possibility of detecting the periodicity from a simulated
light curve, measured from the series of modeled spectra with white
and red noise added, to resemble real observations.
From our investigations we can outline the following conclusions:
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Figure 16. Left: correlation between different line segments of HV line and continuum luminosity: a) blue, b) central, c) red, and d) total HV line. Right:
correlation between different segments: blue and red vs. the central line segment (panels e) and f), respectfully). Panel g) presents blue vs. red segment
correlations.
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Figure 17. Cross correlation function between blue (blue dots), central (green
dots), red (red dots), total (black dots) line segments and continuum at _ =

5100.

(i) The model shows that the continuum and line profiles of sub-pc
SMBBHs strongly depend on the total mass of the binary system. In
the case of very massive SMBBHs (∼ 108M⊙), the broad line profile
is mostly emitted from the cBLR and does not vary. The broad lines
emitted from the BLR1+BLR2 (within Roche lobes, close to the
accretion discs) contribute to the continuum around the broad line.

(ii) We explore variability in the continuum and broad line luminos-
ity and find that the long-term monitoring of SMBBH candidates
can give valid information about the nature of these objects, espe-

cially in the case of more massive systems for which one can expect
larger interaction between SMBBH components (accretion discs -
contributing to the continuum emission, and BLRs) and thus larger
continuum and line flux variability.

(iii) The line flux should have periodical variability that indicates the
presence of SMBBH. The continuum flux in the case of more massive
SMBBHs also shows periodicity. However, the periodicity in the
continuum can be hidden by possible limitation in the observational
set-up, or brightness of the object. Here we demonstrate the influence
of white and red noise added to the modeled SED, and show that
both periodicity in the light curve, as well as some effects in the
broad line profiles caused by the dynamics of the binary system, may
be affected by the noises in the spectra. Therefore, the high quality
spectral observations of the SMBBH candidates should be performed
in order to confirm or rule out the binary hypothesis.

(iv) We found that the HV line variability is mostly present in the line
core and shows strong correlation with continuum.

In this paper we give a consistent model of the SMBBH which is
based on the relationships between the continuum luminosity, mass
of central black hole, and dimensions of the BLR, that introduce
some initial constraints to the model. Additionally we explore some
effects in the time evolution of the SMBBH and influence of the noise
to line profiles, and consequently to the light curves. The effects of
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Figure 18. Periodograms computed for different line segments (blue, center
and red), total HV line, and continuum at_ = 5100. Vertical dashed lines show
the position of %>A1. Horizontal dotted lines give significance in spectral
power density.

different cadence, which is very important for detection of namely
the periodicity from light curves, will be studied in the forthcoming
paper.
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given in the Fig. 19.
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APPENDIX A: APPROXIMATION OF THE DISC

PERTURBATION

Here we do not consider semi-detached binary systems, but only the
systems which have gravitational interaction, therefore we assume
that the discs are stable but perturbed by tidal perturbation, which
can affect the disc temperature.

To find the interaction between two black holes (BHs) and their
influence on the disc emission, we use virial theorem, which balanced
the gravitational potential (*) and kinetic energy (&) as 2& = *. We
assume that this theorem can be applied to any mass element in the
accretion discs of each component.

Fig. A1 shows two BHs in a general configuration with their re-
spectful accretion discs. We select an arbitrary mass element 3< in
the accretion disc of component 2. The gravitational potential en-
ergy of this element within gravitational field of <2 and without
perturbation X* is:

*<2 = �
<23<

'
(A1)

r(t)

a(t)

R

dm

m2

j

m1

er

eR
b

Figure A1. The gravitational perturbation experienced by an element of
mass (3<) in the accretion disc of secondary SMBH due to interaction with
primary SMBH.

where ' is distance from the center of the BH with mass of <2, and
� is the gravitational constant.

If there is a gravitational force influence of the mass <1 at distance
A from the mass element 3<, the perturbation in the mass element
potential (X*) is caused by the small fraction of pulling the ele-
ment to the direction of the <1 center. If we define unit vectors ®4'
which follows gravitational force of <2 and unit vectors ®4A which
follows gravitational force of <1 (see Fig. A1) we can assume that
the potential energy perturbation is given as follows:

X* (C) = �<13<

A (C) ( ®4A · ®4') = �
<13<

A (C) cos V (A2)

where V is the angle between the unit vectors (see Fig. A1).
The total potential energy of the mass element 3< is now given

as:

*tot = * + X* (C) = �<23<

'
+ �<13<

A (C) cos V (A3)

The aim of the paper is not to give the theory of disc perturbation,
but to investigate the long-term variability in the line and continuum
light curves. However, let us very roughly test validity of the Eq.A3,
asking for the condition that the*tot = 0 in the binary system, which
gives:

<23<

'
= −�<13<

A (C) cos V (A4)

For 3< that is between <1 and <2, i.e., cos V = −1 we will have that
gravitational potentials of both masses are equal, that is expected in
the case that *tot = 0.

On the other side, the internal energy of the mass element is
directly proportional to the energy that it radiates, i.e., to the energy
density f))4

eff , and using the viral theorem we get:

2f))
4
eff (C)ΔC =

(
�
<23<

'
+ �<13<

A (C) · cos V

)
(A5)

In the case of an unperturbed system, one can write a similar equation:

2f))
4
>ΔC = �

<23<

'
(A6)

Now we find the ratio of Eqs. A5 and A6, that will give temperature
profile of a perturbed disc of the component 8 = 2, by the component
9 = 1) as a function of the unperturbed disc temperature:

)eff (C) = )>
(
1 +

< 9

<8

' · cos V
A (C)

)1/4
(A7)

Eq. A7 gives that the effective temperature in the perturbed disc
can be smaller (cos V < 0 for the side oriented to the perturbing
component), or larger (cos V > 0 for another side) from unperturbed

MNRAS 000, 1–?? (2020)



20 L. Č. Popović et al.

temperature across the disc. This can be explained with pulling effect
of the perturbing BH, and in that case, the effect of accretion will be
smaller than in the case where the pulling effect of perturbing BH is
supporting the pulling effect of the central BH.

Considering a disc part with distance ' from the center of compo-
nent 8, and A from component 9 (here we use the same notation as in
§2.3, Eq. 14), it is easy to get from simple geometrical consideration
(see Fig. A1) that (see Eq. A5)

A (C) = 0(C)

√
1 +

(
'

0(C)

)2

− 2
'

0(C) · cos(i), (A8)

where 0(C) is distance between two black holes, and i is the angle
between 0 and ' observed from the center of component 8.

APPENDIX B: CHANGE IN ACCRETION RATE

In order to include the changes in accretion rates of SMBBH com-
ponents due to surrounding matter flow to the SMBBH components.
This effect should affect the amount of accreating gas around an
SMBH in the binary system, and therefore to the accretion rate in
this component. To include this we started that the component 8 has
an accretion rate 54 for single SMBH given in Eq. (9), and that this
can be calculated as (see Eq. (3) in Milosavljević & Phinney 2005):

5�8 =
3
4
a8Σ8`2f)

�"8<?
, (B1)

where ` is the viscosity, Σ is the disc surface density of component
8 taken as a constant and computed for outer edge of the accretion
discs, <? is the mass of proton, f) is the Thomson cross section,
2 is the speed of light and we take ` ∼ 0.1 Milosavljević & Phinney
(2005).

To find the accretion rate for a component of binary, similar as in
Farris et al. (2014), we assumed that each mini disc is an alpha- disc
with ℎ/A = 0.1 and U = 0.1, that gives viscosity for component 8 as
(Farris et al. 2014, see their Eq. 15):

a8 ≈ 2cA8 (C)2 · 10−3
(
0(C)
A8 (C)

)3/2 (<8

"

)1/2
%, (B2)

where A8 is taken to be distance from the barycentre to the 8-th
component (see Fig. 4) , 0 is the distance between the components,
" is the total mass of binaries and % is the period.

Using this, we calculated changes in the accretion rate from both
components (see Fig. B1). Then the final temperature profile has
been calculated as:

) 8eff (C) = )
8
>

(
1 +

< 9

<8

' · cos V
A (C)

)1/4
·
(
5�8 (C)
5 0
�8

)1/4
, (B3)

where A (C) is connected with distance between components, as it is
given in Eq.A8 and 5 0

�8
represents scale factor which we adopt as 0.3

for both components. The effective temperature of the component 8
is time dependent, and therefore the luminosity of this and another
component is time dependent. This produce variability in a SMBBH
system.
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Figure B1. Accretion rate for both component given in Eddington accretion,
for middle point on the disc during full orbital rotation. Dot-dashed line
represents component 1 and dashed line represent component 2. The solid
horizontal line represents the accretion rates components in the case single
SMBH. Computations has been done for <1 = 5 × 108"⊙ and <2 = 10 ×
108"⊙.
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