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SUMMARY

Motivated by advances in observational searches for sub-parsec supermassive black
hole binaries (SBHBs) made in the past few years, we develop a semi-analytic model to
describe spectral emission-line signatures of these systems. The goal of this study is to
aid the interpretation of spectroscopic searches for binaries and help test one of the leading
models of binary accretion flows in the literature: SBHB in a circumbinary disk. We model
SBHB accretion flows as a set of three accretion disks: two mini-disks that are gravitationally bound to the individual black holes and a circumbinary disk. In the model, we
have also included treatment of radiative transfer by taking into account the effect of the
radiation driven accretion disk wind on the properties of the emssion-line profiles. Given
a physically motivated parameter space occupied by sub-parsec SBHBs, we calculate a
synthetic database of nearly 42.5 million broad optical emission-line (BEL) profiles and
explore the dependence of the profile shapes on characteristic properties of SBHBs. We
find that the modeled profiles show distinct statistical properties as a function of the semimajor axis, mass ratio, eccentricity of the binary, and the degree of alignment of the triple
disk system. This suggests that the BEL profiles from SBHB systems can in principle
be used to infer the distribution of these parameters and as such merit further investigation. The profile shapes are a more sensitive measure of the binary orbital separation and
the degree of alignment of the black hole mini-disks, and are less sensitive to the SBHB
mass ratio and orbital eccentricity. We also find that modeled profile shapes are more
compatible with the observed sample of SBHB candidates than with our control sample

xv

of regular AGNs. Furthermore, if the observed sample of SBHBs is made up of genuine
binaries, it must include compact systems with comparable masses, and misaligned minidisks. We also present a method for comparison of the BEL profiles of observed SBHB
candidates with those calculated from our model. Using this approach, we infer the values of the binary parameters for the observed SBHB candidates and evaluate the parameter
degeneracies, representative of the uncertainties intrinsic to such measurements. We find
that as a population, the SBHB candidates favor the average value of the semimajor axis
corresponding to log(a/M ) ≈ 4.20 ± 0.42 and comparable mass ratios, q > 0.5. If the considered SBHB candidates are true binaries, this result would strongly suggest that there is
a physical process that allows initially unequal mass systems to evolve toward comparable
mass ratios. Because the orbital eccentricity suffers from a large degree of degeneracy, we
obtain no useful constraints on this parameter. Our method also indicates that the SBHB
candidates do not favor configurations in which the mini-disks are coplanar with the binary
orbital plane. If upheld for confirmed SBHBs, this finding would indicate the presence of
a physical mechanism that maintains misalignment of the mini-disks (or causes them to be
warped) down to sub-parsec binary separations. The probability distributions for the SBHB
parameters inferred for the observed SBHB candidates and our control group of AGNs are
statistically indistinguishable, implying that this method can in principle be used to interpret the observed BEL profiles once a sample of confirmed SBHBs is available, but cannot
be used as a conclusive test of binarity.

xvi

CHAPTER 1
INTRODUCTION

1.1

Theoretical Background

The past ten years have marked a period of active research on supermassive black hole
(SBH) pairs and binaries spearheaded by theoretical studies which have investigated how
black holes grow, interact with their environment, and form pairs. Interest in them has been
driven by a realization that SBHs play an important role in evolution of their host galaxies [1–3] and also, by intention to understand the parent population of merging binaries
which are the prime targets for the long anticipated space-based gravitational wave (GW)
observatories. We refer to dual SBHs at large separations as pairs and to the gravitationally
bound SBHs as binaries, hereafter.
Theoretical studies have established that evolution of SBH pairs from kiloparsec to
smaller scales is determined by gravitational interactions of individual black holes with
their environment [4, 5]. These include interaction of the SBHs with their own wakes
of stars and gas [a.k.a., dynamical friction; 6–9] and scattering of the SBHs by massive
gas clouds and spiral arms produced by local and global dynamical instabilities during the
merger [10, 11]. During these interactions the SBHs exchange orbital energy and angular momentum with the ambient medium and can in principle grow through accretion [9,
12–18]. These factors determine the SBH dynamics and whether they evolve to smaller
separations to form a gravitationally bound binary. For example, [16, 19] find that SBH
pairs with mass ratios q < 0.1 are unlikely to form binaries within a Hubble time at any
redshift. On the other hand SBH pairs with initially unequal masses can evolve to be more
equal-mass, through preferential accretion onto a smaller SBH. It is therefore likely that
SBH pairs with q & 0.1 form a parent population of bound binaries at smaller separations.

1

A gravitationally bound binary forms at the point when the amount of gas and stars
enclosed within its orbit becomes comparable to the total mass of the two black holes.
For a wide range of host properties and SBH masses this happens at orbital separations
. 10 pc [14, 17, 20]. The subsequent rate of binary orbital evolution depends on the
nature of gravitational interactions that it experiences and is still an area of active research
often abbreviated as the last parsec problem. The name refers to a possible slow-down in
the orbital evolution of the parsec-scale supermassive black hole binaries (SBHBs) caused
by inefficient interactions with stars [8] and gas [12]. If present, a consequence of this
effect would be that a significant fraction of SBHBs in the universe should reside at orbital
separations of ∼ 1pc. Several recent theoretical studies that focus on the evolution of
binaries in predominantly stellar backgrounds however report that evolution of binaries
to much smaller scales continues unhindered [21–25], although the agreement about the
leading physical mechanism responsible for the evolution is still not universal [26].
SBH binaries in predominantly gaseous environments have also been a topic of a number of theoretical studies [27–41]. They find that binary torques can truncate sufficiently
cold circumbinary disks and create an inner low density cavity by evacuating the gas from
the central portion of the disk [see 42, and references above]. SBHs in this phase can accrete by capturing gas from the inner rim of the circumbinary disk and can in this way
maintain mini-disks bound to individual holes. As the binary orbit decays, the inner rim of
the circumbinary disk follows it inward until the timescale for orbital decay by gravitational
radiation becomes shorter than the viscous timescale1 of the disk [27]. At that point, the
rapid loss of orbital energy and angular momentum through gravitational radiation cause
the binary to detach from the circumbinary disk and to accelerate towards coalescence.
Through its dependence on the viscous time scale, orbital evolution of a gravitationally
bound SBHB in the circumbinary disk depends on thermodynamic properties of the disk.
These are uncertain, as they are still prohibitively computationally expensive to model from
1

The time scale on which the angular momentum is transported outwards through the disk.
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first principles and are unconstrained by observations. More specifically, the thermodynamics of the disk is determined by the binary dynamics and also the presence of magnetic field
and radiative heating and cooling of the gas. While the role of magnetic field in circumbinary disks has been explored in some simulations [35, 36, 43–45], a fully consistent calculation of radiative processes is still beyond computational reach. Consequently, current
theoretical models can be formulated as parameter studies, where difficult-to-model processes are parametrized in some fashion, but cannot uniquely predict the properties of the
circumbinary regions or the emission signatures of SBHBs. The circumbinary disk model
is therefore an appealing theoretical concept that must be tested through observations.
Along similar lines, observations of the orbital properties of SBHBs are key to understanding binary evolution. This is because the frequency of binaries as a function of
their orbital separation is directly related to the rate at which binaries evolve towards coalescence. Theoretical models predict that the exchange of angular momentum with the
ambient medium is likely to result in SBHB orbits with eccentricities & 0.1, with the exact
value depending on whether gravitationally bound SBHs evolve in mostly stellar or gas
rich environments [46–48]. Known semi-major axis and eccentricity distributions would
therefore provide a direct test for a large body of theoretical models.
Our understanding of spin magnitudes and orientations in binary SBHs also relies on
theoretical considerations. Interest in this topic was triggered by the prediction of numerical relativity that coalescence of SBHs with certain spin configurations can lead to
the ejection of a newly formed SBH from its host galaxy. This effect arises due to the
asymmetry in emission of GWs in the final stages of an SBH merger and can lead to a
GW kick of up to ∼ 5000 km s−1 [49, 50]. Several subsequent theoretical studies found
that accretion and gravitational torques can act to align the spin axes of SBHs evolving in
gas rich environments and in such way minimize the GW recoil [51–55]2 . Mutual SBH
spin alignment is not expected in gas poor environments, geometrically thick, turbulent
2

See however [56] for a different view.
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and magnetically dominated disks [57–59], allowing a possibility that runaway SBHs and
empty nest galaxies may exist. Hence, if observations can independently provide an insight
into the geometry of circumbinary disks and spin properties of SBHBs, they would be an
important probe of the alignment hypothesis.

1.2

Observational Searches for Gravitationally Bound SBHBs

From an observational point of view, this study is pursued through electromagnetic searches
for dual and multiple SBHs with a variety of separations, ranging from ∼10s kpc to subparsec scales. The multi-wavelength searches for SBH systems with large separations,
corresponding to early stages of galactic mergers, have so far successfully identified a few
dozen dual and offset active galactic nuclei (AGN; [60–65] and others).
SBHs with even smaller (parsec and sub-parsec) separations are representative of the
later stages of galactic mergers in which the two SBHs are sufficiently close to form a
gravitationally bound pair. Key characteristic of gravitationally bound SBHBs is that they
are observationally elusive and expected to be intrinsically rare. Theorists estimate that a
fraction < 10−3 of active galactic nuclei (AGNs) at redshift z < 0.7 may host SBHBs [66].
This result implies that any observational search for SBHBs must involve a large sample of
AGNs and that observational technique used in the search needs to distinguish signatures
of binaries from those of AGNs powered by single SBHs. Observational techniques used
to search for such systems have so far largely relied on direct imaging, photometry, and
spectroscopic measurements [see 67, for a review]. They have recently been complemented
by observations with pulsar timing arrays (PTAs). We summarize the outcomes of these
different observational approaches in the next few paragraphs and note that in all cases
SBHBs have been challenging to identify because of their small separation on the sky, as
well as the uncertainties related to the uniqueness of their observational signatures.
Angular separation of the parsec and sub-parsec binaries is below the spatial resolution of most astronomical observations, except for radio observations using the Very Long
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Baseline Interferometry (VLBI) technique. This approach has been used to identify the
most convincing SBHB candidate thus far, 0402+379 [68–70], which hosts a pair of two
compact radio cores at a projected separation of 7.3 pc on the sky. Recently, [71] reported
that long term VLBI observations reveal relative motion of the two cores consistent with
orbital motion, lending further support to the SBHB hypothesis. Apart from this serendipitously discovered system, direct imaging with VLBI did not reveal many others [72, 73],
largely because this technique cannot be used in survey mode, and so it requires a prior
knowledge of likely candidates.
Photometric surveys, like the Catalina Real-Time Transient Survey, the Palomar Transient Factory and others, have uncovered about 150 SBHB candidates [e.g., 74–77]. In
this approach, the quasi-periodic variability in the lightcurves of monitored quasars is interpreted as a manifestation of binary orbital motion. Because of the finite temporal extent
of the surveys, which must record at least several orbital cycles of a candidate binary, most
photometrically identified SBHB candidates have relatively short orbital periods, of order
a few years. However, irregularly sampled, stochastically variable lightcurves of “normal”
quasars, powered by a single SBH, can be mistaken for periodic sources and can lead to
false binary identifications in photometric surveys [78]. This possibility is supported by
PTAs, which are capable of probing the gravitational wave background at nanoHertz frequencies from sources like SBHBs with orbital periods of a few years [79–81]. Specifically,
the upper limit placed by PTAs largely rules out the amplitude of gravitational wave background resulting from the ∼ 150 photometric binary candidates, implying that some significant fraction of them are unlikely to be SBHBs [82]. While this will lead to a downward
revision in the number of photometrically identified SBHB candidates, it provides a nice
example of the effectiveness of multi-messenger techniques, when they can be combined.
Spectroscopic searches for SBHBs have so far identified about a hundred candidates.
They rely on the detection of a velocity shift in the broad emission-line (BEL) spectrum
of an SBHB that arises as a consequence of the binary orbital motion. This approach is
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similar to that for detection of single- and double-line spectroscopic binary stars, where
the lines are expected to oscillate about their local rest-frame wavelength on the orbital
time scale of the system. In the context of the binary model, the spectral emission lines
are assumed to be associated with gaseous accretion disks that are gravitationally bound
to the individual SBHs [83–85]. Given the velocity of the bound gas the BEL profiles
from the SBH mini-disks are expected to be Doppler-broadened, similar to the emission
lines originating in the broad line regions (BLRs) of AGNs. Moreover, several theoretical
studies have shown that in unequal mass binaries accretion occurs preferentially onto the
lower mass object [86–88], rendering it potentially more luminous than the primary. If
so, this indicates that some fraction of SBHBs may appear as the single-line spectroscopic
binaries. This realization lead to a discovery of a number of SBHB candidates based on
the criterion that the culprit sources exhibit broad optical lines offset with respect to the
rest frame of the host galaxy [89–96].3 Because this effect is also expected to arise in the
case of a recoiling SBH receding from its host galaxy, the same approach has been used to
flag candidates of that type [99–103]. The key advantage of the method is its simplicity, as
the spectra that exhibit emission lines shifted relative to the galaxy rest frame are relatively
straightforward to select from large archival data sets, such as the Sloan Digital Sky Survey
(SDSS). Its main complication however is that the Doppler shift signature is not unique
to these two physical scenarios and complementary observations are needed in order to
determine the nature of the observed candidates [e.g., 67, 104–106].
To address this ambiguity a new generation of spectroscopic searches has been designed
to monitor the offset of the BEL profiles over multiple epochs and target sources in which
modulations in the offset are consistent with the binary orbital motion [105, 107–115]. For
example, Eracleous et al. [105] searched for z < 0.7 SDSS quasars whose broad Hβ lines
are offset by & 1000 km s−1 and selected 88 quasars for observational followup from the
initial group of ∼ 16, 000 objects. After multiple epochs of observation 29/88 exhitbit
3

In an alternative approach anomalous line ratios have been used to flag SBHB candidates with perturbed
BLRs [97, 98].
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statistically significant epoch-to-epoch modulations in the velocity offset [105], in broad
agreement with theoretical predictions for frequency of SBHBs [66].
This thesis is directly motivated by the ongoing spectroscopic searches and is organized
as follows. In Chapter 2, we describe our model of SBHB systems and calculation of their
BEL profiles. In Chapter 3, we describe a database of modeled BEL profiles for SBHB
systems and compare its properties to those of observed SBHB candidates. In Chapter 4,
we discuss physical interpretation for observed SBHB candidates obtained from a spectroscopic survey, as well as uncertainty associated with this interpretation. In the Appendix
A, we describe our model used to calculate likelihood for detection of SBHBs in spectroscopic surveys, and compare its predictions with the physical interpretation obtained in the
previous chapter. Finally, we conclude and discuss future prospects in Chapter 5.
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CHAPTER 2
MODELING THE SPECTROSCOPIC SIGNATURES OF SUB-PARSEC SBHB

Motivated by theoretical models described in the literature and ongoing observations we
consider the sub-parsec binaries with mass ratios in the range 0.1 ≤ q ≤ 1, where q =
M2 /M1 . The orbital separation and period of such binaries can be expressed in terms of
the spectroscopically determined velocity offset, which is their key observable property.
If the measured velocity offset can be attributed to the motion of the secondary SBH, as
indicated by the accretion rate inversion found in theoretical studies of SBHBs, then the
projected velocity of the secondary, u2 , is related to its true orbital speed, vorb2 , as u2 =
vorb2 sin i | sin φ|. Here i is the inclination of the orbital axis of the binary relative to the
observer’s line of sight (LOS; i = 0 is face-on) and φ is the orbital phase at the time
of the observation (φ = 0 corresponds to conjunction). Note that the expression for u2
applies to circular orbits, an assumption which we use to obtain illustrative estimates but
in our model calculations actually consider both circular and eccentric orbits. Following
[105], we express the period and orbital separation in terms of the total mass M8 = (M1 +
M2 )/108 M and the projected velocity of the secondary, u2,3 = u2 /103 km s−1 as
0.11 M8
a=
(1 + q)2 u22,3
P =

332 M8
(1 + q)3 u32,3

2
sin i | sin φ|
pc
sin 45◦ sin 45◦

3
sin i | sin φ|
yr
sin 45◦ sin 45◦



(2.1)
(2.2)

If the measured velocity offset is instead associated with the primary SBH, the above expressions can be written in terms of the projected velocity of the primary, u1,3 = q u2,3
where u1,3 = u1 /103 km s−1 . In the expressions above we choose i = φ = 45◦ and discuss
the parameter values used in our model calculations in § 3.1.
The accretion flow is described as a set of three circular accretion disks: two mini-disks
8

that are gravitationally bound to the individual SBHs and a circumbinary disk. The three
disks are modeled as independent BLRs, where the extent of the two mini-disks, as well
as the central opening in the circumbinary disk are constrained by the size of the binary
orbit and are subject to tidal truncation by the binary SBH [42, 116, 117]. In this model
both accreting SBHs can shine as AGNs and illuminate their own mini-disk as well as the
two other disks in the system. We assume that the bolometric luminosity of each AGN
correlates with the accretion rate onto its SBH and that photoionization by the AGNs gives
rise to the broad, low-ionization optical emission lines just like in “ordinary” BLRs [118,
119]. The emissivity of each disk can then be evaluated as a function of the accretion rate
onto the SBHs and the disk size. We utilize the published measurements of accretion rates
from simulations of SBHBs [40, 46, 86–88] in order to establish the relative bolometric
luminosities of the two AGN in a binary and emissivity of each disk component. Any
assumptions about the mutual orientation of the two mini-disks and circumbinary disk are
relaxed and they are allowed to assume arbitrary orientations relative to the observer.

2.1

Broad Emission-line Profiles from a Circular Keplerian Disk

We describe each disk in the triple disk system as a circular Keplerian, geometrically thin
accretion disk in the weak-field approximation as outlined by Chen et al. 1989 [120, 121],
and Eracleous et al. 1995 [122]. Specifically, we use implementation that assumes optically
thin emission from the skin of the disk (equation 19 in [120]) and neglect bending of light
in gravitational field of an SBH (encoded in equation 8 of both [121, 122]). We first outline
the key elements of this model (hereafter referred to as the single disk model) and then
describe modifications we made in order to calculate BEL profiles from triple disk systems.
In the single disk model the flux of the BEL profile measured in the observer’s frame can
be expressed as an integral over the surface of the emitting disk defined in terms of the
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properties in the disk frame:
M 2 ν0
F (νobs ) =
d2


− 12
Z2π Zξout
2
3
I(ξ, νturb )Drot
1−
ξ dξ dϕ
ξ
0

(2.3)

ξin

where M is the mass of the central object, ν0 is the rest frequency of the emission line, d
is the distance from the center of the disk to the observer, ξ = r/M is the radius in the
disk in dimensionless units, ξin and ξout are the inner and outer edge of the emission region,
respectively, and ϕ is the azimuthal angle measured in the plane of the disk (note that the
symbol ϕ, used to denote the azimuthal angle in the single disk frame here, is different
from φ, which is reserved for azimuthal angle in the binary black holes frame as defined
later in the next § 2.2). The geometry of such a disk is illustrated in Figure 2.1.
I(ξ, νturb ) is the specific intensity of light emitted at radius ξ and frequency νturb

I(ξ, νturb ) =

1 (ξ)
exp[−(νturb − ν0 )2 /2σ 2 ]
4π (2π)1/2 σ

(2.4)

where (ξ) is the disk emissivity as a function of radius. In the single disk model  = 0 ·ξ −p
represents the emissivity of the disk illuminated by a single, central source. The emissivity
constant, 0 , is proportional to the luminosity of the photoionizing source, which we assume
is powered by accretion onto an SBH. For the purposes of this calculation we therefore assume that 0 ∝ Ṁ . Geometric arguments, as well as photoionization calculations, indicate
that p ≈ 3 is a reasonable value for the emissivity index [118] and we adopt it in our calculations. In the next section we extend this formalism to account for illumination of the disk
by two AGNs, associated with two SBHs as illustrated in Figure 2.1.
The frequency of photons emerging locally from the disk (νturb ) is shifted by turbulent
motion of gas and assumed to have a Gaussian distribution about the rest frequency ν0
[121]. We adopt a characteristic velocity dispersion of the gas due to turbulent motion
of σ ' 850 km s−1 , which corresponds to a characteristic frequency shift of ∆ν/ν0 =
850 km s−1 /c ' 2.8 × 10−3 , where c is the speed of light. Our choice of the characteristic
10

ẑ1 = L̂1
ŝ
L.O.S.
i1

ξout1

vorb2 − vorb1
M2 at A
ξin1

M1

ϕ1

ŷ1

ξ1
vrot1
Gas Element

M2 at B

x̂1

Figure 2.1: Geometry of the system in which two sources can illuminate the disk around
an SBH. In this illustration the coordinate system is centered on the primary SBH defined
so that the z1 -axis is parallel to the angular momentum vector of the gas in the disk and the
LOS ŝ belongs to the x1 z1 plane. The illumination of the disk by the secondary AGN can
be seen by a distant observer only when the secondary AGN belongs to the same half-plane
with the observer (location A) and is otherwise blocked by the disk (location B).
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velocity dispersion is motivated by the values inferred from radio-loud AGN with doublepeaked emission lines, which have been successfully modeled with either the circular or
elliptical disk models and turbulent broadening in the range of ∼ 600 − 3000 km s−1 [123–
125].
Several additional effects can impact the frequency of emitted photons, including the
rotational motion of gas in the disk, relativistic Doppler boosting, and gravitational redshift.
Classically, the Doppler factor associated with the motion of the gas in the disk can be
expressed as
Dcl =

1
= (1 + ξ −1/2 sin i sin ϕ)−1
1 − v rot ·ŝ

(2.5)

where v rot = ξ −1/2 êφ is the velocity vector of a given surface element of the disk in
units of the speed of light, ŝ is the unit vector along the LOS of the observer, and i is
the inclination of the disk with respect to the LOS, as illustrated in Figure 2.1. The two
relativistic effects can be accounted for by adding terms for the special relativistic beaming,
p
p
2
Dsr = 1 − vrot
, and general relativistic gravitational redshift, Dgr = 1 − 2/ξ, yielding
Drot


1/2 
1/2

1/2
1
2
3
= 1−
1−
Dcl ' 1 −
Dcl
ξ
ξ
ξ

(2.6)

where we used the weak-field approximation (valid when ξ  1) to obtain the final expression. For an emission element in the disk located at ξ = 500 the shift in the frequency of
emitted light due to the relativistic effects can be estimated as Drot ' 0.99699Dcl . For the
Hβ transition this amounts to nearly 15 Å, an offset that is in principle detectable given the
spectral resolution of optical surveys and therefore should be accounted for in the model.
The relativistic Doppler factor can then be expressed as
Drot = νobs /νturb = (1 − 3/ξ)1/2 (1 + ξ −1/2 sin i sin ϕ)−1 .

(2.7)

where νobs marks the frequency of the photon measured by the observer. Our derivation of
equation 2.3 departs from that of [121] and [122] because it does not include relativistic
12

bending of light and is thus applicable under two conditions. The first is that the photons
are emitted by a gas element far away from the black hole (ξ  1). The second is that
emitted photons do not travel on “grazing” orbits over the black hole. Our calculation
satisfies both by having the Hβ photons emerge from the radii in the disk ξ ≥ 500 and
by eliminating edge-on configurations characterized by inclination angles of the disk in the
range 80 − 100◦ .
2.2

Broad Emission-line Profiles from a Triple Disk System

In this section we describe modifications to the single disk model introduced in order to
calculate the BEL profiles from the triple disk system associated with an SBHB. This is
accomplished in three steps in which we: (a) define the orientation of the three disks relative to the orbital plane of the SBHB and relative to a distant observer, (b) evaluate the
emissivity of each disk illuminated by the two AGNs, and (c) sum the three components of
flux to calculate the composite BEL profile in the frame of the binary.
2.2.1

Geometry of the triple disk system

In order to determine the mutual orientation of the three disks and the binary orbit, as well
as their relative orientation with respect to the LOS, we define three coordinate systems,
each anchored to the center of its resident disk as in Figure 2.1. The coordinate system
associated with the circumbinary disk coincides with that associated with the binary orbit
and has the origin in the SBHB center of mass. We refer to it as the binary or SBHB frame
in the rest of the text, and employ the tilde notation x̃, ỹ, z̃ to distinguish from the coordinates of the single frame defined in the previous § 2.1. In addition, to distinguish among
the properties calculated in these reference frames we introduce subscripts where “1” and
“2” correspond to the primary and secondary mini-disks, and “3” to the circumbinary disk,
respectively. Furthermore, because we carry out the calculation of flux in dimensionless,
geometric units (as shown in the previous section), the subscripts also indicate that dis13

ỹ
vorb2
ẽ⊥
ẽr
M2
l

a1

M1

f

a2

x̃

vorb1

Figure 2.2: Illustration of SBHB geometry for face-on orientation of the orbit. SBHB
center of mass marks the origin of the coordinate system which z̃-axis points in the direction
of the orbital angular momentum of the binary (out of the page). The x̃-axis points towards
the pericenter of the primary SBH orbit and is parallel to the orbital semi-major axis of the
binary, a = (a1 + a2 ). The orbital phase f is measured counter-clockwise from the x̃-axis
to the instantaneous location of secondary SBH. The mini-disks and circumbinary disk are
not shown. See text for definition of other variables.
tances are measured in units of M1 and M2 in the frames of the primary and secondary
mini-disks, and M = M1 + M2 in the frame of the binary.
Figure 2.2 illustrates the coordinate system anchored to the binary orbital plane where
the SBHB center of mass marks the origin and the z̃-axis points in the direction of the
orbital angular momentum of the binary, directed out of the page (see also the animated
Figure D.1 in the Appendix D for temporal evolution of the binary system). The x̃-axis
points towards the pericenter of the primary SBH orbit and is parallel to the orbital semimajor axis of the binary, a = (a1 + a2 ). We describe the orientation of the two SBHs in
the orbital plane of the binary as a vector pointing from the primary to the secondary SBH
(see Figure 2.2)
l = l ẽr = l(cos f x̃ + sin f ỹ)

(2.8)

where l = a(1 − e2 )/(1 − e cos f ) is the separation of the black holes, e is the orbital
eccentricity, f is the orbital phase of the SBHB measured counter-clockwise from the x̃axis to the instantaneous location of the secondary SBH, and ẽr is the unit vector parallel
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to l.
We define the orientation of the observer’s LOS in the SBHB frame with a vector:

ŝ = sin i cos φ x̃ + sin i sin φ ỹ + cos i z̃

(2.9)

The inclination angle, i, describes the orientation of the LOS relative to the vector of orbital
angular momentum of the SBHB. For example, the inclination angle i = 0◦ represents the
clockwise binary seen face-on and values i > 90◦ represent counter-clockwise binaries.
The azimuthal angle φ is measured in the binary orbital plane, from the positive x̃-axis to
the projection of the LOS, in counter-clockwise direction. For circular SBHBs varying the
orbital phase f is equivalent to varying the azimuthal orientation of the observer and in this
case we adopt a single nominal value of φ = 0◦ in calculation of the BEL profiles. This
is however not the case for the eccentric binaries, in which case f and φ take independent
values.
We define the orientation of the primary mini-disk by specifying the orientation of its
rotation axis (given by the unit vector of the disk angular momentum, L̂1 ) in terms of the
polar and azimuthal angles θ1 and φ1 measured in the SBHB frame:

L̂1 = sin θ1 cos φ1 x̃ + sin θ1 sin φ1 ỹ + cos θ1 z̃ .

(2.10)

Equivalently, we use θ2 , φ2 to specify the orientation of the secondary disk, given by the
unit vector of the disk angular momentum, L̂2 . The mini-disks are coplanar with the SBHB
orbit when θ1 = θ2 = 0◦ , and the gas in the mini-disks exhibits retrograde motion relative
to the SBHB when θi > 90◦ . The azimuthal angles φ1 and φ2 are measured in the binary
orbital plane, from the positive x̃-axis to the projections of the rotation axes of the minidisks, in counter-clockwise direction.
With known orientations of the mini-disks and the observer in the SBHB frame we can
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evaluate the inclinations of the mini-disks with respect to the LOS

cos i1 = L̂1 · ŝ = sin i cos φ sin θ1 cos φ1 + sin i sin φ sin θ1 sin φ1 + cos i cos θ1

(2.11)

The orientation of the secondary AGN relative to the primary mini-disk can be calculated
as follows

sin θM 2 cos ϕM 2 = ẽr · x̂1 = ẽr ·

L̂1 × ŝ
× L̂1
sin i1

!

L̂1 × ŝ
sin i1

(2.12)
(2.13)

sin θM 2 sin ϕM 2

= ẽr · ŷ1 = ẽr ·

cos θM 2

= ẽr · L̂1 = sin θ1 cos φ1 cos f + sin θ1 sin φ1 sin f = sin θ1 cos(φ1 − f )
(2.14)

where θM 2 and ϕM 2 are the angular coordinates describing the location of the secondary
AGN in the single frame of the primary mini-disk. Equivalent expressions can be written
for the secondary mini-disk by replacing subscript “1” with “2”

cos i2 = L̂2 · ŝ

(2.15)

sin θM 1 sin ϕM 1 = −ẽr · ŷ2

(2.16)

cos θM 1 = −ẽr · L̂2

(2.17)

where the minus signs in the last two equations encode the opposition of the primary and
secondary SBHs relative to the center of mass. In all configurations we assume that the
circumbinary disk is co-planar with the SBHB orbit and co-rotating with it and therefore
θ3 ≡ 0◦ , φ3 ≡ φ and i3 ≡ i (i.e., the circumbinary disk frame is coincident with the SBHB
frame). These relationships allow us to define the emissivity of surface elements in each of
the three disks in the system.
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2.2.2

Calculation of disk emissivities

We assign emissivities 1 , 2 and 3 to the primary, secondary and circumbinary disk, respectively. The emissivity of a gas element located at (ξ1 , ϕ1 ) in the mini-disk of the primary SBH can be expressed as a sum of components due to the illumination by its own
AGN (11 ) and the AGN associated with the secondary SBH (12 )

1 (ξ1 , ϕ1 ) = 11 + 12 = 10

H (cos i1 cos θM 2 ) |l1 |cos θM 2 | − q h2 |
h1
+ 20

i3/2
h
3
ξ1
ξ12 + l12 − 2ξ1 l1 ξ̂1 · ẽr

(2.18)

where h1 and h2 denote the sizes of the sources of continuum radiation associated with the
two SBHs. As mentioned earlier, the subscripts indicate that h1 and h2 are dimensionless
quantities in units of M1 and M2 , respectively, and l1 is the separation of the two AGN
in units of M1 . Motivated by the X-ray studies of the broad iron line reverberation [126],
we assume that the sources of continuum radiation are compact and have spatial extents of
h1 = 10 and h2 = 10. Note that the term q h2 in equation 2.18 represents conversion of h2
into the units of M1 , for consistency with the rest of the properties calculated in the frame
of the primary mini-disk, where q = M2 /M1 is the SBH mass ratio.
The second term of equation 2.18 captures the effect of the off-center illumination of
the primary BLR by the secondary AGN. Figure 2.1 illustrates that this effect can be seen
by a distant observer only when the side of the mini-disk illuminated by the off-center
AGN is facing the observer. Alternatively, whenever the secondary AGN is blocked by
the primary mini-disk (from the observer’s point of view) this effect will be absent. We
describe these outcomes with the Heaviside step function, H(cos i1 cos θM 2 ), which takes
value “1” whenever the secondary AGN belongs to the same half plane with the observer
(cos i1 cos θM 2 ≥ 0) and value “0” otherwise (see also the animated Figure D.1 in the
Appendix D for an illustration of the off-center illumination effect).
As discussed in § 2.1, the emissivity constants 10 and 20 are directly proportional to the
luminosity of the two AGNs, which we assume are powered by accretion onto the SBHs.
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Therefore, we express the ratio of the two constants as ṁ = 20 /10 = Ṁ2 /Ṁ1 . Assuming
relative scaling such that 10 = 1 implies 20 = ṁ and equation 2.18 becomes
1 (ξ1 , ϕ1 ) =

H(cos i1 cos θM 2 ) |l1 | cos θM 2 | − 10q|
10
+ ṁ
3
3/2
ξ1
[ξ12 + l12 − 2ξ1 l1 sin θM 2 (cos ϕ1 cos ϕM 2 + sin ϕ1 sin ϕM 2 )]

(2.19)

The vertical brackets in equations 2.18 and 2.19 denote absolute values of the relevant
quantities. Similarly, the emissivity of the secondary mini-disk can be expressed as:

2 (ξ2 , ϕ2 ) = ṁ

10
H(cos i2 cos θM 1 ) |l2 |cos θM 1 | − 10/q|
+
3
3/2
ξ2
[ξ22 + l22 + 2ξ2 l2 sin θM 1 (cos ϕ2 cos ϕM 1 + sin ϕ2 sin ϕM 1 )]
(2.20)

In the case of the circumbinary disk the illumination by both AGNs is off-center. We
express its emissivity as that of a single accretion disk which center resides at the center of
mass of the binary

3 (ξ3 , ϕ3 ) =

10 q
10
1
1
+ ṁ
2
2
2
2
3/2
1 + q (ξ3 + l31 + 2 ξ3 l31 cos ϕ3 )
1 + q (ξ3 + l32 − 2 ξ3 l32 cos ϕ3 )3/2
(2.21)

Because the coordinate system associated with the circumbinary disk coincides with the
reference frame of the binary, all distances in equation 2.21 are normalized by the total
mass of the binary M . Therefore, ξ3 = r3 /M is the dimensionless radial distance of the gas
element to the SBHB center of mass and l31 = q/(1+q)(l/M ) and l32 = 1/(1+q)(l/M ) are
the dimensionless distances from the center of mass to the primary and secondary SBHs,
respectively.
2.2.3

Total flux of the composite emission-line profile

With known emissivities the flux from each disk in the SBHB system can be calculated as
an integral over the surface area, according to equation 2.3. Before summing the fluxes to
calculate the composite BEL profile we need to account for the Doppler shift of the photons
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emitted by the primary and secondary mini-disks due to their orbital motion. Because the
circumbinary disk is at rest with respect to the SBHB center of mass we apply no shift to
its emission. The emitted composite profile is therefore calculated in the reference frame
of the binary.
Because the orbital velocities of SBHBs considered in this work are non-relativistic,
the Doppler shifts associated with the orbital motion can be evaluated in classical limit. We
therefore neglect the effect of relativistic boosting in this case as well as the gravitational
redshift and lensing of photons that may arise in configurations when the two SBHs are in
conjunction (i.e., lined up along the observer’s LOS). In classical limit, the Doppler shift
associated with the orbital motion of the secondary mini-disk is Dorb2 = 1/ (1 − vorb2 · ŝ)
and
νobs − ν0
1
∆νorb2
− 1 ' vorb2 · ŝ
=
=
ν0
ν0
1 − vorb2 · ŝ

(2.22)

Here vorb2 is the velocity vector of the secondary SBH measured in the frame of the binary
in units of c and ŝ describes the orientation of the observer in the frame of the SBHB as
defined earlier. Let vorb = vorb2 − vorb1 be the relative velocity vector of the two SBHs,
as in Figure 2.2, and
2
vorb


=

2 1
−
l
a



(2.23)

vorb = l̇ = vr ẽr + vf ẽ⊥ = l˙ ẽr + lf˙ ẽ⊥

1/2
1
vorb =
[−e sin f ẽr + (1 − e cos f ) ẽ⊥ ]
a(1 − e2 )

(2.24)
(2.25)

where l and a are in units of M , and as defined in previous section, ẽr = (cos f x̃ +
sin f ỹ) and ẽ⊥ = (− sin f x̃ + cos f ỹ) are the unit vectors parallel and perpendicular to l,
respectively. By conservation of momentum, vorb2 = vorb /(1 + q), yielding the Doppler
shifts for emission from the secondary and primary mini-disks

∆νorb2


1/2
ν0
1
=
[− sin f sin i cos φ + (cos f − e) sin i sin φ]
1 + q a(1 − e2 )
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(2.26)

∆νorb1 = −q ∆νorb2

(2.27)

Because we are interested in the value of the total flux in some arbitrary normalized
units (as opposed to the absolute units) the distance d from the observer to the SBHB system
can be omitted because it is the same for all three disks (see equation 2.3). Given the choice
of dimensionless units employed in our calculation of emissivities in equations 2.19–2.21,
the components of flux associated with the primary, secondary and circumbinary disk are
proportional to M12 , M22 and M 2 , respectively. Therefore, in the expression for the total
flux the relative contributions from each disk should be scaled in terms of the SBHB mass
ratio q as
Ftot =

2.2.4

q2
1
F
+
F2 + F3
1
(1 + q)2
(1 + q)2

(2.28)

Eclipsing disks

An interesting effect arises from a missaligned mini-disk is that it could block the emission
of the other disks during an eclipse (see also the animated Figure D.1 in the Appendix D for
an illustration of the eclipsing effect). Note that the modeled profiles presented in this thesis
do not take into account the effect of eclipsing disks (specifically, the eclipse of one BLR
by another). We nevertheless lay out the relevant calculation here, which will make a future
implementation of this effect possible. The effect depends on location and orientation of
the disks, as well as direction of the LOS. We illustrate in this section the condition for
when a BEL photon originated from a position P1 (ξ1 , ϕ1 ) on the primary disk is obscured
by the secondary disk, while similar calculation can be applied to any other two disks in the
triple disk system. For consistency, all related lengths in this calculation need to be scaled
in terms of the same mass unit, e.g. the binary total mass M . After escaping the primary
disk along the LOS, the photon interesects the secondary disk at location P2 that can be
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determined by

(P2 − M2 ) · L̂2 = 0

(2.29)

P2 = d12 ŝ + P1

(2.30)

where M2 is location of the secondary black hole,

M2 =

l
l
ẽr =
(cos f x̃ + sin f ỹ)
1+q
1+q

(2.31)

L̂2 is direction of the secondary mini-disk angular momentum,

L̂2 = sin θ2 cos φ2 x̃ + sin θ2 sin φ2 ỹ + cos θ2 z̃

(2.32)

and d12 is distance between the two points P1 and P2 . From 2.29 and 2.30, d12 can be
expressed as
d12 =

(M2 − P1 ) · L̂2

(2.33)

ŝ · L̂2

In order to evaluate the previous expression, we can convert the position vector P1 (ξ1 , ϕ1 )
from the primary mini-disk frame to the binary frame as follow

P1 = ξ1 cos ϕ1 x̂1 + ξ1 sin ϕ1 ŷ1 = ξ1 cos ϕ1

L̂1 × ŝ
× L̂1
sin i1

!
+ ξ1 sin ϕ1

!
L̂1 × ŝ
sin i1
(2.34)

where the expression for ŝ, L̂1 , and sin i1 in the binary frame can be found in equations
2.9, 2.10, and 2.11. Once d12 and P2 are evaluated from the equations 2.33 and 2.30, we
can determine that the emissivity 1 at P1 is obscured by the secondary mini-disk if and
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only if the following conditions are satisfied



|P2 − M2 | < ξout2

(2.35)



d12 > 0
where the first condition requires that the interesection P2 is located within the secondary
disk, and the second condition requires that the secondary disk blocks the emitted photon
on the way out.

2.3

Absorption of Broad Emission-line Photons by Radiatively Driven Disk Wind

Notation Clarification: In this section all calculations are performed in the frame of a
single disk around an individual black hole, and the binary frame defined in § 2.2 is not
used. Have we followed the convention in the previous section, all coordinate axes would
be subscripted by indices i = 1 for the primary disk around M1 , i = 2 for the secondary
disk around M2 , and i = 3 for the circumbinary disk around the binary center of mass.
To simplify the expressions and facilitate the comparisons between our results and others
in the literature, we omit the index i in the rest of this section. For example, the LOS
direction in the binary frame, ŝ = sin i cos φx̃ + sin i sin φỹ + cos iz̃, can be transformed
to the primary and secondary mini-disk frames as

ŝ = sin i1 x̂1 + cos i1 ẑ1 = sin i2 x̂2 + cos i2 ẑ2

(2.36)

and will be simply expressed as ŝ = sin ix̂ + cos iẑ in this section. All unit lengths should
be scaled by the individual black hole masses for the cases of the mini-disks, or by the total
mass for the case of the circumbinary disk.
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Figure 2.3: Illustration of the broad line region of a single SBH affected by the accretion
disk wind, based on the model of Chiang and Murray 1996 [127]. The compact source
of continuum radiation (dashed circle) photoionizes the skin of an optically thick, geometrically thin disk giving rise to the low ionization, BEL layer. Before escaping to infinity,
some BEL photons are absorbed by the accretion disk wind of finite optical depth, illustrated here as a set of streamlines lifting off the disk at the foot-point with radius rf at an
angle λ(rf ). Figure does not show the details of the inner accretion disk and is not to scale.
2.3.1

Brief description of the disk wind model

The theory that the accretion flow itself is the source of the BELs is steadily gaining support
in the AGN community. Studies of the response of the line profiles to changes in the flux
continuum indicate that the motion of the gas in the Hβ emitting BLRs of most AGNs is
consistent with the thick disk and orbits that range from elliptical, to inflowing or outflowing trajectories [128–132]. Several works have demonstrated that disk models can be used
to describe emission from BLRs of most AGNs when additional radiative transfer effects
of the disk atmosphere on the BEL profiles are accounted for [127, 133–137]. The origin of
BELs in the upper layer of an accretion disk and the associated wind is also compelling because the same wind scenario has been invoked to explain the broad, blueshifted absorption
lines seen in the rest-frame UV spectra of a subset of AGNs [138, 139] and more recently,
the existence of changing look AGNs [140].
The origin of the line-driven wind in AGNs is in the inner accretion disk (r ∼ 1014 cm
for ∼ 108 M black hole), where dense gas blocks the soft X-ray photons from the compact
source of continuum radiation but transmits UV photons, which allows radiation pressure
on resonance lines to accelerate the outflow to ∼ 0.1 c [133]. The wind extends to larger
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radii in the disk, where it affects the structure and kinematics of the BLR gas. In this work,
we explore this phenomenon in the context of the low-ionization Hβ lines emerging from
the BLRs surrounding SBHBs. We assume the Hβ emission region to be a very thin layer
on the surface of the outer accretion disk, which in AGNs extends in radial direction from
∼ 1015 − 1016 cm to ∼ 1018 cm in radial direction. The emissivity above the emitting layer
drops abruptly because hydrogen becomes highly ionized as a result of the steep decline
in the density with height. The emissivity below the emitting layer drops sharply because
the flux of ionizing photons from the central source at this depth is severely attenuated (see
photoionization calculation in Appendix A of [134]).
Figure 2.3 illustrates the geometry of the BLR around a single SBH in which emitted
radiation is attenuated by the accretion disk wind. The radiation pressure lifts the gas from
the surface of the disk and launches it along the wind streamlines, each of which is anchored
to the disk at the foot-point with radius rf , measured from the center of the disk in spherical
coordinates. Each streamline makes a small angle, λ, relative to the disk which decreases
as a function of radius [127],
λ(r) = λ(Rin )

Rin
r

(2.37)

where Rin is the inner radius of each BLR (as defined in Table 3.1) and λ(Rin ) = 10◦
is chosen for all three disks [134]. Before escaping to infinity, some low ionization BEL
photons are absorbed by a low density accretion disk wind. The wind is highly ionized
and does not contribute significantly to the emission of low-ionization lines but has a finite
optical depth in these lines, thus modifying the intensity and shape of the emitted profiles.
Calculations of radiative transfer for outflows of this type are often carried out in the
limit of large velocity gradient (a.k.a., Sobolev approximation, [141–144]). In this regime
the photons that are not absorbed in the vicinity of the emission layer can escape to infinity,
provided that the velocity of the wind projected onto the LOS is monotonically increasing.
Under such circumstances the photons do not encounter multiple regions along the LOS
where they can be absorbed. Since accretion disk winds are expected to accelerate radi24

ally out, e.g. and references therein [139, 145], this condition is satisfied and the Sobolev
approximation allows one to uncouple the absorption layer (marked as a black strip at the
bottom of the wind streamlines in Figure 2.3) from the rest of the wind. In this approximation, the characteristic thickness of the absorption layer is given by the Sobolev length, `S .
The probability that the low-ionization line photons escape the wind can then be estimated
as a function of the local parameters in this layer

βe (r, ŝ) =

1 − e−τ (r, ŝ)
,
τ (r, ŝ)

(2.38)

where r marks the location from which the photon is emitted and the unit vector ŝ defines
the direction of the LOS. The line optical depth of the absorption layer, τ (r, ŝ), depends
on the local mass density of neutral atoms, ρ(r), opacity coefficient, κ(r), and turbulent
velocity, σ(r)
τ (r, ŝ) = κ ρ `S =

κ(r) ρ(r) σ(r)
.
|ŝ · Λ(r) · ŝ|

(2.39)

Here, Λ is the wind velocity gradient tensor, which can be represented by its symmetric
part (the rate of strain tensor) without changing the resulting inner product, Q ≡ ŝ · Λ · ŝ.
Defined in this way, Q is the velocity gradient of the wind along the LOS. The model
assumes constant κ and σ within the thin absorption layer, and the density is expressed as
a power law in radius, ρ = ρ0 (r/Mi )−η , where ρ0 is a normalization constant. Following
[134], we adopt τ0 = κ ρ0 σ, in which case equation 2.39 can be reduced to
τ0
τ=
|Q|



r
Mi

−η
,

(2.40)

where τ ≈ 5τ0 (7τ0 ) represents the optical depth of the emission layer, along the direction
perpendicular to the disk plane (i = 0◦ ), at the inner edge of the BLR with Rin,i = 500 Mi
(1000 Mi ), and assuming η = 1. Note that equation 2.39 implies that Q must have units
of inverse time in order for the optical depth, τ , to be dimensionless. Keeping up with
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the formulation of equations in geometric units it follows that Q and τ0 in equation 2.40
(and hereafter) are expressed as dimensionless quantities in terms of c3 /GMi = Mi−1 , and
are properties that in this model decrease with the mass of the relevant SBH, or in the
case of the circumbinary disk, binary mass. The details of this calculation, including the
components of the Λ tensor and the final expression for Q, are shown in the following
§ 2.3.2.
An additional ingredient necessary for this calculation is the description of the poloidal
component of the wind velocity along a given streamline

rf  γ
.
vp (r) = v∞ 1 − b
r

(2.41)

At the launching point on the surface of the disk (i.e., at the foot-point of the streamline), we
assume that the wind velocity is comparable to the Keplerian velocity in the disk, vp (rf ) =
(rf /Mi )−1/2 , resulting in a total speed of the wind close to the escape speed from the SBH.
A choice of b = 0.7 and γ = 1.2, adopted here, then implies that the wind accelerates
to the terminal velocity v∞ ≈ 4.7 (rf /Mi )−1/2 , which corresponds to v∞ ≈ 0.2 c for the
launching point at rf = 500 Mi (see § 2.3.2.1). The value of γ = 1.2 is consistent with the
values inferred from observations, which range from 1.06 to 1.3, from quasars to Seyferts,
respectively [138].
We assume that the disk wind driven by each AGN extends over the entire surface of
its BLR. It is not clear however whether these outflows can extend from the mini-disks into
the circumbinary disk, especially in configurations in which the disks are not co-planar.
2.3.2

Detailed implementation of the disk wind model

In this section we describe the new elements in the calculation of the BEL profiles, introduced as a part of the disk wind model. We refer the reader to § 2.2 for the description of
geometry of a triple disk system and main steps in the calculation of the composite BEL
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profiles. The same geometry and procedure are also used in this section. As before, we
adopt the disk emitter model [120–122] to describe the line flux emitted by each individual
disk in the system. In this context the flux of the BEL profile measured in the observer’s
frame is an integral over the surface of the emitting disk defined in terms of the properties
in the disk frame:
M 2 ν0
Fν (νobs ) =
d2


− 1
Z2π Zξout
2 2
3
Iν (ξ, ϕ, νturb )Drot 1 −
ξ dξ dϕ .
ξ
0

(2.42)

ξin

Here we assume that the emitting disk is geometrically thin and that emission arises from
the θ ≈ 90◦ plane. M is the mass of the central black hole, ν0 is the rest frequency of the
emission line, d is the distance from the center of the disk to the observer, ξ = r/M is the
radius in the disk in dimensionless units, ξin and ξout are the inner and outer edges of the
emission region, respectively, and ϕ is the azimuthal angle measured in the plane of the
disk. Drot is the relativistic Doppler factor.
Iν (ξ, ϕ, νturb ) is the specific intensity of light emitted at a polar coordinate (ξ, ϕ) and
frequency νturb . In the disk wind model

Iν (ξ, ϕ, νturb ) =

βe (ξ, ϕ)
exp[−(νturb − ν0 )2 /2σ 2 ] .
4π (2π)1/2 σ

(2.43)

Recall that the emissivity of a BLR illuminated by a single, central AGN is axisymmetric
and thus independent on ϕ. In our model however, every disk in the system is illuminated
by two AGNs, giving rise to a non-axisymmetric emissivity pattern encoded in (ξ, ϕ), as
defined in equations 2.18–2.21 (see also the animated Figure D.1 in the Appendix D for
an illustration of the non-axisymmetric emissivity pattern). The broadening of the BEL
profiles is assumed to be due to the turbulent velocity of the disk, σ, and is described as a
Gaussian distribution around ν0 .
The new element of the calculation is the modification of the disk emissivity by absorp-
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tion of line photons in the disk wind. The absorption is characterized by a photon escape
probability, βe (r, ŝ), which represents the probability for a BEL photon, emitted from the
surface of the disk at a location r, to escape the wind in the direction of the LOS defined
by the unit vector ŝ. The escape probability is a function of the line optical depth of the
wind (equation 2.38), which in turn depends on the density and velocity field of the wind.
We describe how are these properties modeled in the next sub-sections.
2.3.2.1

Velocity field of the disk wind

We describe the three-dimensional velocity field of the wind in terms of the spherical velocity components vr , vθ and vϕ , defined with respect to the center of the disk, which is
located in the xy plane and has the angular momentum vector aligned with the positive zaxis. Following the formalism developed for isotropic stellar winds we express the poloidal
component of the velocity along a streamline, v p = v r + v θ , as an increasing function of
distance from the launching point

rf γ
vp (r) = v∞ 1 − b
r

(2.44)

(see [146]). The parameter b = 1 − [vp (rf )/v∞ ]1/γ is related to the ratio between the initial
velocity of the wind at the launching point (i.e., at the foot-point of the streamline) and its
terminal velocity far downstream. For the purposes of this work we choose b = 0.7. The
parameter γ is expected to range from 1.06 for quasars to 1.3 for Seyferts [138], and we
choose γ = 1.2 as a representative intermediate value. Following [127] and [134], we also
adopt v∞ (rf ) = 4.7(GM/rf )1/2 and the velocity components

vr = vp cos λ ,

vθ = −vp sin λ and vϕ =

GM
r

1/2
,

(2.45)

respectively. Here λ = λ(Rin )(Rin /r) is the wind opening angle, measured between the
streamline and the disk, and λ(Rin ) = 10◦ , as defined in equation 2.37 and shown in
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Figure 2.3. These choices imply the finite poloidal and azimuthal velocity at the foot-point
of the wind, vp (rf ) = vϕ (rf ) = (GM/rf )1/2 , which combined in quadrature equal the
escape velocity from the SBH. Moreover, all velocity components are characterized by nonzero velocity gradients, as required by the Sobolev method. Note also that the symmetry
of a single disk system requires that vθ = −vp sin λ when i < 90◦ , and vθ = vp sin λ when
i > 90◦ .
In addition, it is worth mention that our choices for b and γ are different from those
previously used in the literature. For example, [127] and [134] choose b = 1, which leads
to a simplification of the model because vp (rf ) vanishes in that case, implying that the
wind starts with the zero velocity and accelerates outwards. This simplification in turn
necessitates that the value of γ is exactly 1, because for any other value the gradient at the
foot-point of the streamline ∂vp /∂r = 0, thus violating the requirement for high velocity
gradients in the Sobolev method.
2.3.2.2

Velocity gradient of the wind along the line of sight, Q

In this section we outline the calculation of the velocity gradient of the wind along the
LOS, given the velocity field of the wind defined above. As laid out in § 2.3.1, the velocity
gradient can be expressed as an inner product, Q = ŝ·Λ·ŝ, of the strain tensor along a given
LOS. Following the coordinate systems defined in the previous section, a distant observer
is located in the xz plane at an inclination angle i, relative to the z-axis (see Figure 2.2).
Hence, the direction of the LOS, pointing from any point on the disk to the distant observer
is given by

ŝ = cos i ẑ + sin i x̂ = sin i cos ϕ r̂ − cos i θ̂ − sin i sin ϕ ϕ̂ .

(2.46)

Here we use the relationships between the unit vectors in the Cartesian and spherical-polar
coordinate systems, x̂ = sin θ cos ϕ r̂ + cos θ cos ϕ θ̂ − sin ϕ ϕ̂ and ẑ = cos θ r̂ − sin θ θ̂.
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Setting θ = 90◦ for any point on the surface of the disk and expanding the inner products
yields


Q = sin2 i cos2 ϕ Λrr − 2 sin ϕ cos ϕ Λrϕ + sin2 ϕ Λϕϕ −

(2.47)

|cos i| [2 sin i cos ϕ Λrθ − |cos i| Λθθ − 2 sin i sin ϕ Λθϕ ] ,
where the absolute value of cos i ensures the symmetry of solutions above and below the
accretion disk, such that Q(i) = Q(180◦ − i). It is worth noting that equation 2.47 is consistent with the equation 8 in [135], who pointed out and corrected the sign error affecting
the cos i terms in the expression for Q in [133], in their equation 15.
For an azimuthally symmetric disk wind (∂/∂ϕ = 0) with a small opening angle
(cos λ ≈ 1), the components of the symmetric strain tensor Λ in spherical coordinates
are:
C1 −3/2
∂vr
=
ξ
,
∂r
κM

(2.48)

1 ∂vθ vr
∂vr vr
C1 + C2 −3/2
+
=
+
=
ξ
,
r ∂θ
r
∂r
r
κM

(2.49)

1 ∂vϕ vr vθ cot θ
vr
C2 −3/2
+ +
=
=
ξ
,
r sin θ ∂ϕ
r
r
r
κM

(2.50)

Λrr =

Λθθ =

Λϕϕ =

Λθϕ =

sin θ ∂  vϕ 
1 ∂vθ
1 ∂vϕ
1 vϕ
1
+
=
=
=
ξ −3/2 ,
2r ∂θ sin θ
2r sin θ ∂ϕ
2r ∂θ
4 sin λ r
4M sin λ
(2.51)

Λrϕ =

Λrθ

1 ∂vr r ∂  vϕ  r ∂  vϕ 
3 −3/2
+
=
=−
ξ
,
2r sin θ ∂ϕ
2 ∂r r
2 ∂r r
4M

(2.52)



 
r ∂  vθ 
1 ∂vr
1
sin λ
sin λ
1
=
+
=
C2 −
+
C1 ξ −3/2 , (2.53)
2 ∂r r
2r ∂θ
κM
2
2
2 sin λ
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where C1 ≡ γ b(1 − b)(γ−1) , C2 ≡ (1 − b)γ and κ ≡ 1/4.7 are constants used to simplify
the expressions. We use the following relationships to calculate the components of Λ on
the surface of the disk and set rf = r, as different streamlines are anchored to different
radii in the disk
vr = vp cos λ ≈ vp

(2.54)

v∞
C2 −1/2 −1
C2 −3/2
vr
= (1 − b)γ
=
ξ
r =
ξ
,
r
r
κ
κM

(2.55)

∂vr
∂vp
v∞
C1 −3/2
=
= γ b(1 − b)(γ−1)
=
ξ
,
∂r
∂r
r
κM

(2.56)

∂
r ∂
=−
,
∂θ
sin λ ∂r

(2.57)

where v∞ = ξ −1/2 /κ, as defined above. Note that the factor of M in the denominator
of equations 2.48–2.53 arises from the conversion of the disk radius into geometric units.
It follows that Λ, and consequently Q, are expressed in geometric units of time, M −1 , as
noted in § 2.3.1.
Figure 2.4 shows the maps of the velocity gradient along the LOS for different realizations of the velocity field of the wind (encoded in parameters b and γ). Each panel also
shows the resulting emission line (here shown as the Hβ profile) associated with a given
disk wind configuration. Note that because τ ∝ Q−1 , the larger values of Q correspond
to the regions of lower optical depth in the disk and vice versa. The top left panel shows
a double-peaked BEL profile from a disk with no accretion disk wind, as seen by a distant
observer placed on the horizontal axis extending to the right of the disk to infinity, at inclination i = 60◦ . The top middle panel shows the map corresponding to the choices of b
and γ adopted in this work. Note that the regions of highest optical depth are expected to
coincide with the regions in the disk that give rise to the largest Doppler shifts of emitted
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Figure 2.4: Maps of the velocity gradient along the LOS, Q, shown for different realizations
of the velocity field of the wind, parametrized in terms of b and γ, and for two different
orientations of the observer’s LOS, i. The observer is located on the right and above the
page, at an angle i relative to the normal to the page. The rotation of the disk is counterclockwise. Each panel also shows the resulting Hβ emission-line profile associated with a
given disk wind configuration. Pink vertical line at 4860.09 Å marks the rest wavelength of
the Hβ emission line.

32

photons, as seen by a distant observer. As a consequence, these photons are missing from
the profile, giving rise to a narrower, single-peaked emission line.
The top right panel of Figure 2.4 shows the velocity gradient map for the choice of b and
γ adopted by Chiang and Murray [127], and Flohic et al. [134], which result in the BEL
profiles effectively indistinguishable from those in our model. The left and center panels
in the bottom row illustrate the appearance of the velocity gradient map for the arbitrary
values of b and γ, considerably different from those inferred in AGNs. Finally, the bottom
right panel shows the resulting map and profile calculated for a combination of γ 6= 1
and b = 1 that violates the assumptions used in the Sobolev approximation (see the last
paragraph of the previous section).
2.3.2.3

Density profile of the wind

We describe the density of the wind as a decreasing function of radius from the central
SBH, ρ ∝ r−η , where η > 0 is the density index. In order to understand the range of
plausible values for η we consider two different disk wind geometries in the context of the
continuity equation
∂ρ
+ ∇ · (ρv) = 0 .
∂t

(2.58)

For a steady state, azimuthally symmetric wind the continuity equation must satisfy conditions ∂/∂t = 0 and ∂/∂ϕ = 0. In spherical coordinates, this gives
1 ∂ (r2 ρvr )
1 ∂ (ρvθ sin θ)
+
=0 .
2
r
∂r
r sin θ
∂θ

(2.59)

This equation can be further simplified if one considers a disk wind emerging from the
emitting layer with θ = 90◦
∂ (ρvr ) 2ρvr 1 ∂ (ρvθ )
+
+
=0 .
∂r
r
r ∂θ
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(2.60)

Using the definition of vθ from equation 2.45, as well as 2.57, and assuming a small opening
angle of the wind streamlines, sin λ ≈ λ ∝ 1/r, the third term in the above equation can
be approximated as
∂ (ρvr ) ρvr
1 ∂ (ρvθ )
≈
−
.
r ∂θ
∂r
r

(2.61)

Using this in equation 2.60 gives

2

∂ (ρvr ) (ρvr )
+
=0
∂r
r

(2.62)

and consequently (ρvr ) ∝ r−1/2 . Since vr (r = rf ) ∝ v∞ ∝ r−1/2 it follows that the wind
mass density must be constant as a function of radius, ρ ∝ r0 . Therefore, a steady state,
azimuthally symmetric wind, characterized by a small opening angle, is well described by
the density index η = 0.
Repeating the same exercise for a steady state, spherically symmetric wind, one obtains
η = 1.5. In this case the continuity equation 2.59 reduces to:
∂ (r2 ρvr )
=0
∂r

(2.63)

which yields (ρvr ) ∝ r−2 and hence ρ ∝ r−1.5 . In this work we choose η = 1 as a
representative intermediate value.
2.3.2.4

Optical depth of the wind

The final ingredient in the calculation of the optical depth of the disk wind is the normalization factor, τ0 = κ ρ0 σ, used in equation 2.40. In this form τ0 is used to define the optical
depth of the surface layer at the inner edge of the BLR, in the direction perpendicular to
the disk plane, so that τ ≈ 5τ0 (7τ0 ) at Rin,i = 500 Mi (1000 Mi ). It is worth emphasizing
that τ0 dimensionally represents optical depth scaled by the mass of the disk’s central SBH,
∝ Mi−1 . Combined with the velocity gradient of the wind along the LOS, Q, which exhibits
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Figure 2.5: Hβ broad emission-line profiles from a circular disk calculated for different
values of the disk wind optical depth, τ0 : 10−4 (black, solid), 10−2 (maroon, long-dash),
10−1 (blue, dashed), 1 (green, dotted), 10 (yellow, long-dash-dot) and 102 (red, dash-dot).
Pink vertical line at 4860.09 Å marks the rest wavelength of the Hβ emission line. The
parameters used in calculation of the profiles are: ξin = 500 M , ξout = 10, 000 M , i = 60◦ ,
σ = 850 km s−1 ,  ∝ r−3 , γ = 1.2, b = 0.7, η = 1, and λ(Rin ) = 10◦ .
the same dependence, it results in the dimensionless parameter τ .
The BEL profiles in this work are calculated for a range of optical depths, given by τ0 =
10−4 , 0.1, 1, 100. Because the profiles calculated for τ0 = 0 and 10−4 are very similar, we
use them interchangeably. Moreover, we verify that profile shapes do not change in shape
once τ0 > 100 and do not explore the values of optical depth beyond this threshold. Such
high line optical depths effectively imply a weak profile that would be difficult to discern
in real spectra, due to the low contrast with respect to the continuum and the presence of
noise.
Figure 2.5 illustrates the transition from the broader, double-peaked to the narrower,
single-peaked BEL profiles with increasing optical depth. They are included for comparison with the previously published works, as well as an intermediate verification step for
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those wishing to reproduce this calculation. The profiles are from a circular disk, illuminated by a single, central AGN and calculated for values of τ0 and other parameters used in
this work. As discussed in § 3.3.1 and § 3.3.2, a similar trend is also reflected in the composite profiles calculated from triple disk configurations of BLRs in circumbinary regions.
2.3.2.5

Relativistic Sobolev method

Relativistic Doppler effect is relevant in calculation of BEL profiles from the modeled BLR,
i.e. a few hundred to thousand gravitational radii away from the central black hole, because
the local Keplerian velocity of the gas in that region reaches a few percent the speed of light.
Similar considerations are relevant for the choice classical and relativistic Sobolev method,
used to calculate the disk wind optical depth, since the wind speed reaches a few times the
Keplerian speed. In our model, however, the relativistic Sobolev method affects a relatively
small portion of the profile database. This portion includes profiles of SBHBs with smaller
BLR inner radius Rin ≤ 500, small binary separations, a ≤ 10000M , and high minidisks inclination angles, |i| ≥ 40◦ . For this reason, we only employ the classical Sobolev
method to calculate our profile database. We nevertheless illustrate how the application of
the relativistic Sobolev method might affect some profile shapes. Figure 2.6 illustrates how
a single disk wind emission profile may switch from a positive Peak Shift (the red curve’s
peak is on the right of the rest wavelength) and negative asymmetry (the red curve leans
toward the red wing) to a negative Peak Shift and positive asymmetry (green curve) as
we switch from the classical to relativistic Sobolev method. In this example, the difference
between the two profiles is apparent because the outter radius of the disk is relatively small,
ξout = 2500 M , but physical. Next, we will describe how relativistic Sobolev method might
be derived for our disk wind model by generalizing the work of [147].
For a spherically symmetric wind with velocity β = βer . (speed of light c = 1), [147]
express the line optical depth in relativisitic Sobolev approximation as (see also [148] for
more derivation steps),
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Figure 2.6: Hβ broad emission lines calculated for single AGN without the accretion disk
wind (blue curve), with the disk wind effect calculated using the classical Sobolev method
(green), and with the disk wind effect calculated using the relativistic Sobolev method (red).
The x-axis is wavelength in Å, and the y-axis is normalized flux of the emission lines. Wind
optical depth parameter, τ0 = 100. Other parameters include: γ = 1.2, b = 0.7, η = 1,
λ = 10◦ , κ = 1/4.7. The single AGN accretion disk parameters include: inner radius,
ξin = 500 M ; outer radius, ξout = 2500 M ; inclination angle, i = 60◦ ; disk turbulent
velocity, σ = 850 (km/s); and disk power law emissivity,  ∝ r−3 .
τ=

(1 − µβ)2
α0
νl0 γ |µ(µ − β)∂β/∂r + (1 − µ2 )(1 − β 2 )β/r|

(2.64)

where µ = β̂ · ŝ is cosine of the angle between the wind velocity and the LOS, ŝ, as
measured in the observer frame. γ = (1 − β 2 )−1/2 . And α0 , νl0 are, respectively, the
wind integrated line opacity and the emission line rest frequency as measured in the frame
comoving with the wind. By following their derivation, we generalize the above expression
for arbitrary velocity field β
α0
(1 − µβ)2
τ= 0
νl γ |(β(1 − µβ)(ŝ · ∇β) − (1 − β 2 )(ŝ · ∇β · ŝ)|

(2.65)

In the classical limit, β → 0, the above expression reduces to the classical optical depth,
τ=

1
α0
0
νl |ŝ · ∇β · ŝ|

(2.66)

For our model,
ŝ = sin i cos ϕ r̂ − cos i θ̂ − sin i sin ϕ ϕ̂
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(2.67)

1
(1 − b)γ ξ −1/2 ≈ 1.11 ξ −1/2
κ

βr = vr =

(2.68)

βθ = −vr sin λ(r = rf ) ≈ −0.2 ξ −1/2

(2.69)

βϕ = ξ −1/2

(2.70)

1
ŝ · ∇β = − β ξ −1
2

(2.71)

Or, β ≈ 1.5 ξ −1/2 and it follows that

µ=

1
(sin i cos ϕ βr − cos i βθ − sin i sin ϕ βϕ )
β

38

(2.72)

CHAPTER 3
COMPARISON WITH OBSERVATIONS

Given a physically motivated parameter space occupied by sub-parsec SBHBs, we calculate
a synthetic database of more than 42.5 million broad optical emission-line (BEL) profiles
and explore the dependence of the profile shapes on characteristic properties of SBHBs.
Analysis of the modeled profiles in the database shows that modeled profile shapes are
more compatible with observed sample of SBHB candidates than with control sample of
regular AGNs. In this chapter, we will describe the parameter choices used to generate
the synthetic database in § 3.1, summarize properties of the database in §§ 3.2 and 3.3, and
compare these properties with those of observed SBHB candidates in § 3.4.
3.1

Parameter Choices of the Model

Table 3.1 summarizes parameter choices for the modeled configurations of SBHB systems.
The last five parameters in the table encapsulate the properties of the accretion disk wind
while the other ones encode intrinsic properties of the binary, such as its orbital semi-major
axis, eccentricity, alignment of the triple disks, or orientation of the orbital plane with
respect to a distant observer’s LOS.

• SBHB mass ratio, q – Simulations of galaxy mergers that follow pairing of their
massive black holes find that SBH pairs with mass ratios q < 0.1 are unlikely to
form gravitationally bound binaries within a Hubble time at any redshift [16, 19].
They also find that SBH pairs with initially unequal masses can evolve to be more
equal-mass, through preferential accretion onto a smaller SBH. Motivated by these
results we choose six values of q in the range 0.1 − 1 to represent the mass ratio of
the binary.
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Table 3.1.

Parameters of the Model

Parameter

Value

q
a/M
e
f
Rin1 /M1 , Rin2 /M2
Rout3
i
φ
θ1 , θ2
φ1 , φ2
h1 /M1 , h2 /M2
σ/km s−1
τ0
λ(Rin )
η
γ
b

1 , 9/11 , 2/3 , 3/7 , 1/3 , 1/10
5 × 103 , 104 , 5 × 104 , 105 , 106
0.0 , 0.5
0◦ , 72◦ , 144◦ , 216◦ , 288◦
500 , 1000
3a
5◦ , 55◦ , 105◦ , 155◦
0◦ , 36◦ , 108◦ , 180◦ , 242◦ , 324◦
0◦ , 30◦ , 60◦ , 105◦ , 135◦ , 165◦
0◦ , 25◦ , 60◦ , 185◦ , 210◦ , 235◦
10
850
0 (10−4 ) , 0.1 , 1 , 102
10◦
1.0
1.2
0.7

Note. — q – SBHB mass ratio. a – Orbital semimajor axis. e – Orbital eccentricity. f – Orbital phase.
Rin,i , Rout,i – Inner and outer radius of the primary, secondary, or circumbinary disk. i – Inclination of the observer relative to the SBHB orbital angular momentum.
φ – Azimuthal orientation of the observer relative to the
SBHB major axis. θi , φi – Inclination and azimuthal orientation of the primary and secondary mini-disk relative
to the SBHB orbital angular momentum. hi – Spatial
extent of the compact central source of the continuum
radiation associated with each SBH. σ – Turbulent velocity of the gas. τ0 – Normalization of the disk wind
optical depth. λ – Opening angle of the disk. η – Power
law index in the description of gas density. γ, b – Parameters describing the wind velocity.
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• Semi-major axis, a – To describe orbital separations of gravitationally bound binaries
we chose five values of a ranging from 5000 M to 106 M , where we use the mass of
the binary M ≡ GM/c2 = 1.48 × 1013 cm (M/108 M ) as a measure of length in
geometric units, where G = c = 1. For example, for the total mass of the binary
of 108 M this range of semi-major axes corresponds to binary separations ∼ 0.02 −
5 pc.
• Orbital eccentricity, e – Theoretical models that follow evolution of the orbital eccentricity of SBHBs in circumbinary disks suggest that the exchange of angular momentum between them drives a steady increase in binary eccentricity which saturates
in the range 0.6 − 0.8 [27, 31, 46]. For the purposes of this calculation we choose
two values of eccentricity, e = 0.0 and 0.5, to model SBHBs on both circular and
elliptical orbits.
• Orbital phase, f – Five values of the orbital phase are chosen to describe orbital evolution of SBHBs. f is measured from the positive x-axis to the instantaneous location
of the secondary SBH in counter-clockwise direction, as illustrated in Figure 2.2.
• SBHB accretion rate ratio, ṁ – In the context of this model we assume that the
emissivity of each BEL region is a function of the AGN luminosity and the disk size.
In order to establish the relative bolometric luminosities of the two AGN we compile
from the literature the values of ṁ = Ṁ2 /Ṁ1 and parametrize it as a linear function
of q for SBHBs on circular and eccentric orbits.

ṁ '




5.5 − 4.5q

e = 0.0



1.5 − 0.5q

e = 0.5

(3.1)

Here Ṁ1 and Ṁ2 are the accretion rates onto the primary and secondary SBH, respectively. The two relations capture two key results observed in hydrodynamic simula-
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Figure 3.1: Outer radii of the primary and secondary mini-disks as a function of a and e.
Lines mark SBHB mass ratios q = 1/10 (thin, red lines) , 1/3 (dotted, blue) and 1 (solid,
black) based on the model of Paczynski [116]. For unequal mass ratios the top line marks
the size of the larger (primary) mini-disk.
tions of prograde SBHBs (rotating in the same sense as the circumbinary disk; [46,
88]): (1) in unequal mass binaries accretion occurs preferentially onto the smaller
of the SBHs and (2) the inversion of accretion rates is more severe for SBHBs on
circular orbits. This trend has also been captured by other simulations [40, 86] and
models motivated by them [149, 150].
• Size of the broad line regions, Rini and Routi – Each disk in the triple disk system
has an associated BLR defined by a pair of inner and outer radii. In the case of the
mini-disks we choose two different values for the BLR inner radius Rini = 500Mi
and 1000Mi , where i = 1, 2 mark the BLR around the primary and secondary SBH,
respectively. These choices are motivated by characteristic values for the inner radius
of the BLRs in AGNs powered by single SBHs, which emission lines are well modeled by the emission from a Keplerian disk (for e.g., [123, 124]). The outer radii are
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naturally determined by the tidal torques of the binary and do not extend beyond the
Roche lobes of their SBHs. We follow the approach described by Paczynski [116] to
estimate the average values of Rout1 and Rout2 based on the binary separation a, and
mass ratio q (see Figure 3.1).
We define the size of the circumbinary disk BLR in terms of the SBHB semi-major
axis, Rin3 = 2a and Rout3 = 3a. The value of the inner radius is directly motivated by
theory and simulations which show that SBHB torques create a low density hole with
radius about 2a in the center of the circumbinary disk [27, 28, 42]. The value of the
outer radius of the circumbinary disk BLR is poorly constrained and for the purposes
of this calculation we adopt Rout3 = 3a. Note that the BLR sizes assumed in this
work are consistent with the plausible range empirically derived for low redshift
AGN by Kaspi et al. [151].
• Emissivity of the broad line regions, i – Each disk in the system is further characterized by the emissivity of the BLR, which arises due to the illumination by the
two AGNs. For example, the emissivity of the mini-disk around the primary SBH
can be expressed as 1 = 11 + 12 , where 11 and 12 correspond to the components of emissivity due to the illumination by its own AGN and the AGN associated
with the secondary SBH, respectively. The emissivity of each mini disk associated
with its own AGN is described as a power law in radius, with the power law index
p = 3, such that 11 ∝ 22 ∝ R−p [118]. The component of emissivity associated
with the companion AGN (12 and 21 ) is calculated as a function of its distance and
orientation of the mini-disk (details of the calculation can be found in § 2.2.2). The
emissivity of the circumbinary disk, 3 , is calculated as a sum of emissivities due to
the two off-center AGN associated with the primary and secondary SBHs.
• Orientation of the observer relative to the binary orbit, i and φ – We choose four
values of the inclination angle, i, to describe the orientation of the observer’s LOS
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relative to the vector of orbital angular momentum of the SBHB. For example, i = 0◦
represents the clockwise binary seen face-on and values i > 90◦ represent counterclockwise binaries. Furthermore, we select six values of the azimuthal angle φ measured in the binary orbital plane, from the positive x-axis to the projection of the
observer’s LOS, in counter-clockwise direction. For circular SBHBs varying the true
anomaly f is equivalent to varying the azimuthal orientation of the observer and in
this case we adopt a single nominal value of φ = 0◦ in calculation of the BEL profiles. However, in the case of eccentric SBHBs we explore a full range of f and φ
angles.
• Orientation of the mini disks, θi and φi – We relax assumptions about the orientation
of the mini disks with respect to the binary orbit in order to study how profile shapes
depend on it. We choose six values of the polar angle (θi ) and azimuthal angle (φi ) to
describe the orientation of each mini disk with respect to the vector of orbital angular
momentum of the binary. For example, when θ1 = θ2 = 0◦ , both mini-disks are
coplanar with the SBHB orbit and for θi > 90◦ , the gas in the mini-disks exhibits
retrograde motion relative to the circumbinary disk. The azimuthal angles φi are
measured in the binary orbital plane, from the positive x-axis to the projection of the
rotation axis of the mini-disk, in counter-clockwise direction. The circumbinary disk
is assumed to always be coplanar and in co-rotation with the binary orbit.
• Optical depth of the disk wind,τ0 –In this work, the BEL profiles are calculated for a
range of optical depths, τ0 = [10−4 , 102 ], as shown in Table 3.1. Because the profiles
calculated with τ0 = 0 and 10−4 are very similar, we use them interchangeably. We
have also verified that profile shapes remain unchanged for τ0 > 100 and we do not
explore the values of optical depth beyond this threshold. We further choose one
value, η = 1, to represent the radial dependance of the wind density, after verifying
that the impact of this parameter on the profile shapes is relatively weak.
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Note that some of the model parameters described in the above section are actually not
free parameters, because they are constrained by the relevant physical processes and can be
expressed in terms of the properties of the binary (this is the case with ṁ, Rout1 , Rout2 and
Rin3 ). The calculation of the BEL profiles requires definition of two additional parameters
which have a lesser impact on their shape. Specifically, motivated by the X-ray studies of
the broad iron line reverberation (see review by [126]), we assume that the central source
of the continuum radiation associated with each SBH is compact and has spatial extent of
hi = 10Mi . Similarly, we describe the broadening of the BEL profiles due to the random
(turbulent) motion of the gas in each disk as σ = 850 km s−1 . We assume that the disk
wind driven by each AGN extends over the entire surface of its BLR. It is not clear however whether these outflows can extend from the mini-disks into the circumbinary disk,
especially in configurations in which the disks are not co-planar. In order to examine this
effect we calculate profiles for three different disk wind configurations, described below.
• NW – This is the “no wind” configuration presented in § 3.2, which corresponds to
a disk wind model with τ0 = 0. In this limit, the probability of escape for the line
photons, defined in equation 2.38, defaults to βe = 1. The NW database contains
nearly 15 million modeled profiles – 2,545,200 realizations of SBHBs on circular
orbits and 12,273,000 on eccentric orbits.
• 2DW – A disk wind develops only along the two SBH mini-disks and not in the circumbinary disk. In this setup, we calculate profiles from SBHB systems on circular
orbits and with three different values of optical depth, τ0 = 0.1, 1, 100. The 2DW
database contains about 7.5 million profiles – 2,545,200 realizations for every value
of the optical depth.
• 3DW – A disk wind is present in all three disks. The circumbinary disk has an
accretion disk wind which is radial and axisymmetric, as if driven by a single, central
AGN. Here, we calculate profiles from circular SBHBs with τ0 = 0.1, 1, 100, and
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from eccentric SBHBs with τ0 = 1. The 3DW database contains about 20 million
profiles – 2,545,200 realizations of circular SBHBs for every value of optical depth
and 12,273,000 realizations of eccentric SBHBs.
Combined together, the entire database contains about 42.5 million profiles that correspond to the same number of SBHB configurations. Note that the nominal number of
simulations per disk wind configuration is determined as a product of the number of parameter choices. From these simulations we eliminate the ones in which the orientation
of any disk with respect to the observer is close to edge on (between 80◦ and 100◦ ). We
do this to prevent the breakdown of the weak-field approximation, used in calculation of
the photon Doppler shifts. This selection criterion eliminates scenarios in which the impact parameter of the line-of-sight photons flying over a SMBH becomes too small (i.e.,
. 100 Mi ). Such photons experience significant gravitational redshift and gravitational
bending of their trajectory. Because this happens in a small fraction of all SBHB configurations that we consider, we do not perform calculations of these effects in the strong field
regime.
We describe different models by labels that encapsulate the description of the SBHB
orbit, the disk wind model, and the optical depth normalization value. For example C-2DW100 represents a set of profiles for SBHBs on circular orbits and a disk wind characterized
by τ0 = 100 in both SBH mini-disks but not in the circumbinary disk. In contrast, E-3DW1 refers to a database of profiles calculated for SBHBs on eccentric orbits, where τ0 = 1 in
all three disks.
3.2

Broad Emission-line Profiles in Absence of the Disk Wind Effect

The disk wind effect is negligible when its optical depth is equal to or below τo . 10−4 .
In this limit, sharp peaks of the model profiles are usually preserved and the composite
profiles often have multiple peaks as illustrated in Figure 3.2. In this section, we draw
attention to unique features of the modeled population of profiles (§ 3.2.1) and characterize
46

Fλ (arbitrary units)

Velocity Offset (km s−1 )
-15000
0
15000

4500

— Primary

— Circumbinary

—Secondary

— Total Flux

1 peak

2 peaks

3 peaks

4 peaks

5 peaks

6 peaks

4860.09
λ (Å)
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Figure 3.2: Illustration of profile shapes represented in the emission-line database when absorption through accretion disk wind is negligible. Total flux (black line) is a sum of components contributed by the primary (red), secondary (blue) and circumbinary disk (green).
Flux is shown in arbitrary units against wavelength (bottom x-axis) and corresponding velocity offset relative to the binary center of mass (top x-axis). Pink vertical line at 4860.09 Å
marks the rest wavelength of the Hβ emission line.
their shapes in terms of commonly used statistical distribution functions (§ 3.2.2). We then
investigate whether the complex, composite profile shapes preserve any dependence on the
parameters of the underlying SBHB model (§ 3.2.3).
3.2.1

Characteristic features of the modeled emission-line profiles

The most striking property of the modeled BEL profiles is that they can have multiple
peaks and their appearance can vary significantly over time, due to the orbital motion of
the binary and the resulting variable illumination of the three disks by the two AGNs. Each
disk in the triple disk system can give rise to either a single-peaked or a double-peaked
profile, depending on the size of its emission region and its orientation with respect to the
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Eccentric

Circular

Table 3.2.
a
(M )

1
(%)

5 × 103
104
5 × 104
105
106
5 × 103
104
5 × 104
105
106

15.01
28.16
77.25
87.07
100.00
5.85
9.03
37.84
63.97
100.00

Number of peaks.
2
(%)

3
(%)

40.15 35.84
54.34 17.05
22.74 0.01
12.93 0.00
0.00 0.00
14.21 50.05
42.36 44.05
61.75 0.41
35.98 0.05
0.00 0.00

4
(%)

5
(%)

6
(%)

8.94
0.45
0.00
0.00
0.00
22.82
4.39
0.00
0.00
0.00

0.06
0.00
0.00
0.00
0.00
6.51
0.17
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.57
0.00
0.00
0.00
0.00

observer’s LOS. Generally, the larger the BLR, the more likely is the disk to produce a
single-peaked profile. This is because the bulk of the emission is contributed by the outer
regions on the disk characterized by lower rotational velocities. Similarly, the lower the
inclination of the disk with respect to the observer, the more likely it is that the observed
profile is single-peaked since the gas velocity along the LOS is low. Since in our model we
account for a range of BLR sizes and inclinations, the composite BEL profiles can display
anywhere from 1 to 6 peaks.
Figure 3.2 illustrates the diversity of shapes encountered in the profile database, calculated for different binary configurations. Each profile includes contribution from the
primary and secondary mini-disks and the circumbinary disk. Individual profiles are broadened by rotational motion and random motion of the gas in the disk. Because the gas in
the mini-disks has higher rotational velocity and is closer to the sources of continuum radiation, the BEL profiles contributed by the mini-disks often appear broader and stronger
relative to the emission from the circumbinary disk.
In Table 3.2 we show the percentage of profiles characterized by a given number of
peaks as a function of the orbital separation and eccentricity of the SBHB. One readily
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Figure 3.3: Profiles emitted by a single (primary) mini-disk illuminated by its central AGN
only (blue line) and by the companion AGN (red). Contribution to the total line flux from
illumination by the secondary AGN is negligible only when the mini-disk and the binary
orbit are close to coplanar (θ1 = 0◦ ). Excess flux appears in the blue (red) wing of the
emission line for the hotspot that moves toward (away from) the observer, as indicated
by the azimuthal angle φ. Flux scaling is the same in all panels except for the last one,
where profile flux was divided by a factor of 4 for visualization purposes. The sequence of
profiles at the top and bottom are calculated for two arbitrary SBHB orbital configurations
with a = 50000 M and 5000 M , respectively. Parameters shared by both systems are q = 1,
e = 0, i = 55◦ , φ1 = 0◦ , Rin1 = 500 M1 .
identifiable trend is that majority of profiles tend to have 1–3 peaks. The profiles with 5
and 6 peaks are relatively rare and entirely absent from SBHB systems with large orbital
separations. This can be understood because SBHBs on tight orbits are characterized by
compact mini-disks with high orbital velocities about the binary center of mass, both of
which give rise to broad and multi-peaked lines in the wavelength space. Another trend
is that SBHBs on eccentric orbits tend to have profiles with a higher number of peaks
relative to the circular binaries with the same semi-major axis. This is because eccentric
SBHBs sample a wider range of orbital velocities, allowing for a larger wavelength offset
of individual components in the composite profile.
As mentioned in § 2.2, we assume that both accreting SBHs can shine as AGNs and
illuminate all three disks in the system. In this setup, both mini-disks are illuminated
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by their central AGN as well as the off-center companion AGN. The illumination of the
circumbinary disk by the two AGNs is always off-center. In Figure 3.3 we show the effect
of illumination of the primary mini-disk by the two AGNs (similar effect is present for the
secondary mini-disk). The sequence of profiles at the top and bottom are created for two
different SBHB configurations, arbitrarily chosen for illustration.
The illumination by the secondary AGN resembles an off-center hotspot on the accretion disk surface. Figure 3.3 shows that contribution to the total flux from such a
hotspot sensitively depends on the alignment of the primary mini-disk with the binary orbit.
Namely, when the two are coplanar (θ1 = 0◦ ), illumination due to the secondary AGN is
negligible because of the small incidence angle of its photons on the mini-disk (first panel
of Figure 3.3). When the mini-disk and the binary orbit are misaligned even by a small
amount, the illumination by the secondary AGN can make a significant contribution to the
line flux (second panel of Figure 3.3). In the case of close binaries with highly misaligned
mini-disks we find that this effect can increase the line flux up to several times (last panel).
Depending on whether the hotspot moves away or toward the observer (as indicated by the
azimuthal angle φ) this extra flux may appear in the blue or the red wing of the emission
line giving rise to an asymmetric profile (third and fourth panels). Therefore, the effect of
illumination by a dual AGN can in principle be an indicator of the orbital alignment of the
triple disk system, if it can be identified in the observed BEL profiles of candidate SBHB
systems.
One more characteristic feature of the BEL profiles contributed by the triple disk system
in our model is that the shape of a profile can change significantly over one orbital period
of the binary. The centroids of the BEL profiles contributed by the mini-disks oscillate
about the rest wavelength due to the orbital motion of the SBHs in the way similar to the
spectroscopic stellar binaries. The emission from the circumbinary disk, which is anchored
to the binary center of mass, is on the other hand centered on the rest wavelength of the
system. As a result, a combination of the SBHB orbital motion and rotation of gas within
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Figure 3.4: Sequence of profiles showing temporal evolution of a composite BEL profile
associated with an SBHB system described by q = 1, a = 5000 M , e = 0, Rin1 = 500 M1 ,
Rin2 = 1000 M2 , i = 75◦ , φ = 0◦ , θ1 = 0◦ , θ2 = 15◦ , φ1 = 0◦ , φ2 = 300◦ . Total flux
shown in arbitrary units (black line) is a sum of components contributed by the primary
(red), secondary (blue) and circumbinary disk (green). SBHB orbital phase f is marked in
each panel.
each disk can produce complex and distinct features in SBHB systems relative to emission
lines from stellar binaries.
Figure 3.4 shows time evolution of a profile associated with an SBHB system in which
profiles from both mini-disks are double peaked and asymmetric due to relativistic Doppler
boosting (i.e., exhibit a higher blue shoulder). The same effect is also noticeable in the
composite profile for all orbital phases except f = 216◦ , when the blue and the red shoulder
of the profile become comparable. At f = 216◦ the red wings of the two mini-disk profiles
line up in wavelength giving rise to a relatively strong red peak in the composite profile.
3.2.2

Statistical properties of emission-line profiles

The unique features of modeled BEL profiles associated with SBHB systems point to an
intriguing possibility that, if it is possible to identify them in the observed SBHB candidates, these markers can be used to learn about the properties of the SBHBs. We analyze
the trends in the modeled population of profiles by characterizing their shapes in terms of
several commonly used distribution functions. These include the location of the centroid
(C), asymmetry index (AI), kurtosis index (KI), full width at half and quarter maximum
(FWHM and FWQM), peak shift (PS), and centroid shift (CS). We use the following defi51

nitions,

F =

X

Fλ,i

(3.2)

i

1 X
λi Fλ,i
C =
F i
1 X
σ2 =
(λi − C)2 Fλ,i
F i
1 X
AI =
(λi − C)3 Fλ,i
3
Fσ i
AIP = (C − λm )/σ
1 X
KI =
(λi − C)4 Fλ,i
F σ4 i
c
FWHM = [λr (1/2) − λb (1/2)]
λ0
c
FWQM = [λr (1/4) − λb (1/4)]
λ0
c
PS = (λp − λ0 )
λ0
c
CS = (C − λ0 )
λ0

(3.3)
(3.4)
(3.5)
(3.6)
(3.7)
(3.8)
(3.9)
(3.10)
(3.11)

where Fλ,i is the profile flux density at wavelength λi . The profile flux is normalized by
the maximum flux measured at the peak wavelength, λp , so that Fλ (λp ) ≡ max(Fλ,i ) = 1.
λb (x) and λr (x) indicate the wavelength in the blue wing or the red wing of the profile,
respectively, where the normalized flux drops to some level, x. λ0 is the rest wavelength of
the emission line and λm is the median wavelength that divides profile into a half, so that
50% of the flux lies to the left and to the right of it. The location of the profile centroid, C,
is calculated as the flux weighted mean wavelength.
We use two measures to characterize the asymmetry of the profiles: the asymmetry
index (AI) and the Pearson skewness coefficient (AIP). The positive values of AI and AIP
indicate profiles skewed toward short wavelengths (i.e., blue-leaning profiles) and the negative values indicate red-leaning profiles. However, AI and AIP calculated for the same
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profile sometimes have opposite signs, as they provide different measures of the profile
asymmetry. Specifically, AI sensitively depends on the low intensity features in the profile
wings, while AIP diagnoses the asymmetry in the bulk of the profile.
We use the kurtosis index (KI), calculated as the fourth moment of the flux distribution,
to evaluate the “boxiness” of the profiles. By definition, the values of KI are always positive. Smaller values correspond to boxier profiles and larger values indicate cuspy profiles,
with the top narrower than bottom. In addition, the relevant line widths, peak and centroid
shifts are measured in units of velocity, as defined in equations 3.8 – 3.11.
In calculation of all these statistical properties we adopt a cutoff at Fc = 0.01 to mimic
some fiducial level of spectral noise (but do not introduce actual fluctuations due to noise
to the profiles). With “noise” subtracted from the profile, we rescale the flux above the
cutoff so that the maximum flux measured at the peak wavelength has the value of 1.0. We
investigate the dependance of the distribution functions characterizing the modeled profile
shapes on the value of Fc in more detail in the Appendix C.
We use statistical properties defined in equations 3.5 – 3.11 to construct a multidimensional parameter space of the BEL profiles and investigate their distribution as a
function of the underlying SBHB parameters. In the remainder of the chapter we visualize
the multivariate distribution of profiles with 2-dimensional maps, which represent different projections through this parameter space. For example, in Figures 3.5 and 3.6 we plot
maps of AIP and PS values for profiles calculated for circular and eccentric binary configurations, respectively. The color marks the number density of profiles and indicates which
portions of the parameter space are favored by the modeled profiles.
The top left map in Figures 3.5 and 3.6 illustrates that AIP-PS distributions appear similar in the overall shape, with the eccentric sample having a wider range of the peak velocity
shifts. This difference can be attributed to a wider range of orbital velocities sampled by
eccentric binaries with the same semi-major axes. This topological similarity in the distribution of profiles from circular and eccentric SBHBs is present throughout the parameter
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Figure 3.5: AIP-PS map for profiles associated with circular SBHB systems (top left).
Remaining panels display the distribution of profiles as a function of the alignment of the
triple disk system (θ1 = θ2 = 0◦ and 105◦ ), SBHB mass ratio (q = 1/10 and 1), orbital
separation (a = 5000 M and 106 M ), and inclination of the observer relative to the binary
orbit (i = 5◦ and 105◦ ). Color bar indicates the density of profiles (i.e., the number of
profiles in each area element) plotted on log scale. Grey color outlines the footprint of the
entire distribution shown in top left.
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Figure 3.6: AIP-PS maps for profiles associated with eccentric SBHB systems. Map legend
is the same as in Figure 3.5.
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space. Given the overlap, we plot only the distribution maps for the eccentric SBHBs in the
rest of the chapter and discuss any differences between the circular and eccentric samples
in the text.
Inspection of the top left panels in Figures 3.5 and 3.6 reveals that a significant fraction of profiles are fairly symmetric (AIP ≈ 0) and likely to exhibit the maximum peak
at wavelengths shorter than the rest wavelength (PS < 0 km s−1 ). The latter is a consequence of the relativistic Doppler boosting, which for each individual disk preferentially
boosts the blue shoulder of its BEL profile, creating an effect which is also noticeable in the
composite profile. Another feature worth noting is that in both the circular and eccentric
samples, the profiles that exhibit the strongest peak at shorter wavelengths are also preferentially blue-leaning and vice versa. In the next section, we inspect the remainder of the
profile parameter space for similar trends and consider their relationship with the physical
properties of the SBHB.
In Figure 3.7 we show examples of line profiles from different parts of the parameter
space of Figure 3.6, marked in the footprint of the map in the central panel. The shapes
include profiles that exhibit symmetry (7 and 8), strong asymmetry (2 and 5), and large velocity offsets of the strongest peak (4 and 7). As discussed in § 3.2.1, the offset of the dominant peak towards longer wavelengths (evident in profiles 4 and 5) can occur in our model
only under a specific circumstance: as a consequence of the illumination of a mini-disk by
the companion AGN, when the hotspot is moving away from the observer. Inspection of
profile 4 shows that the mini-disk with a strong hotspot is that around the secondary SBH
(traced by the blue line) and around the primary SBH in profile 5 (traced by the red line).
Moreover, profile 1 exemplifies the scenario where secondary illumination by the companion AGN dramatically boosts the blue wing of the profile from the primary mini-disk in
configuration where the hotspot is moving towards the observer.
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3.2.3

Dependence of profiles on the physical parameters of the binary

In this section, we investigate how the properties of modeled profiles vary as a function of
the SBHB parameters, such as the alignment of the triple disk system, binary mass ratio,
orbital separation, and inclination of the binary relative to the observer. We illustrate this
dependence in the remainder of the panels in Figures 3.5 and 3.6 where we show subsets
of profiles associated with the specific value of SBHB parameter. These show that profiles
from SBHBs with wide orbital separations (a = 106 M ) tend to be very symmetric and
concentrate in the center of the AIP-PS parameter space, while close binaries (a = 5000 M )
have a much wider footprint. By implication, this means that only profile 8 shown in
Figure 3.7 can be produced by systems with large orbital separations.
Similarly, any SBHB configurations where the mini-disks are co-planar with the binary
orbit (and circumbinary disk, by assumption) are characterized by symmetric profiles with
AIP≈ 0 with dominant peak shifted towards the blue part of the spectrum. The misaligned
systems on the other hand are equally likely to be blue-leaning as well as red-leaning and
reside in the range −0.4 . AIP . 0.4. Therefore, profiles 1, 2, 3, 4, 5 and 6 cannot
correspond to SBHBs with coplanar disks. As discussed in the previous paragraph, profiles
1, 4 and 5 also show strong contribution due to illumination by the companion AGNs, which
is indeed expected to be most pronounced for configurations with misaligned disks. More
generally, we find that the effect of illumination by the companion AGN is the main reason
for difference between the AIP-PS distribution of profiles from coplanar and misaligned
SBHB systems shown in Figure 3.6.
On the other hand profiles associated with SBHB systems with different mass ratios
(q = 1/10 and 1) and different orientations of the binary orbit relative to the observer’s
LOS (θ = 5◦ and 105◦ ) show significant overlap in their distributions. Together, these plots
indicate that the most important SBHB parameters that determine the degree of asymmetry
and the position of the dominant peak in the BEL profile are the intrinsic alignment of the
triple disk system and the orbital semi-major axis.
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systems. Map legend is the same as in Figure 3.5.
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In the remaining figures we show four more projections of the multi-dimensional parameter space of the modeled BEL profiles including AI-FWHM (Figures 3.8 and 3.9),
FWQM-CS (Figures 3.10 and 3.11), AI-KI (Figures 3.12 and 3.13) and AIP-CS maps
(Figures 3.14 and 3.15). While more maps (i.e., parameter combinations) can in principle be constructed for this parameter space we focus on those that show distinct statistical
distributions for any given SBHB property.
Figure 3.8 shows AI-FWHM maps for the eccentric sample of binaries, where we
used formulation of the asymmetry index defined in equation 3.5. The figure illustrates
that profiles in the synthetic database have a wide range of FWHM values that extend
to 28, 000 km s−1 for eccentric sample of SBHBs. In comparison, the circular sample
of binaries (not shown) is characterized by somewhat narrower profiles and FWHM <
23, 000 km s−1 . This difference can again be attributed to a wider range of orbital velocities sampled by eccentric binaries.
Similar to Figure 3.5 this map shows that SBHB systems with coplanar disks and SBHBs on wide orbits tend to produce symmetric profiles with AI ≈ 0, distinct from misaligned systems and close binaries. Furthermore, Figure 3.8 shows that low mass ratio
systems (q = 1/10) and those in which SBHB orbit is close to face-on orientation relative
to the observer (θ = 5◦ ) also occupy a narrow range of −1 & AI & 1, relative to the footprint of the entire distribution. This means that a combination of AIP-PS and AI-FWHM
maps can in principle be used to break the degeneracy between SBHBs with aligned disks
or large a and SBHBs with low inclination or low values of q.
Figure 3.9 shows the characteristic profile shapes occupying the AI-FWHM parameter
space. Panels 2 and 6 illustrate the ability of AI to diagnose asymmetry in the low intensity
features in profile wings even when the bulk of the profile is symmetric. By the same
token, profile 5 has a lower value of AI than profile 6. This makes AI an useful diagnostic
whenever the spectral noise level can be accurately determined and low intensity features
clearly isolated. The profiles in panels 4 and 8 of Figure 3.9 have AI ≈ 0 showing that AI
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Figure 3.10: FWQM-CS maps for profiles associated with eccentric SBHB systems. Map
legend is the same as in Figure 3.5.
does not diagnose the asymmetry in the bulk of the profile. This tendency is the opposite
from the AIP index, which makes them complementary diagnostics. Considering this in
the context of the distributions discussed in the previous paragraph indicates that the low
mass ratio SBHB systems and those in which SBHB orbit is close to face-on orientation
relative to the observer can produce emission lines which are asymmetric in the bulk of the
profile but show no significant asymmetry in the low intensity wings.
Figure 3.11 illustrates the diversity of profile shapes encountered in FWQM-CS param-
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Figure 3.12: AI-KI maps for profiles associated with eccentric SBHB systems. Map legend
is the same as in Figure 3.5.
eter space. Interpreted together with Figure 3.10 it shows that the profiles 1, 2 and 3 must
be produced by SBHB systems which satisfy either of these conditions: q > 1/10, θ > 5◦
or a  106 M . Similarly, profiles 1, 3, 4, 5, 7 and 8 cannot be associated with SBHB
systems in which all disks are coplanar nor with wide binaries. Furthermore, profiles 5 and
7 cannot be associated with SBHB systems with q = 1 and represent configurations where
flux contributed by the primary mini-disk dominates over all other components.
Figures 3.12 and 3.13 show AI-KI maps and examples of the BEL profiles associated
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Figure 3.13: Characteristic profile shapes in the AI-KI parameter space. Central panel
shows footprint of the distribution from the top left panel of Figure 3.12 with identical
scale and labeling of axes.
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Figure 3.14: AIP-CS maps for profiles associated with eccentric SBHB systems. Map
legend is the same as in Figure 3.5.
with eccentric SBHBs, respectively. A large fraction of profiles clusters around low values
of AI and KI indicating a large number of symmetric and boxy shapes (see profiles 1 and
7). The AI-KI maps illustrate a strong dependence of the profile shapes on the alignment of
the triple disk system, where aligned systems give rise to very boxy profiles with symmetric
wings. Similarly, the asymmetry of the low intensity features in the profile wings (profiles
3 and 5) is a sensitive function of a and i but is less sensitive to q, because distributions for
different values of the SBHB mass ratio overlap to a significant degree.
The pair of Figures 3.14 and 3.15 show the AIP-CS projection of the parameter space
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Figure 3.15: Characteristic profile shapes in the AIP-CS parameter space. Central panel
shows footprint of the distribution from the top left panel of Figure 3.14 with identical scale
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and the profile shapes in it, respectively. Similar to previous maps, the statistical distributions are a strong function of a, followed by the degree of triple disk alignment marked by
the angles θ1 and θ2 . This implies that AIP-CS maps can be used as a relatively sensitive
diagnostic for these properties. The statistical distributions as a function of q and i are
also distinct, so AIP-CS may also be used to constrain these parameters, although with a
somewhat larger degree of degeneracy.
The profile shapes shown in Figure 3.15 are drawn from the rim of the AIP-CS distribution and are representative of shapes associated with close SBHBs, those with q ≈ 1
(with the exception of 1 and 5) and large inclination. Profiles in panels 1, 4, 5 and 8 exhibit
asymmetry due to one strongly dominant peak produced by illumination of one mini-disk
by the companion AGN. As discussed in § 3.2.1, this effect produces strong contribution
to the flux of the composite profile in close binaries where the illuminated mini-disk is not
aligned with the SBHB orbit, consistent with the binary properties shown in the AIP-CS
maps. Profiles 2, 3, 6 and 7 also have a very pronounced, dominant peak which in their
case arises due to incidental alignment of constituent profiles, rather than illumination by
the other AGN.
In this section we analyzed the dependance of the modeled profile shapes on the key parameters describing SBHB and triple disk configurations. For convenience, we summarize
the most important results below.
• The shapes of modeled BEL profiles are a sensitive function of the binary orbital
separation. Compared to systems with small orbital semi-major axis, line profiles of
wide SBHBs are more symmetric and occupy a relatively narrow range of values in
terms of boxiness, peak and centroid shifts, and FWHM.
• Similarly, modeled profile shapes are a sensitive function of the degree of alignment
in the triple disk system. Line profiles associated with SBHB systems with nearly
coplanar disks tend to be symmetric, boxy, and weakly affected by the secondary
illumination from the companion AGN relative to the misaligned systems.
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• The synthetic BEL profiles tend to be less sensitive (or more degenerate with respect)
to the SBHB mass ratio according to a majority of statistical distributions calculated
in this work. The exception is the AIP-CS parameter space in which the low and high
q systems trace distinct correlations.
• Besides the SBHB mass ratio, the modeled profile shapes show a comparable degree
of degeneracy with respect to the binary orbital inclination relative to the observer.
Compared to systems with high orbital inclination, line profiles of low inclination
systems tend to be more symmetric, especially in the extended profile wings, and
have somewhat lower values of FWHM. Similar to the SBHB mass ratio, the low and
high inclination systems trace distinct correlations in the AIP-CS parameter space.
3.2.4
3.2.4.1

Discussion: Modeled emission-line profiles associated with sub-parsec SBHBs.
Do modeled BEL profiles carry an imprint of SBHB parameters?

The ultimate goal of this investigation is to investigate whether the BEL profiles, commonly
used in spectroscopic observational searchers to select SBHB candidates, can be used to
decode the properties of bona fide SBHBs. In this work we make a step in this direction
by first examining whether modeled BEL profile shapes convey any information about the
parameters of SBHBs and their BLRs. If so, further development of this and similar models
is of interest, as well as a comparison of such models with the data.
The answer to this question is not obvious a priori: while composite profiles are potentially rich in information, the properties of SBHBs may be difficult to extract because
of the complex emission geometry of multiple accretion disks. In practice, this means that
any model designed to represent such systems must depend on a number of parameters
and so do calculated BEL profiles (listed in Table 3.1 and § 3.1 for model presented here).
Because of the dependence of profiles on multiple parameters and their degeneracy, it is
unlikely that a unique match between a model and an observed SBHB can be achieved by

69

attempting to fit the observed profile with arbitrary parameter combinations.
This argues for an approach based on statistical distributions as a more promising way
to analyze profile shapes. In this approach observed profiles can be matched to the modeled database based on their values of AIP, KI, FWHM, PS and CS. Each observed profile
would map into a subset of modeled profiles with similar statistical properties that represent
different modeled SBHB configurations. This correspondence of one observed profile and
multiple SBHB configurations is a direct manifestation of degeneracy of the SBHB parameters. As a result, one could make a statement about the likelihood that the observed profile
corresponds to some given SBHB configuration. If instead of one, a temporal sequence
of observed profiles from the same SBHB is available for comparison with the modeled
database, this could further help to reduce degeneracy.
So far, our results in § 3.2 indicate that the modeled profiles show distinct statistical
properties as a function of the semi-major axis, mass ratio, eccentricity of the binary, and
the degree of alignment of the triple disk system. In our model, the SBHB systems on
eccentric orbits are more likely to produce broader emission-line profiles and complex profiles with multiple peaks relative to the circular cases. Thus, an observed profile compared
to the synthetic database can be assigned a finite probability in the context of this model
that it originates with the circular or eccentric SBHB based on its shape (see however the
discussion below).
Furthermore, mini-disks in smaller separation binaries which are misaligned with the
binary orbital plane are subject to strong illumination by both AGNs in the system. As
a consequence of the off-center illumination, such systems give rise to very asymmetric
profiles that can exhibit significant peak or centroid velocity shifts. This is the dominant
reason why all statistical distributions shown in this work are sensitive functions of parameters that control orbital separation and disk alignment. Indeed, in our model these two
features of SBHB systems are most easily discernible based on profile shapes.
In comparison, the effects of the binary mass ratio and SBHB orientation relative to
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a distant observer on profiles shapes are most discernible in the AIP-CS distribution (for
both q and i) and AI-KI distribution (for i and to a lesser degree q). It is interesting to
note that SBHBs with low q or nearly face-on orbits (i ≈ 0◦ ) tend to show a significant
degree of correlation between the Pearson’s skewness coefficient and the peak or centroid
velocity shifts (Figures 3.6 and 3.14), where the AIP-CS correlation is more pronounced.
This implies that such SBHB systems give rise to specific asymmetric profiles. As the
offset of the dominant peak increases, the profile becomes more asymmetric resulting in
red leaning profiles with the strongest peak shifted towards red or the blue leaning profiles
with the strongest peak shifted towards blue.
Visual inspection of such profiles indicates that their shapes tend to be strongly affected
by the off-center illumination of the primary mini-disk, which dominates the flux in the
composite profile. This can be understood because in our model the emission from the
primary mini-disk typically dominates over that from the secondary and circumbinary disks
for the smallest values of q. Even so, the composite BEL profile does not default to a fairly
symmetric double peaked profile from an accretion disk about a single SBH, precisely
because of the illumination by the secondary AGN.
It follows that the most characteristic features of the modeled profiles presented here are
a direct consequence of the presence of multiple BLRs (giving rise to profiles with multiple
peaks) and their illumination by two AGN, both of which are an inherent property of the
SBHB model. The distinct statistical distributions suggest that SBHB properties are indeed
imprinted in the population of modeled profiles, albeit with some degeneracy, which for
any given SBHB parameter can be statistically quantified. Based on this we conclude that
models of BEL profiles from SBHBs in circumbinary disks can have predictive power and
as such merit further investigation.
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3.2.4.2

Can modeled BEL profiles be compared with the observed profiles from SBHB
candidates?

The next relevant question is whether the modeled BEL profiles presented here can be directly compared with those from spectroscopically selected SBHB candidates. We make
several such comparisons below but note that they do not constitute a proof that the observed candidates are indeed SBH binaries.
Examination of the observed BEL profiles from SBHB candidates presented in [105],
[109], [112] and [114], shows that these profiles can be asymmetric and offset but are usually quite smooth and characterized by one or two peaks, unlike some of the profiles in
our database with complex structure and up to 6 peaks. Admittedly, the fraction of profiles with such high number of peaks is relatively small in our database and they are more
common for eccentric binaries. On the other hand, the modeled single and double-peaked
profiles are most common in SBHB configurations with semi-major axes a ≥ 5 × 104 M ,
which for a 108 M binary translates to ≥ 0.25 pc. Therefore, if comparison between the
observed and modeled profiles is made at the face value, it would favor moderately wide
bound binaries.
Note that both AIP-PS and AIP-CS correlations have been reported in spectroscopically
targeted SBHB candidates and have not been found in a control sample of matching AGN
[105, 113]. A qualitative comparison of the observed sample in Figure 18 of [113] with
our modeled AIP-PS distributions in Figures 3.5 and 3.6 shows that they cover a similar
range of AIP values but that the observed profiles tend to have peak velocity shifts in a
narrow range between −4000 . PS . 3000 km s−1 . In the context of the SBHB model this
disfavors configurations of SBHBs with either the smallest or the widest orbital separations
and favors moderately wide binaries and binaries with misaligned disks.
Another correlation identified in the sample of observed SBHBs by the same authors
is between the third moment of the flux distribution of profiles1 , µ3 , and FWHM. Namely,
1

Related to the properties calculated in this work as µ3 = σ 3 AI.
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[105] report that the values of µ3 in the observed BEL profiles tend to decrease with increasing FWHM. This correlation is not seemingly present in our modeled sample regardless of the adopted parameter cut. As noted before however, the value of AI (and that of
the related parameter µ3 ) sensitively depends on the noise level, which in observed profiles
is very likely different from the fiducial noise level we adopt in our calculations of AI.
We will take this difference into account when we carry out a more detailed comparison
between the observed and modeled samples.
Along similar lines, the FWHM measured by Eracleous et al [105] in their sample of 88
candidates reaches up to 18, 000 km s−1 . Our synthetic profiles are however characterized
by values of FWHM as high as 23, 000 km s−1 for the circular and 28, 000 km s−1 for the
eccentric sample of binaries. The modeled profiles are therefore inherently wider than those
observed, regardless of the SBHB parameter cut.
The tendency of modeled profiles to exhibit richer and more diverse structure can to
some degree be ascribed to their dependence on the semi-major axis, as discussed at the
beginning of this section, or perhaps a larger degree of “smoothing” in real profiles due to
either the presence of noise or a larger velocity dispersion of the emitting gas on average.
On the other hand a mismatch in the range of measured FWHM between the two populations cannot be trivially explained. The FWHM measured in modeled profiles is a function
of the orbital velocity of the gas in each disk and the orbital velocity of the binary, both of
which are inherent characteristics of SBHB systems. If anything, increasing the velocity
dispersion of the gas (σ) in our model, in order to produce smoother profiles, would result
in even wider profiles and more tension between the observed and modeled samples.
A qualitative comparison therefore highlights some intriguing similarities and also
points to differences between the two samples. The former motivate further development of
models of BEL profiles from SBHB systems, given their potential to interpret profiles from
observed bona fide SBHBs. The latter may arise either due to a true difference between
the two samples of profiles or because physical processes giving rise to the BEL profiles
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were not entirely captured by our model. It is therefore important before attempting more
detailed comparisons to examine the impact of any simplifying assumptions made in the
current model.
3.2.4.3

Simplifying assumptions and their implications

Perhaps the most important physical mechanism that can significantly modify the appearance of the spectrum and emission lines is the radiative feedback from the binary AGN,
capable of driving winds and outflows from the circumbinary region. Several recent simulations of SBHBs in circumbinary disks indicate that despite strong binary torques, accretion into the central cavity continues more-less unhindered relative to the single SBH case
[39, 40, 152]. This point is of particular interest because AGN feedback from an accreting
binary SBH can considerably change the structure, thermodynamic and ionization properties of the circumbinary region. In this section, we assume that the emissivity of each broad
line region arises due to photoionization by the two AGNs but neglect the effects of radiation pressure on the dynamics and optical depth of the emitting gas. In the next section,
we will discuss properties of the profiles of low-ionization emission lines when radiative
transfer effects are not neglectable by generalizing models that account for accretion disk
wind [127, 133–135]. The key effect of the accretion disk wind is to modify the shape of
a BEL profile. This occurs because the radiation pressure from the central AGN lifts-off
the low density gas from the surface of the disk and launches it along streamlines above
the disk. The photons (in this case Hβ) escaping from a single accretion disk encounter
increased optical depth through the emission layer and as a consequence, the peaks of an
initially double peaked profile move closer and eventually merge, producing a narrower
single peaked profile. Comparisons of such single peaked disk-wind model profiles with
emission lines from a set of SDSS quasars show that observed lines are consistent with
moderately large optical depth in the disk wind and indicate that most AGNs may be subject to this type of feedback [134]. It is therefore reasonable to assume that if SBHs in a
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binary can accrete at rates comparable to the general population of AGNs, they are likely
to produce similar effects. The reprocessing of the Hβ photons through the accretion disk
wind may indeed produce smoother and narrower profiles in better general agreement with
the observed sample of SBHB candidates and AGNs in general. However, the same effect may also “wash out” some of the characteristic features encountered in our modeled
profiles, thus weakening their dependence on the properties of the binary. We will assess
the diagnostic power from BEL profiles affected by the accretion disk wind and associated
with SBHBs in circumbinary disks in the next section.
In addition to the accretion disk wind the emissivity can also be modified by shocks, impacts of streams from the circumbinary disk onto the accretion disks around the individual
SBHs [153] and by the presence of overdense lumps that may form in the inner region of
the circumbinary disk [40]. These features have been predicted by some theoretical models
and simulations and if indeed present in binary accretion flows, they would increase the
complexity of the BEL profiles by creating hotspots and localized regions of high emissivity. The presence, persistance and exact emission properties of these features however
sensitively depend on thermodynamics of the SBHB accretion flow, which remains to be
understood and at the present cannot be derived from first principles. We do not account
for contribution to the emissivity of the broad lines from shocks and overdensities but note
that they can be added to the existing model should that be necessary.
Another approximation used in our model is that the two mini-disks, as well as the
circumbinary disk are circular in shape. In this scenario, the outer edges of the mini-disks
and the inner edge of the circumbinary disk are determined by SBHB tidal forces and are
not free parameters of the model (see § 3.1). Simulations however show that the mini-disks
and the circumbinary disk can exhibit varying degrees of eccentricity as a consequence
of tidal deformation by the binary, an effect which is most pronounced for comparablemass binaries [40]. From the stand point of our semi-analytic model this implies that
additional parameters may be required in order to describe the geometry of the emission

75

regions around SBHBs, leading to additional degrees of freedom in profile shapes. The
distinct property of an elliptical accretion disk is that it can naturally give rise to double
peaked BEL profiles in which the red peak is stronger than the blue, a feature that cannot
be reproduced by a circular disk [122]. In our model this type of asymmetry is present
in less than 50% of the profiles and it arises in two ways: either through summation of
individual profiles which results in a stronger red peak (see for example panels 6 and 7 in
Figure 3.15) or due to illumination by the companion AGN (panels 4 and 5 in Figure 3.15).
We therefore reproduce such an effect even though we only consider circular BLRs in our
model. If our model accounted for elliptical disks the database may contain a larger fraction
of profiles with the dominant red peak (reflected in the positive value of the peak velocity
shift) but at the expense of a number of additional parameters.
An additional assumption used in our model is that of prograde binaries. Namely,
motivated by theoretical works described in the Introduction Chapter 1 we assume that the
SBHB and the circumbinary disk are coplanar and rotate in the same sense. At the same
time, the mini-disks are allowed to assume arbitrary orientation (and sense of rotation)
relative to the SBHB orbit. A circumbinary disk with an arbitrary orientation relative to
the SBHB orbit would however still produce a single- or a double-peaked profile that is
centered on the SBHB rest frame, similar to the profiles shown in this work. Since the
total flux of the composite profile is dominated by the primary and secondary mini-disks,
the assumption about co-planarity of the circumbinary disk should not strongly affect our
results. Note however that simulations of retrograde SBHBs in circumbinary disks show a
different dependence of SBH accretion rates on orbital eccentricity [154] from that assumed
in Equation 3.1 of this work. This is another ingredient that can in principle be added to
the model, if counter-rotating SBHB configurations are of interest.
Because we evaluate Doppler boosting and gravitational redshift in the weak field limit
and neglect bending of light (see § 2.1) we can only faithfully calculate the BEL profiles
that arise in configurations in which the photons are emitted far from the immediate en-
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vironment of black holes (i.e., at distances larger than tens of Schwarzschild radii) and in
which they do not travel on grazing trajectories over the SBHs. Both of these requirements
are satisfied in our model given the assumed sizes of emission regions and the fact that
we do not allow for edge-on configurations characterized by the disk inclination angles in
the range 80 − 100◦ . Along similar lines, we do not account for lensing of one mini-disk
by the companion SBH when the two SBHs are in conjunction. Such configurations are
expected to be rare and short lived and should not significantly affect the overall statistical
distribution of the BEL profiles.
The parameter values in Table 3.1 are chosen so as to provide a relatively uniform
but not necessarily dense coverage of the SBHB parameter space. This can be seen in
the middle top panel of Figure 3.10, where ”branches” at FWQM ≈ 22, 000 km s−1 and
27, 000 km s−1 carry an imprint of the underlying SBHB parameter choices, most likely
that of the binary orbital inclination. Because of the extent of the parameter space, the
number of sampled configurations quickly adds up to nearly 15 million, even with a handful
of choices per parameter. While this rate of sampling may be acceptable for surveying
the properties of BEL profiles, a denser coverage can be obtained for sub-regions of the
parameter space.
It is worth noting that other physical processes can potentially mimic the emission signatures of SBHBs discussed here. These include but are not limited to the recoiling SBHs
[155] and local and global instabilities in single SBH accretion disks that can give rise to
transient bright spots and spiral arms [156, 157]. In that sense, the model described in this
chapter can be used to interpret observed BEL profiles in the context of the SBHB model
but cannot be used to prove that they originate with veritable SBHB systems. For example, profiles of SBHB candidates observed in multiple epochs can be compared against the
synthetic database individually, in order to determine the likelihood distribution for underlying SBHB parameters for each profile independently. The entire time series of observed
profiles can also be compared against the time series of matching modeled profiles as an
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added consistency check for the inferred SBHB parameters.

3.3

Improved Model for Calculation of BELs: the Effect of Accretion Disk Wind

3.3.1

The effect of wind optical depth on profile peaks

In the next two sections we report properties of the BEL profiles produced in the present
of disk wind effect and compare them to the ones in the previous section in which the
disk wind was not accounted for. Figure 3.16 provides a comparison between the with
and without disk wind effect in terms of the number of peaks that characterize their BEL
profiles. In the absence of a disk wind, each BLR can give rise to a double-peaked BEL
profile. Therefore, the combinations of three BLRs can produce a composite broad profile
with up to six distinct peaks, depending on the relative motion of the BLRs with respect
to the observer. This is indeed reported in § 3.2.1 and shown in Figure 3.16 in column “a”
for each model. These columns reflect the profile demographics in the NW model, which
corresponds to τ0 = 0, whereas cases “b”, “c” and “d” correspond to the increasing optical
depth in the disk wind.
Figure 3.16 shows that in the absence of the accretion disk wind, the fraction of multipeaked profiles reaches 38% for SBHBs on circular orbits and 57% for eccentric SBHBs.
As reported in the previous § 3.2, SBHBs on eccentric orbits tend to have profiles with
a higher number of peaks relative to the circular binaries with the same semimajor axis
because the eccentric SBHBs sample a wider range of orbital velocities, allowing for a
larger wavelength offset of individual components in the composite profile.
The most important trend captured by Figure 3.16 is the increase in the percentage of the
single-peaked profiles with the wind optical depth in each model. For example, for SBHBs
on circular orbits in the 3DW model the number of single-peaked profiles increases from
62% in the τ0 = 0 case to 98% in the τ0 = 100 case. The remaining 2% of profiles in τ0 =
100 case are double-peaked profiles, and there are no profiles with three or more peaks. A
similar trend can also be found in the eccentric 3DW model, where even a moderate optical
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depth (τ0 = 1) eliminates complex profiles with more than three peaks.
As mentioned in the introduction, the multi-peaked profiles produced by the NW model
do not reflect the average properties of the observed sample of SBHB candidates, or the
general population of AGNs, the majority of which tend to have broad but single-peaked
profiles. This discrepancy provided the main motivation for further development of the
model, which now includes radiative transfer through the disk wind. Figure 3.16 shows that
this development results in model profiles that are consistent with observations given some
appropriate value of τ0 . For example, only about 3% of observed AGNs exhibit the doublepeaked BEL profiles [125]. If sub-parsec SBHBs in circumbinary disks follow a similar
trend, our models indicate that their accretion disks must have outflows with substantial
optical depths (τ0 > 1).
Estimating the fraction of double-peaked profiles in the datasets obtained from the observational searches for sub-parsec SBHBs is however non-trivial. For example, the sample
of candidates selected for spectroscopic monitoring by Eracleous et al. [105], and Runnoe
et al. [113, 158]2 includes only the sources which were in the first epoch of observations
characterized by single-peaked BEL profiles. Further analysis of this sample has shown
that after the subtraction from the Hβ complex of the narrow Hβ line and [O III] doublet,
17/88 (or about 20%) of SBHB candidates exhibit apparent double-peaked broad Hβ line
profiles. Because the subtraction of the narrow line components is not unique, it introduces
an uncertainty that can make the resulting broad line appear double-peaked. We therefore
conclude that . 20% of the SBHB candidates in the E12 sample have line profiles that are
truly double-peaked. If all of these are shown to be genuine SBHBs, this would require
them to have disk winds with τ0 & 0.1.
It is interesting to note that in the 2DW model for SBHBs on circular orbits, the number
of single-peaked profiles increases for optical depth τ0 = 0.1 but then levels off for τ0 = 1
and 100. In this setup, the attenuation of emitted radiation in the disk wind is only present
2

We refer to it as the E12 search hereafter.
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Figure 3.16: Percentage of single- and multi-peaked profiles in different models calculated
for SBHBs on circular and eccentric orbits. In all models the number of single-peaked
profiles increases with the optical depth in the disk wind. SBHBs on eccentric orbits tend
to have profiles with a higher number of peaks relative to SBHBs on circular orbits. Each
column corresponds to a different value of the optical depth, τ0 : (a) 0, (b) 0.1, (c) 1 and (d)
100. Different colors mark profiles with one to six peaks.
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in the two mini-disks but not in the circumbinary disk. Once the optical depth in the
mini-disks becomes substantial, their emission is significantly attenuated relative to the
circumbinary disk. This is because re-emission of the Hβ line photons absorbed in the wind
is unlikely, given that a hydrogen atom in n = 4 energy state can reach the ground state via
several different radiative decay channels, can be radiatively or collisionally ionized, and
collisionally excited or de-excited. While some of these processes may result in re-emission
of the Hβ photons, their numbers should be considerably smaller relative to the number of
absorbed ones. Consequently, the circumbinary disk remains the dominant contributor to
the composite BEL profile. Therefore, the number of multi-peaked profiles is in the high
optical depth limit determined by the number of double-peaked profiles contributed by the
circumbinary disks.
3.3.2

Characteristic features of the modeled emission-line profiles

Following the approach laid out in § 3.2.2, we analyze the trends in the modeled group
of profiles by characterizing their shapes in terms of several commonly used distribution
functions. These include the Pearson skewness coefficient (AIP), full width at half and
quarter maximum (FWHM and FWQM), peak shift (PS), and centroid shift (CS), defined
in equations 3.2–3.11. We choose these properties among other distribution functions because they provide robust measures of the dominant features in the bulk of the profile. We
avoid profile shape parameters that rely on the wings on the line profiles as these are significantly affected by the noise present in the observed spectra. For more detailed analysis
of the impact of the noise on spectral measurements and statistical distribution functions of
profiles see our Appendix C and the Appendix in [113].
In Figure 3.17 we visualize the distribution of profiles in two-dimensional maps of
AIP versus PS values calculated for all models, including SBHBs on circular and eccentric
orbits, different wind configurations, and wind optical depths. The color marks the number
density of profiles on a logarithmic scale and indicates which portions of the parameter
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Figure 3.17: Maps of Pearson skewness coefficient vs. peak shift (AIP-PS) for profiles
associated with models of SBHBs on circular and eccentric orbits, different wind configurations, and wind optical depths. The first two rows depict profile distributions in the
models with SBHBs on circular orbits where there is no absorption of the BEL photons by
the disk wind (NW models), the absorption occurs in the two mini-disks (2DW), or in all
three disks (3DW). Third row shows the same for the models with eccentric SBHBs. In all
rows the wind optical depth increases from left to right, from τ0 = 0 (NW models) to 0.1,
1, and 100 for DW models. Color bar indicates the density of profiles (i.e., the number of
profiles in each area element) plotted on a log scale.
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space are favored by the modeled profiles. By definition, positive values of AIP indicate
profiles skewed toward short wavelengths, i.e., blue-leaning profiles, and negative values
indicate red-leaning profiles. Similarly, negative values of PS indicate that the highest
(or the only) peak of the profile is blueshifted with respect to the rest wavelength of the
emission line and vice versa.
Inspection of the panels in Figure 3.17 reveals that in all models a significant fraction
of profiles are fairly symmetric (AIP ≈ 0) and likely to exhibit their highest peak at wavelengths shorter than the rest wavelength (PS < 0 km s−1 ). The latter is a consequence of
relativistic Doppler boosting, which for each individual disk preferentially boosts the blue
shoulder of its BEL profile, creating an effect that is also noticeable in the composite profile. Another feature worth noting is that in all but one sample (C-2DW-100), the profiles
that exhibit the strongest peak at shorter wavelengths are also preferentially blue-leaning
and vice versa. This is of interest because this trend is also present in the sample of SBHB
candidates observed as a part of the E12 search [see Figure 18 in 113, and § 3.4.1 in this
work for further discussion].
It is worth noting that the distribution of profiles in the model C-2DW-100 appears
different with respect to the others. This is because in this model the circumbinary disk
remains the dominant contributor to the composite BEL profile, while the emission from the
mini-disks is suppressed by the optically thick disk wind, characterized by τ0 = 100. This
model therefore includes the profiles associated with the spatially extended circumbinary
disk, which are mostly single-peaked, relatively symmetric and narrow, compared to the
unattenuated profiles from the mini-disks.
The most notable difference among different models is that the AIP-PS distribution of
profiles becomes narrower with the increasing optical depth in the disk wind. Specifically,
the measured range of peak shifts calculated in the C-3DW model for SBHBs on circular
orbits is between −8000 and 8000 km s−1 in the scenario τ0 = 0 but is in the narrower range
from −6000 to 6000 km s−1 in the τ0 = 100 scenario. Similarly, the AIP-PS distribution
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Figure 3.18: Appearance of individual BEL profiles in C-NW and C-3DW-100 models.
Central panel: Following Fig. 3.17, gray color represents the profile distribution for τ0 = 0,
while the pink overlay marks the τ0 = 100 case. Markers “a” and “b” trace the location
of profiles calculated for the same SBHB configurations with zero and high optical depth,
respectively. Surrounding panels illustrate the appearance of profiles associated with markers in the central panel. In all cases, higher optical depth in the disk wind gives rise to more
symmetric profiles with a smaller number of peaks. Flux is shown in arbitrary units against
wavelength marked on the bottom x-axis. Pink vertical line at 4860.09 Å marks the rest
wavelength of the Hβ emission line. For all profiles, total flux (black line) is a sum of components contributed by the primary (red), secondary (blue), and circumbinary disk (green).
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Table 3.3.

Physical Parameters of Profiles Shown in Figure 3.18

Profile

a

q

e

Rin1

Rin2

i

φ

θ1

φ1

θ2

φ2

max /F max
Fλ,b
λ,a

1
2
3
4
5
6

5000
5000
5000
5000
5000
5000

0.818182
0.818182
0.818182
0.666667
0.100000
1.000000

0.0
0.0
0.0
0.0
0.0
0.0

1000
500
1000
500
500
1000

1000
1000
1000
500
1000
1000

105
105
105
55
5
105

0
0
0
0
0
0

60
105
60
165
105
135

60
185
0
60
0
0

105
105
135
30
105
165

235
0
235
235
235
60

0.0011
0.0013
0.0017
0.0029
0.0014
0.0018

max /F max – the ratio between the maximum value of the flux for the attenuated profile in panel b
Note. — Fλ,b
λ,a
(C-3DW-100 model), and the corresponding profile in panel a (C-NW model), before they were normalized to 1.

of profiles in the E-3DW model becomes narrower with increasing optical depth.
Figure 3.18 illustrates how individual profiles change when the optical depth in the disk
wind increases. The central panel shows the footprint of the AIP-PS distributions for C-NW
and C-3DW-100 models. The gray color represents the distribution in τ0 = 0 case, while
the distribution overlaid in pink traces τ0 = 100 scenario. In the central panel, the markers
“a” and “b” trace the location of profiles calculated for the same SBHB configurations with
zero and high optical depth, respectively. In all the cases shown, the BEL profiles from
the model with τ0 = 100 tend to concentrate toward the center of the AIP-PS distribution
relative to the no wind scenario. It follows that higher optical depth in the disk wind gives
rise to more symmetric profiles with a smaller number of peaks.
The surrounding panels in Figure 3.18 illustrate the appearance of individual profile
pairs. Each composite profile (represented by the black line) is a sum of components contributed by the primary (red), secondary (blue), and circumbinary disk (green). Furthermore, Table 3.3 lists the relevant physical parameters used in the calculation of profiles in
Figure 3.18. It can be seen that the increase in optical depth transforms the double-peaked
profile in panel 1a to a single-peaked profile in panel 1b, mainly because the dominant
component contributed by the primary mini-disk becomes single-peaked. A complex profile in panel 4a, which includes comparable contributions from the primary and secondary
mini-disks, is reduced to a smoother single-peaked profile in panel 4b. Similarly, a triple85

peaked profile in panel 6a, in which the emission from the secondary mini-disk dominates,
is reduced to an asymmetric, double-peaked profile in panel 6b. We also list in Table 3.3
the ratio between the maximum flux value for attenuated profiles in panels “b” (τ0 = 100)
and the corresponding profiles in panels “a” (τ0 = 0), before they were normalized to 1.
The ratio between the two cases is of the order of 10−3 , indicating strong attenuation of
the absorbed profiles, relative to the NW scenario. As noted in § 3.3.1, if profile shapes of
SBHBs follow a similar trend as regular AGNs (in terms of the frequency of the single- and
double-peaked profiles), then their accretion disks must have outflows with optical depths
τ0 > 1. Based on this, we expect that finding an AGN or an SBHB candidate characterized
by a moderately high value of τ0 should not be uncommon. For such objects however, it
may be challenging to disentangle the severely attenuated BEL profile from the continuum.
As previously mentioned, each profile associated with one of the disks in the triple disk
system is subject to Doppler boosting and attenuation due to absorption in the accretion disk
wind. The imprints of these two phenomena include boosting of the blue shoulder of an
individual profile (Doppler effect) and merging of the peaks of an initially double-peaked
profile into a narrower single peak (absorption). These effects can still be recognized in the
composite profiles, albeit not as easily, because a combination of three different profiles
results in diverse profile shapes. As a consequence, it is not obvious which peak will
dominate (or appear weakened) for a given binary configuration until the profile summation
is done.
In terms of the relative contribution to the profile flux from individual disks, the minidisk of the larger SMBH tends to dominate, because it has a larger surface area. An exception to this is scenarios illustrated by the composite profile number 6a/6b, in which the flux
from the secondary mini-disk dominates even though q = 1. This “additional” line flux
arises because of the illumination of the misaligned secondary mini-disk by both AGNs.
The contribution to the profile flux from the circumbinary disk is negligible in all configurations, because it is further away from the two AGNs than the mini-disks, and because
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it is co-planar with the binary orbit, and so it intercepts only a small fraction of the AGN
radiation.
3.3.3

Dependence of profiles on the physical parameters of the binary

In this section we examine whether the profiles produced by the second-generation model
preserve distinct statistical properties as a function of the SBHB parameters, as found for
the first-generation models. This question is of importance because modification of the
BEL profiles by the accretion disk wind may limit their diagnostic power by “erasing” the
imprints of the underlying SBHB configurations.
As mentioned in § 3.3.2, we use statistical functions (AIP, PS, FWHM, etc.) to construct a multi-dimensional parameter space in which we place the modeled BEL profiles.
Figures 3.19, 3.20, and 3.21 show the two-dimensional maps, that represent different projections through this parameter space. All maps in these three figures are computed for
model E-3DW-1 and are equivalent to Figures 3.6, 3.10, and 3.14, which contain corresponding maps for the NW model. The distributions from the NW model are shown by the
black dashed contours in the top left panel of Figures 3.19, 3.20, and 3.21, for comparison.
The remaining panels in these figures show how the properties of modeled profiles vary as
a function of the SBHB parameters, such as the alignment of the triple disk system, binary
mass ratio, orbital separation, and inclination of the binary orbit relative to the observer.
Figure 3.19, for example, illustrates that profiles from SBHBs with wide orbital separations (a = 106 M ) tend to be very symmetric and concentrated in the center of the
AIP-PS parameter space, while close binaries (a = 5000 M ) lead to profiles with a much
wider base. Similarly, any SBHB configurations where the mini-disks are coplanar with
the binary orbit (and the circumbinary disk, by assumption) are characterized by symmetric profiles with AIP ≈ 0, majority of which have the dominant peak shifted toward the
blue part of the spectrum, as a consequence of Doppler boosting. The misaligned systems are equally likely to be blue-leaning as well as red-leaning and reside in the range
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Figure 3.19: AIP-PS map for profiles associated with the eccentric SBHB model E-3DW1 (top left). Remaining panels display the distribution of profiles as a function of the
alignment of the triple disk system, SBHB mass ratio, orbital separation, and inclination of
the observer relative to the binary orbit. Color bar indicates the density of profiles (i.e., the
number of profiles in each area element) plotted on the log scale. Grey color outlines the
footprint of the entire distribution shown in top left panel. Black dashed contours in the top
left panel are drawn in increments of one, from 0.5 (outermost) to 3.5 (innermost). They
correspond to the AIP-PS maps in the NW model (as shown in Figure 3.6) and are included
here for easier visual comparison.
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profiles associated with eccentric SBHB systems in model E-3DW-1. Black dashed contours in the top left panel correspond to the FWQM-CS maps in the NW model (as shown
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of −0.4 . AIP . 0.4. In contrast, profiles associated with SBHB systems with different
mass ratios (q = 1/10 and 1) and different orientations of the binary orbit relative to the
observer’s LOS (i = 5◦ and 105◦ ) show significant overlap in their distributions. Similarly
to the NW model, these plots indicate that the most important SBHB parameters that determine the degree of asymmetry and the position of the dominant peak in the BEL profile
are the intrinsic alignment of the triple disk system and the orbital semimajor axis. The
only notable difference between the profile distributions in models E-3DW-1 and NW is
that in the former, the systems with low q and i show less asymmetry (−0.3 . AIP . 0.3)
relative to the NW model (−0.4 . AIP . 0.4).
Figure 3.20 shows FWQM-CS maps calculated for BEL profiles in the E-3DW-1
model. As in the NW model the profiles exhibit a wide range of centroid shifts, |CS| <
4000 km s−1 , and can have broad bases with FWQM < 30, 000 km s−1 . In both models we
find that the location of the centroid is a strong function of a in the sense that profiles from
close binaries (a = 5000 M ) can have a significantly wider range of CS values relative to
the wide binaries (a = 106 M ). In the E-3DW-1 model the semi-major axis also seems to
be the parameter that strongly affects the profile width, since for wide separation binaries
FWQM < 17, 000 km s−1 , considerably lower than for the entire sample of profiles. Indeed, we find that on average the profiles in model E-3DW-1 tend to be narrower than their
counterparts in the NW model, as a consequence of modification by the disk wind of finite
optical depth.
Figure 3.21 shows the AIP-CS projection of the parameter space and the profile shapes
in the E-3DW-1 model. Similar to the previous maps, the statistical distributions are a
strong function of a, followed by the degree of triple disk alignment marked by the angles
θ1 and θ2 . This implies that AIP-CS maps calculated based on the second-generation model
can still be used as a relatively sensitive diagnostic for these properties. The statistical
distributions as a function of q and i are also distinct, so the AIP-CS combination may also
be used to constrain these parameters, albeit with a somewhat larger degree of degeneracy.
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The maps in the E-3DW-1 model therefore preserve the key features seen in the NW model.
In summary, we find that radiative transfer in the disk wind does affect the overall
shape of BEL profiles by making them narrower on average and more symmetric in SBHB
systems characterized by low q and i. Despite these differences, all correlations between
profile distributions and the SBHB parameters identified in § 3.2 are preserved, indicating
that their diagnostic power is not diminished. As before, we find that the shapes of modeled BEL profiles are a sensitive function of the binary orbital separation and the degree
of alignment in the triple disk system. The synthetic profiles tend to be less sensitive (or
more degenerate with respect) to the SBHB mass ratio and orbital inclination relative to
the observer. We furthermore find a large degree of overlap between the models of SBHBs
on circular and eccentric orbits and therefore do not expect that the profile shapes alone
can be employed as a useful diagnostic of eccentricity. These findings can guide expectations when it comes to the analysis of the spectroscopic SBHB candidates in terms of the
diagnostic value and limitations of the BEL profiles.
3.3.4

Discussion: Synthetic BEL profiles in the presence of radiatively driven disk wind

In § 3.3, we have considered the limit when radiation pressure from the two AGNs is capable of driving winds and outflows, which change the effective line optical depth of the
emitting gas. As described in § 3.3.1, this results in simpler, mostly single-peaked BEL profiles, which resemble those of observed SBHB candidates and AGNs in general. However,
this addition to the model inevitably makes it more complex, as it requires the introduction
of new parameters to describe the properties of the accretion disk wind. The primary effect
of the increase in the number of parameters is the increased degeneracy in the relationship
between the properties of the BEL profiles and the underlying SBHB parameters. We show
in § 3.3.3 that the correlations between profile distribution functions and the SBHB parameters identified in the first-generation model are nevertheless preserved, indicating that their
diagnostic power is not diminished.
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Along similar lines, the calculation of radiative transfer requires several assumptions
about the properties of the accretion disk wind. The main one is that the Sobolev approximation is applicable to the accretion disk winds arising in the BLRs of SBHB systems.
In this regime the photons that are not absorbed within one Sobolev length from the point
of emission (or in the case of a disk, from the emission layer) can escape to infinity, provided that the velocity of the wind projected onto the LOS is monotonically increasing (see
§ 2.3.2.2). This condition is likely satisfied in regular AGNs, in which accretion disk winds
are expected to accelerate radially out [139, 145].
In our model we also make a simplifying assumption that the two mini-disks have the
same disk-wind optical depth. It is therefore worth understanding how different the physical conditions can be in the two SBH mini-disks, which tend to contribute most of the
flux to the composite Hβ line profile. In our model, which is motivated by hydrodynamic
simulations of SBHBs in circumbinary disks, the largest contrast between the SBH mass
ratios is ṁ = Ṁ2 /Ṁ1 ≈ 5, for circular binaries with mass ratio q = 1/10 (see Equation 3.1). In terms of the Eddington normalized mass ratios this implies ṁ/q ≈ 50. If the
emission lines from SBH mini-disks respond to the continuum radiation in the same way
as in regular AGNs, the higher relative luminosity of the secondary AGN would result in a
lower equivalent width of the Hβ BEL profile contributed by the secondary mini-disk [correlation known as the Baldwin effect; 159]. In the context of our calculation, this implies
a reduction in the contribution to the composite Hβ profile from the secondary mini-disk,
an effect not captured by our model. The effect is weaker for circular binaries with larger
SBH mass ratios and for all eccentric SBHBs, and it disappears in all configurations when
q = 1.
The geometry and kinematics of radiation driven outflows in SBHB systems are unknown. In the absence of any other constraints we assume that in a binary the disk wind
driven by each AGN extends over the entire surface of its BLR and is not affected by the
wind from the companion disk. We also assume that the properties of the disk wind (e.g.,
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mass density and velocity profile) in each BLR are similar to regular AGNs. If, on the other
hand, the outflows from the two mini-disks are interacting and colliding, the velocity field
in the wind can become non-monotonic and the local escape probability defined in equation 2.38 would cease to be a good description of radiation transport. One would instead
have a more complex distribution of the line optical depth across one or both mini-disks,
which would in turn give rise to more complex profiles [142].
It is also not clear whether the outflows can extend from the mini-disks into the circumbinary disk, especially in configurations in which they are not co-planar. In this work
we consider configurations in which the circumbinary disk is (a) either not affected by the
disk wind (2DW models) or (b) has an accretion disk wind which is radial and axisymmetric, as if driven by a single, central AGN (3DW models). When it comes to the 2DW suite
of models, a model which is clearly inconsistent with the observed sample of SBHB candidates (and appears more like regular AGNs) is C-2DW-100, in which the emission from
the mini-disks is suppressed due to the high optical depth (τ0 = 100) and the emission from
the circumbinary disk dominates. In the case of the 3DW models, the circumbinary disk
affected by a wind makes a negligible contribution to the flux of the composite profile and
hence, we do not expect the assumptions in (b) to strongly affect our results.
The dependence on the physical parameters of the SBHB makes the broad BEL profiles
a promising diagnostic once a sample of genuine sub-parsec binaries is available. At this
point, a comparison of the probability density distributions of modeled profiles with those
from observed SBHB candidates (§ 3.3 and 4.1) suggests that, if the observed sample is
made up of real binaries, it must include smaller separation SBHBs (a  106 M ) with
misaligned disks and high mass ratios. While this is intriguing, a visual comparison of
the distributions does not provide conclusive evidence that they overlap or are drawn from
some larger, common distribution. We nevertheless perform a simple comparison and find
that the shapes of the BEL profiles from a sample of observed SBHB candidates are more
consistent with the binary model than are regular AGNs (see § 3.4.5 for more details).
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A point worth reiterating is that other physical processes can potentially mimic the
emission signatures of SBHBs discussed here. These include but are not limited to the
recoiling SBHs [155] and local and global instabilities in single SBH accretion disks that
can give rise to transient bright spots and spiral arms [156, 157]. In that sense, the model
described in this work can be used to interpret observed BEL profiles in the context of the
SBHB model but cannot be used to prove that they originate with genuine SBHB systems.
For example, profiles of SBHB candidates observed in multiple epochs can be compared
against the synthetic database individually, in order to determine the likelihood distribution
for underlying SBHB parameters for each profile independently. The entire time series
of observed profiles can also be compared against the time series of matching modeled
profiles as an added consistency check for the inferred SBHB parameters. We defer this
type of analysis to Chapter 4.

3.4

Implications for Observational Searches

3.4.1

Comparison with SBHB candidates

In this section we compare the database of modeled profiles to the emission lines observed
and published as a part of the E12 search for SBHBs. The E12 campaign searched for
z < 0.7 SDSS3 AGNs with broad Hβ lines offset from the rest frame of the host galaxy by
& 1000 km s−1 . Based on this criterion, E12 selected 88 quasars for observational followup
from an initial group of about 16,000 objects. The followup observations span a temporal
baseline from few weeks to 12 years in the observer’s frame. Their goal is to measure the
epoch-to-epoch modulation in the velocity offset of the Hβ profiles and to test the binarity
hypothesis by ruling out any sources in which this modulation is not consistent with the
SBHB orbital motion. After multiple epochs of followup, statistically significant changes
in the velocity offset have been measured in 29/88 candidates and reported in the publications mentioned above. At present time, this approach has highlighted several promising
3
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Figure 3.22: AIP-PS maps for profiles associated with the observed SBHB candidates (left)
and a control sample of matching AGNs (right) from the E12 search. The maps were
adaptively smoothed, normalized to the same profile number and dynamic range as in Figure 3.19, in order to facilitate direct visual comparison. Color bar indicates the normalized
density of profiles plotted on the log scale. Black dashed contours correspond to the AIPCS map in Figure 3.19 and are drawn in increments of one, from 0.5 (outermost) to 3.5
(innermost).
cases for further followup but has not yet allowed to rule out the SBHB hypothesis for any
candidates.
We use a data set of broad optical emission lines (drawn from the E12 data set), which
at the time of this analysis included 330 multi-epoch spectra of 88 SBHB candidates and
527 spectra for a control sample of 212 matching regular (non-binary) AGNs with similar
redshifts and luminosities [see 158, for description of the candidate and control sample].
Figures 3.22, 3.23, and 3.24 show the distribution of these profiles in the AIP-PS, FWQMCS, and AIP-CS maps respectively. Because the observed samples of SBHB candidates
and regular AGNs contain only a few hundred profiles each, we perform adaptive smoothing of the maps, in order to present them in the the same form as the synthetic data (i.e., as a
continuous distribution) that facilitates direct visual comparison. Specifically, the smoothing has been carried out using a two-dimensional (elliptical) Gaussian function with the
width scaled linearly with the profile density from 1/10 to 1/3 of the standard deviation of
the relevant parameter. These maps can be compared to the corresponding maps for modeled BEL profiles in Figures 3.19, 3.20, and 3.21. For easier visual comparison, we also
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Figure 3.25: AIP-CS maps for the emission-line profiles in the C-3DW-1 model (left), the
scenario in which each AGN is only allowed to illuminate its own mini-disk but not that
of the companion SBH (middle), and in the scenario in which only the AGN associated
with the secondary SBH illuminates all three disks, and the primary AGN is assigned zero
luminosity (right). Color bar indicates the density of profiles plotted on a log scale.
overplot the contours representing these distributions in Figures 3.22, 3.23, and 3.24.
For example, inspection of the AIP-PS maps for the observed SBHB candidates and
the sample of modeled profiles suggests that both exhibit a negative linear correlation in
this projection of the parameter space (i.e., the blue leaning profiles have blueshifted peaks
and vice versa). It also follows that, if the observed sample consists of genuine binaries, it
must include smaller separation SBHBs (a  106 M ) with misaligned disks. The control
sample of AGNs, shown in the right panel of Figure 3.22, on the other hand, does not show
such a correlation between the profile asymmetry and peak location and is characterized by
profiles with peaks that are predominantly centered on the rest frame of the host galaxy.
A comparison of the FWQM-CS maps in Figures 3.20 and 3.23 reveals that the observed SBHB candidates and the synthetic sample both contain a large fraction of profiles
with a relatively broad base, characterized by FWQM≥ 5000 km s−1 . At the same time,
most of the profiles in the control sample of AGNs reside at much lower values of FWQM.
Figure 3.23 also shows that a majority of the SBHB candidates and regular AGNs posses
positive CS values, representing profiles with centroids redshifted relative to the frame of
the host galaxy by ∼ 1000 km s−1 , on average. This prevalence of centroid redshift is
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Figure 3.26: FWQM-CS maps with the same legend as in Figure 3.25.
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Figure 3.27: AIP-CS maps with the same legend as in Figure 3.25.
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also present in the synthetic dataset but the average centroid shift is somewhat smaller for
modeled profiles. Figure 3.24 shows that a majority of the SBHB candidates and regular
AGNs posses emission lines with positive CS and AIP values, indicating preferentially blue
leaning, asymmetric profiles with redshifted centroids. In the case of the candidate SBHBs
only, the blue leaning profiles with redshifted centroids also tend to have blueshifted peaks
(see Figure 3.22), and they account for about 30% of the synthetic database. In general, we
find this combination of properties in profiles in which relativistic Doppler boosting plays a
role. A visual comparison of the AIP-CS maps for the observed SBHB candidates and the
sample of modeled profiles suggests that, if the observed sample comprises real binaries, it
must include compact SBHBs (a  106 M ) with misaligned disks and high mass ratios, as
well as the systems with high orbital inclinations relative to the observer’s LOS.
3.4.2

Importance of illumination by two active black holes (AGNs)

All BEL profiles presented in this work have been calculated assuming that both accreting
SBHs can shine as AGNs and illuminate their own mini-disk as well as the two other disks
in the system (see § 2.2). The effect of illumination of one mini-disk by a companion AGN
is most pronounced in binaries when their mini-disks are misaligned with the SBHB orbital
plane. This geometry allows the companion AGN to effectively illuminate the mini-disk
of its neighbor at relatively large incidence angles (& 30◦ ). As a consequence, in some
configurations, the incident flux from the companion AGN on the mini-disk can be several
times higher than that of its resident AGN. As pointed out in the NW model, illumination of
the triple-disk BLR by two AGNs can give rise to very asymmetric profiles, with significant
peak or centroid velocity shifts. These characteristics are preserved in the improved model
with accretion disk wind presented in here in this section. All statistical distributions shown
in both models are sensitive functions of the SBHB orbital separation and disk alignment.
Because they require a certain degree of geometric misalignment of the mini-disks, the
effects of illumination by two AGNs are less ubiquitous (i.e., they affect the shapes of a
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smaller number of profiles in our database) than the effects on the BEL photons from the
accretion disk wind. When present however, illumination by two AGNs tends to modify
the profile shapes more dramatically than the line-driven winds. This point is illustrated in
Figures 3.25, 3.26 and 3.27, which compare the AIP-PS, FWQM-CS and AIP-CS statistical
distributions for three different illumination scenarios, respectively. The scenario involving
illumination by two AGNs is represented by the C-3DW-1 model, shown in the first panel
of all three figures. The second panel illustrates the model in which each AGN is only
allowed to illuminate its own mini-disk (but not that of the companion SBH) and both
AGNs illuminate the circumbinary disk. The last panel shows the distribution of profiles in
the scenario in which only the AGN associated with the secondary SBH illuminates all three
disks, and the primary AGN is assigned zero luminosity. The last scenario is of interest for
E12 and other spectroscopic searches for binaries, which adopt in their interpretation of the
data an assumption that the AGN associated with the secondary SBH is more luminous and
outshines the primary.
3.4.3

Temporal variability of the modeled line profiles

In our model temporal variability of the emission lines can arise on the orbital time scale
when profile modulation is associated with the orbital motion of the SBH mini-disks and/or
with the changing illumination pattern by two AGNs. Alternatively, profile variability can
arise on time scales different from the orbital time scale if it is associated with the change
in optical depth of the wind along the LOS. While we do not explicitly model different
temporal sequences for profiles with varying τ0 , they can be created by choosing the appropriate SBHB and wind optical depth configurations from the synthetic database. The
first panel of Figure 3.28 shows 20 orbital phases within one orbital cycle of an SBHB
system with q = 0.1 and remaining parameters as shown in the caption. Red dots trace
the modulation of the BEL profile associated with the orbital motion of the primary SBH
and the blue dots trace the secondary. An important assumption made in the calculation
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Figure 3.28: Temporal evolution of profile shapes over one orbital cycle for an SBHB with
q = 1/10 (panels 1 and 2 from the left) and q = 9/11 (panels 3, 4 and 5 from the left).
Red (blue) dots trace the velocity curve of the primary (secondary) SBH. Panel 1: Profiles
calculated for τ0 = 0.01 under the assumption that each AGN can only illuminate its own
mini-disk and both AGNs illuminate the circumbinary disk. Panel 2: Profiles calculated for
τ0 = 0.01 under the (default) assumption that all three disks are illuminated by two AGNs.
Panel 3: Profiles calculated for τ0 = 0.01. Panel 4: Profiles calculated for τ0 = 1.0. Panel
5: Profiles calculated for optical depth τ0 = 0.01 for orbital phases 10–15 and for τ0 = 1.0
in all other phases. Other parameters shared by all profiles in this figure are: a = 2500 M ,
e = 0.0, Rin1 = 500 M1 , Rin2 = 500 M2 , i = 20◦ , φ = 50◦ , θ1 = 15◦ , θ2 = 160◦ , φ1 = 0◦ ,
φ2 = 180◦ . The phases 1–20 are equally spaced and phase 1 (20) corresponds to f = 0◦
(342◦ ).
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of these profiles is that each AGN can only illuminate its own mini-disk and both AGNs
illuminate the circumbinary disk, a scenario presented in § 3.4.2. In this case, there are no
significant changes to the shape or width of the composite profile and the wavelength shift
is relatively small and invisible to the eye. This can be understood because at q = 0.1 the
emission from the mini-disk of the primary SBH dominates over the mini-disk of the secondary, since the ratio of their fluxes scales as F2 /F1 ∝ q2 (see Equation 2.28). Note that
the primary mini-disk dominates even if one accounts for the inversion of accretion rates in
unequal mass binaries, where accretion is expected to occur preferentially onto the smaller
of the SBHs. Specifically, in the q = 0.1 configuration considered above, the accretion rate
onto the secondary SBH is ∼ 5 times higher than that of the primary4 . Therefore, even
though the more luminous secondary AGN in our model boosts the flux ratio by a factor
of ∼ 5, this is still insufficient for the secondary BLR to outshine the primary BLR in the
Balmer lines. At the same time, the contribution to the profile flux from the circumbinary
disk is negligible in a majority of configurations in our model, as illustrated in Figure 3.18.
The second panel of Figure 3.28 shows BEL profiles associated with the same SBHB
configuration but in this case, illumination of all three disks by both AGNs is allowed.
Note that this is a default assumption used in the calculation of all profiles in our database
of modeled profiles. Because this system consists of misaligned mini-disks (as indicated
by the angles θ1 and θ2 ), the geometry of the system allows for illumination of the primary
BLR by the secondary AGN. This effect leads to a significant change in the profile shape
over the limited portion of the orbital cycle, in phases 7–15. Therefore, even though the
contribution to the line flux from the secondary BLR is negligible, the illumination by the
secondary AGN is not. As a result, the spectroscopic signatures of SBHBs in circumbinary
disks might be unique even when their mass ratio is very low.
The remaining three panels of Figure 3.28 show different phases of the same SBHB
configuration with q = 9/11. The effect of illumination by both AGNs is accounted for
4

See Equation 3.1 for the description of the SBHB accretion rate ratio.
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in all profiles shown in these three panels. This system is representative of SBHBs with
q ∼ 1, surrounded by mini-disks that make comparable contributions to the composite
BEL profile. Because of their individual modulation in wavelength over time (indicated by
the red and blue dots), the composite profile varies in both shape and width throughout the
orbital cycle, but exhibits insignificant shift with respect to the rest frame of the host galaxy.
To illustrate the effect of the optical depth on the profile shapes in this scenario we show the
emission lines calculated for τ0 = 0.01 and 1.0 in the third and fourth panels, respectively.
The primary effect of the increased optical depth in the disk wind is a transformation from a
broader and occasionally double-peaked BEL profile into a smoother and narrower singlepeaked profile.
To emulate a variable optical depth, in the fifth panel we show the profiles calculated for
τ0 = 0.01 in phases 10–15 and the remaining profiles corresponding to the higher optical
depth. Note that similar changes have been seen in the broad Balmer emission lines of
some AGNs that are not SBHB candidates, which have been observed to fluctuate between
a double-peaked and a single-peaked profile: NGC 5548 [160–162], Pictor A [163, 164],
and Ark 120 [165, 166]. The disk-wind with changing optical depth has been suggested as
a viable explanation for the appearance of these sources [134].
In summary, we find that orbital modulation in a binary with small q, in which both
black holes are shining as AGN, results in smaller radial velocity offsets of the BEL profiles, determined by the velocity curve of the primary. Equal mass binaries exhibit no radial
velocity offsets in binary AGN systems due to symmetry but their profiles show plenty of
variation in shape on the orbital time scale. The disk wind has a weak impact on the radial
velocity offsets or profile variability and its main effect is to make the profiles smoother
and single-peaked. The most dramatic variations in shape are caused by illumination of
one mini-disk by a companion AGN. The properties of the profile that show the biggest
changes are the asymmetry (AIP) and peak shift (PS), whereas FWHM is not so strongly
impacted. The effect is only noticeable over a fraction of the orbital cycle, suggesting that
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if present in real SBHBs, only a fraction of binaries should be affected by it at any given
time.
3.4.4

Implications for the observed variable profiles

The configuration in the fourth panel of Figure 3.28 is chosen to mimic the variability of
the Hβ profiles observed in NGC 5548 [see Figure 5 of 114], which has been proposed as
a nearby SBHB candidate with an orbital period of 14–16 years [see also 108]. This orbital
period corresponds to a 108 M SBHB with an orbital separation close to 2500 M , similar
to the example shown here. It is worth noting that this apparent similarity in profile shapes
does not provide a proof of binarity for NGC 5548, because it does not rule out other
non-SBHB mechanisms, which in principle may produce a similar sequence of profiles.
However, should the binary hypothesis for NGC 5548 be confirmed, our model suggests
that this is likely to be an SBHB with q ∼ 1 and misaligned mini-disks, which allow for
the changing illumination by the two AGNs.
The BEL profiles that exhibit significant change in their shapes from one epoch of
observation to another, similar to those shown for the high mass ratio SBHB in Figure 3.28,
represent a practical challenge for the spectroscopic searches for SBHBs which seek to
measure the wavelength shift of the entire profile. As discussed in publications reporting
on the E12 search, evolution of profile shape makes it very difficult to discern the shift
of the bulk of the profile, as the former may mimic the latter. For example, Runnoe et al.
[158] report reliable and statistically significant measurements of radial velocity changes in
29/88 SBHB candidates, which exhibit no variability in the shape of the broad Hβ profile
over the length of the monitoring campaign. In this context, E12 hypothesize that these 29
profiles correspond to the SBHB systems, where the mini-disk of the secondary SBH is the
dominant contributor to the Hβ line flux5 and as a result, the composite profile does not
5
The SBHB interpretation adopted by E12 and other spectroscopic searches also leaves room for the
primary mini-disk to be the dominant contributor to the emission line, given a binary with the mass larger by
a factor q −3 .
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change in shape or width over the observed portion of the orbital cycle.
In the context of our model the 29 candidates with relatively stable profile shapes may
correspond to configurations in which the evolution of the profile shapes is slower and is
not discernible on the monitoring time scale of few to ten years. This may indicate a longer
period binary (with orbital period of a few hundred years) or a system where either the
primary or the secondary BLR dominate the BEL flux over some fraction of the orbit. Since
this behavior is consistent with a relatively diverse set of SBHB configurations in our model
we cannot make more detailed inferences about the corresponding orbital separations and
mass ratios.
Furthermore, 49/88 SBHB candidates in the E12 sample are characterized by variable
profiles which preclude the radial velocity measurements, and the rest show no measurable
radial velocity changes. By implication, the 49 candidates with variable profile shapes are
consistent with q > 0.1 configurations modeled in this work, and with small separation
binaries (a . 104 M ) with misaligned disks, in which changing illumination by the two
AGNs plays an important role over the observed portion of the orbit.
3.4.5

Quantitative comparison of modeled emission-line profiles to the observed profiles

This test is not straightforward to carry out due to several differences in the way the synthetic and observed samples were constructed. Firstly, in the synthetic sample we choose
uniform distributions of the SBHB parameters (shown in Table 3.1) in order to obtain a
uniform but not necessarily dense coverage of the SBHB parameter space. We prefer this
agnostic approach to modeling because the distribution functions for various SBHB parameters are still not well constrained. Something that can be expected with a reasonable level
of confidence however is that the mass ratios and orbital separations of the observed set of
SBHBs are not uniformly distributed. Moreover, the fact that our database has finite size
inevitably means that we are not capturing all profile shapes that an SBHBs in circumbinary
disks might have. Consequently, the statistical distribution functions for simulated profiles
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in Figures 3.19 – 3.21 and those for the observed sample shown in Figures 3.22 – 3.24, may
share some subset of profiles but they are not drawn from the same parent distribution, and
in the case of the synthetic profiles, not in a random way.
Secondly, the observed SBHB candidates have been selected based on a few more criteria, which we do not apply to the modeled profiles. Specifically, the SBHB candidates
selected for further monitoring by E12 have the broad component of the BEL profile offset
by & 1000 km s−1 , a practical requirement that makes it easier to separate the broad and
narrow components of the line during the analysis. Our database however includes profiles
with all values of velocity offsets, including those with < 1000 km s−1 . Similarly, E12 only
choose for followup candidates with the Hβ BEL profiles which in the first epoch of observation appear single-peaked before subtraction of the narrow Hβ and [O III] lines. Since
we only model the emission from the BLR, we cannot predict the appearance of the profiles with superimposed narrow-line emission. We instead compare our modeled profiles
directly to the broad-line component of the observed Hβ profiles [see 113, for discussion of
a method for subtraction of the narrow lines.]. These differences preclude us from carrying
out an apples-to-apples comparison of the modeled and observed line profiles at this point.
We can nevertheless perform a relative comparison by asking: are the modeled profiles
more similar to the profiles of SBHB candidates or the control sample of regular AGN? For
this test we design a following simple statistic
P P
i

j

i

j

Rx−y = P P

(PSBHB (xi , yj ) − Pmod (xi , yj ))2
(PAGN (xi , yj ) − Pmod (xi , yj ))2

(3.12)

where Pmod , PSBHB , and PAGN represent the two-dimensional probability distributions
of profiles drawn from the modeled, the SBHB candidate, and the regular AGN sample,
respectively. Each distribution represents the probability of finding a profile in a given
“pixel” of a discretized two-dimensional map, for which coordinates (xi , yj ) mark the center of the pixel with the width ∆x and ∆y. For the purpose of this comparison we choose
the size of each pixel to be a hundredth of the full numerical range of a distribution, i.e.
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Table 3.4.

Comparison of Observed and Modeled Datasets
x−y

Rx−y

AIP-PS*
0.20
FWHM-C
0.32
FWQM-CS* 0.34
FWHM-AI 0.40
FWHM-AIP 0.45

x−y

Rx−y

KI-CS
AIP-CS*
KI-σ2
KI-AI
AIP-σ2

0.55
0.63
0.79
0.90
0.94

Note. — AIP - Pearson skewness coefficient. PS - Peak shift. FWHM, FWQM
- Full width at half and quarter maximum,
respectively. C - Location of the centroid.
CS - Centroid shift. AI - Asymmetry index.
KI - Kurtosis index. σ2 - Second moment. *
Marks distributions presented in this work.

∆x = (xmax − xmin ) /100. We have confirmed that this choice does not affect the value of
Rx−y by comparing the smoothed distributions of the observed and modeled profiles for a
variety of grid sizes, ranging from 25 × 25 to 1000 × 1000. Defined in this way Rx−y becomes a simple test of similarity in the overall shape of the two-dimensional distributions,
without any a priory assumptions about their origin.
Table 3.4 shows Rx−y values calculated for different profile shape parameters commonly used to analyze the BEL profiles (see § 3.2.2 for their definitions). The synthetic
profiles used in calculation of Rx−y are drawn from the model C-3DW-100. In order to
mimic the selection process of the E12 search as closely as possible, before calculating
Pmod we remove profiles with peak shifts < 1000 km s−1 and those that have more than one
peak from the modeled sample. In this statistic, Rx−y = 0 when the probability distribution of the SBHB candidates is precisely matching that of the modeled profiles. The values
of Rx−y < 1 correspond to a higher degree of similarity between the modeled and SBHB
candidate profiles than the modeled and regular AGN profiles. Conversely, Rx−y > 1 indi108

cates a higher degree of similarity between the modeled and regular AGN profiles than the
modeled and candidate SBHB profiles.
As it can be seen from Table 3.4, Rx−y < 1 for all statistical distribution pairs, where
we mark with an asterisk the pairs presented in Figures throughout this work. It is worth
noting that the distributions that we have a priori identified as more robust, because they
measure the dominant features in the bulk of the profile (AIP, PS, CS similar to C, FWHM
similar to FWQM), favor similarity between the observed SBHB candidate and modeled
profiles. On the other hand, higher moments of the profile flux distribution, which tend
to be more easily affected by the noise (σ2 , AI, KI), on average result in higher values of
Rx−y . This simple comparison therefore seems to support the hypothesis that the shapes
of the BEL profiles from a sample of observed SBHB candidates are more consistent with
the binary model than are regular AGNs.
A related pertinent question is: how large an observed SBHB sample should be for a
meaningful statistical comparison between the observed and synthetic profiles? Since 2D
profile distributions, like AIP-PS shown in the top left panel of Figure 3.19, are described
by their shape and dynamic range (illustrated by color), we want to find the minimum
number of profiles needed to represent the shape and colors of this distribution. The AIPPS distribution shown in the top left panel of Figure 3.19 has N = 12 million profiles and
spans a dynamic range of 6 orders of magnitude. We use the Cochran’s formula [167] to
estimate a sample size large enough so that there is a finite number of profiles within the
yellow (or red, or green) color region of the figure with 95% confidence.

n=

N n0
N + n0 − 1

and

n0 =

Z 2 P (1 − P )
.
e2

(3.13)

Here n and N are the sizes of the sample and the entire population, respectively. The
parameter n0 asymptotes to n in the limit when N approaches infinity. P is a proportion
of the profiles with the relevant attribute (color) in the population. Since we want to draw
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profiles that represent the yellow color region of the distribution, we estimate Pyellow ≈
102.5 /106 = 10−3.5 , where the exponents 2.5 and 6 correspond to the values on the color
bar. Z represents the number of standard deviations away from the expected proportion
Pyellow in a normal distribution (also often referred to as “sigma”). For example, 95%
confidence level corresponds to Z = 1.96 ≈ 2. The parameter e determines the margin of
error, so that the sample will have some fraction of profiles in the yellow region, within the
range [Pyellow ± e]. Since the value of Pyellow is small, we can choose e = Pyellow , so that
the fraction of profiles in the sample drawn from the yellow region is in the range from 0
to 2Pyellow .
With these values, we can estimate that the sample size of profiles, required to meaningfully reproduce the distribution of profiles in Figure 3.19, down to at least the green,
yellow, red contour region, is approximately ngreen ∼ 103 , nyellow ∼ 104 and nred ∼ 105 ,
respectively. In the context of comparisons carried out in this work, these numbers can be
interpreted as the minimum number of observed spectra necessary to compare the distributions of the observed and synthetic profiles. As described in paragraph 2 of § 3.4, at the
time of this analysis we used 330 spectra of SBHB candidates, and 527 spectra of control
sample AGNs. These numbers indicate that at present time a comparison can be made at
the level of the blue and green contour regions in Figure 3.19, with a confidence level of
only Z ≈ 1 (or about 60−70%). Future surveys are however expected to increase the number of AGN spectra (and spectra time series) by 1 − 2 orders of magnitude, so we anticipate
that our models will be useful beyond the comparison with the current data. Similar analysis applies to the remaining profile distributions. We defer a more detailed comparison of
individual profiles of SBHB candidates with the synthetic database to the next Chapter 4.
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CHAPTER 4
PROPERTIES OF BINARY CANDIDATES IN THE CONTEXT OF THE SBHB
MODEL

In this chapter, we present a method for comparison of the modeled and observed optical
BELs, based on the principal component analysis, and use it to infer the properties of 88
SBHB candidates from the E12 spectroscopic search. The new aspect of this method is
that in addition to the parameter estimates it also provides a quantitative measure of the
parameter degeneracy, thus allowing to establish uncertainties intrinsic to such measurements. This chapter is organized as follows. We describe the method used to infer physical
parameters for the observed SBHB candidates in § 4.1 and present the results for individual
SBHB candidates and the entire sample in § 4.2. In § 4.3, we discuss the implications of
these results along with the limitations of our method.

4.1
4.1.1

Methods
Description of the database of modeled and observed emission-line profiles

Based on the analysis of the modeled profile database presented in the previous chapters, we
have found that radiative transfer in the disk wind affects the overall shape of BEL profiles
by making them narrower on average and more symmetric in SBHB systems characterized
by low q and i. The shapes of modeled BEL profiles are a sensitive function of the binary
orbital separation and the degree of alignment in the triple-disk system but tend to be less
sensitive (or more degenerate with respect) to the SBHB mass ratio and orbital inclination
relative to the observer. Because there is a large degree of overlap between the models
of SBHBs on circular and eccentric orbits, we do not expect that the profile shapes alone
can be employed as a useful diagnostic of eccentricity. These earlier findings guide our
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Figure 4.1: Illustration of the reconstruction of a profile from the modeled database (marked
by the red solid line) using principal component analysis. The left panel shows reconstruction of the profile using the first 8 and the first 20 principal components (blue dashed and
dotted lines, respectively). The right panel shows the variance of the modeled database
along each principal axis, given by the eigenvalues, as a function of the order of the eigenprofile. Even though the first 8 principal components represent more than 98 percent of the
total variance of the modeled database, a reliable reconstruction of more complex profiles,
like the one shown, requires about 20 principal components.
expectations, in terms of the diagnostic power of the BEL profiles and degeneracy of the
SBHB parameters, as we set out to quantify them in this work.
We compare the database of modeled profiles to the emission lines observed and published as a part of the E12 search for sub-parsec SBHBs. The E12 campaign searched for
z < 0.7 Sloan Digital Sky Survey AGNs with broad Hβ lines offset from the rest frame
of the host galaxy by & 1000 km s−1 . Based on this criterion, E12 selected 88 quasars
for observational follow-up from an initial group of about 15,900 objects. The follow-up
observations span a temporal baseline from a few weeks to 12 yr in the observer’s frame.
Their goal is to measure the epoch-to-epoch modulation in the velocity offset of the Hβ
profiles and to test the binarity hypothesis by ruling out any sources whose radial velocity
curve is not consistent with the SBHB orbital motion.
After multiple epochs of follow-up, statistically significant changes in the velocity offset have been measured in 29/88 candidates and reported by the E12 campaign. At the
present time, this approach has highlighted several promising cases for further follow-up
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but has not yet allowed to rule out the SBHB hypothesis for any candidates. We use a
data set of broad optical emission lines (drawn from the E12 data set), which at the time
of this analysis included 330 multi-epoch spectra of 88 SBHB candidates and 527 spectra
for a control sample of 212 matching regular (nonbinary) AGNs with similar redshifts and
luminosities [see 113, for detailed description of the SBHB candidate sample as well as the
control sample].
4.1.2

Comparison of the modeled and observed samples using the principal component

analysis
The analysis carried out in previous chapters has unambiguously shown that SBHB properties are imprinted in the population of the modeled BEL profiles, albeit with some degeneracy. It has also provided a statistical statement about the collective properties of the
observed SBHB candidate sample but did not provide the means to determine the parameters of individual binary candidates. We have therefore developed a method, based on
the principal component analysis (PCA), which allows to infer the properties of individual
SBHB candidates, as well as to quantify the uncertainties associated with those determinations.
PCA allows decomposition of a dataset into a number of linearly independent principal
components, or eigenvectors. This technique is optimal for analysis of large and complex
data sets, which cannot be inspected manually. For example, [91] extended the application
of this technique to spectra of 9,800 SDSS quasars with the goal to identify outliers among
them. The same method has been used to flag the SBHB candidates for observational
followup from the spectra of ∼ 15, 900 SDSS quasars in the E12 sample. In this work, we
use PCA to decompose the sample of modeled and observed BEL profiles using the same
basis of eigenvectors, and to reveal the portion of the parameter space favored by the SBHB
candidates, by performing a comparison of the two samples within the basis defined by the
PCA eigenvectors.
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In the case of a sample that consists of BEL profiles, the eigenvectors are represented
by eigenprofiles. The eigenvalue that corresponds to each eigenprofile is a measure of the
relative importance of that eigenvector in accounting for the variance within the sample.
In this scheme, the highest weight goes to the defining features, present in the majority
of the profile sample and lower weight goes to the features in which noise or a unique
profile characteristic dominates. This procedure is illustrated in Figure 4.1, which shows
reconstruction of one of the more complex BEL profiles selected from our database.
A large majority of BELs in our database have simpler profiles and can be successfully
reconstructed with only 8 principal components. This is a reflection of the fact that the first
8 principal components represent more than 98 percent of the total variance of the modeled
database. In the case of the profile shown in Figure 4.1, the first eight principal components do not fully describe the profile features, and a faithful reconstruction of this profile
(and other profiles of similar complexity) requires at least about 20 principal components.
Consequently, we choose the first 20 principal components to ensure that we can accurately describe all synthetic profiles in our database. The same set of eigenprofiles used for
description of the synthetic database is then used to describe the profiles in the observed
SBHB candidate sample and the control sample of AGNs.
Having defined a common set of basis vectors for both datasets, we use it to compare
the modeled and observed profiles by calculating their Euclidean distance in the space of
20 principal components. We define a distance from a given observed profile (Fo ) to an
arbitrary profile in the synthetic database (Fs ) as

d(Fs , Fo ) =

" 20
X
i=1

#1/2
(Tis − Tio )2

(4.1)

Here, Fo and Fs are vectors of size [1 × M] and M = 600 is the number of equal frequency
bins used to describe each profile. Ts and To are the principal components associated with
each profile, respectively (see Appendix E). We rank all synthetic profiles in terms of their
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Figure 4.2: Hβ emission-line profiles from multi-epoch observations of three SBHB candidates: SDSS J93844 (top row), J95036 (middle), and J161911 (bottom). For each epoch,
we show the observed profile (blue solid line), the synthetic profile with the smallest (red
dashed) and largest distance (green dotted) from the observed profile, contained in the nearest neighbor set.
distance from the observed profile to obtain the synthetic database sorted by distance, F̃,
such that, d(F̃s , Fo ) ≤ d(F̃s+1 , Fo ).
From the ranked database we select a subset of N profiles that are the nearest neighbors
to the observed profile, whose value is determined as the larger of the number of profiles
within some cutoff distance dc and 6500.
i
N (F ) = max k : d(F̃ , F ) < dc (F ), 6500
o

h

k

o

o

(4.2)

The value of 6500 corresponds approximately to the square root of the total number of the
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Figure 4.3: Hβ emission-line profiles from multi-epoch observations of the SBHB candidate J153636, indicated by the time stamp. The observed candidate has the lowest average
QI among all objects from the E12 sample of SBHB candidates, indicating that there is no
close match for its profiles in the synthetic database. The meaning of different line styles
and colors is the same as in Figure 4.2.
synthetic profiles in our database. The cutoff distance dc is chosen to be 10 percent of the
magnitude of the observed profile,
"
dc (Fo ) = 0.1

M
X

#1/2
(Fmo )2

,

(4.3)

m=1

so that wider profiles correspond to larger cutoff distance. Here, Fom represents monochromatic profile flux at a given wavelength.
Therefore, each observed profile has a well-defined set of nearest neighbors in the synthetic database and a cutoff distance calculated using equation 4.3. Figure 4.2 shows a
visual comparison between the multi-epoch profiles for three observed SBHB candidates
(SDSS J93844, J95036, and J161911) and the profiles with the smallest (most similar) and
the largest distance (least similar) belonging to their corresponding nearest neighbor sets.
In a majority of cases, the nearest and furthest neighbor defined in this way are similar in
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shape to the observed profiles. The exception are the cases in which the synthetic database
does not contain a profile similar enough to the observed profile, as shown for the spectrum
of J93844 observed in April 2012.
In order to measure the quality of the achieved match, we define the quality index (QI)
as a function of the distance between the observed profile and its closest neighbor in the
synthetic database
QI =

dc − dmin
.
dc

(4.4)

By definition, 0 ≤ QI ≤ 1 for observed profiles whose closest neighbor can be identified
within its corresponding cutoff distance. In the cases when the closest neighbor cannot be
found within the cutoff distance, the algorithm by default selects the closest 6500 synthetic
profiles as its nearest neighbors. Such scenarios result in QI < 0, indicating a lower
quality match, since the distance to the nearest synthetic profile dmin > dc . We illustrate
this case in Figure 4.3, which shows a sequence of seven observed BEL profiles for the
candidate J153636. QI for this object remains negative for every epoch of observation.
Furthermore, its average quality index, QI = −1.08 (calculated as a simple average for all
epochs of observation), is the lowest in the entire database, indicating that interpretation
of this SBHB candidate is not reliable, simply because there is no close match for it in the
synthetic database. The fraction of SBHB candidates with the negative average QI makes
up about 18% of the E12 sample and we list their values in Table F.1.
4.1.3

Calculation of probability distributions for inferred SBHB parameters

The procedure described in the previous section allows us to determine a set of synthetic
profiles, which are the closest neighbors to each observed profile. Since every synthetic
profile corresponds to a unique set of SBHB parameters, we use the set of nearest neighbor
profiles to map each observed profile into a preferred portion of the SBHB parameter space.
In this approach, the average value of the SBHB parameters associated with a group of the
nearest neighbor profiles represents a binary configuration favored by the observed profile,
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and the variance in the value of each SBHB parameter provides a measure of its degeneracy.
The SBHB parameters favored by the observed profile are calculated as a weighted
average of the values associated with its nearest neighbor profiles, in such way that the
profiles closer to the observed profile contribute more to the average. The weight for each
nearest neighbor profile is defined as an exponential function of its distance

w(Fs , Fo ) =




e−5 d/dc , {a, q, e, i} repeat


0 ,

(4.5)

{a, q, e, i} do not repeat

The first condition in equation 4.5 requires that four physical parameters of the SBHB
model, namely the a, q, e, and i, are repeated in every epoch of observation of the same
binary candidate. This requirement is based on a realistic expectation that the binary separation, mass ratio, eccentricity, as well as the orientation of its orbital plane are unlikely
to change significantly from one epoch of observation to another, which for the E12 monitoring campaign corresponds to . 12 years. Other parameters of the model, such as the
optical depth of the disk wind, orientation of the mini-disks, etc., are not subject to this
constraint.
For example, the Hβ BEL profiles associated with the SBHB candidate J95036 have
been observed in three different epochs (see Figure 4.2). The three observed profiles have
three sets of corresponding synthetic profiles, each containing N1 , N2 , and N3 nearest
neighbor profiles, as determined by equation 4.2. If a synthetic profile from the second set
has a combination of parameters {a, q, e, i}, that is repeated in some of the profiles contained in the set one and three, these profiles are assigned a non-zero weight, according
to the equation 4.5. On the other hand, the synthetic profiles whose combination of parameters is not represented in all three nearest neighbor sets simultaneously are assigned
zero weight. Therefore, a requirement that multi-epoch observations should map into the
same portion of the {a, q, e, i} parameter space allows us to further constrain the SBHB
parameters and to reduce their degree of degeneracy.
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Once the nearest neighbors of an observed profile and their weights are determined,
probability distribution for a given SBHB parameter can be calculated as
Pr(x = x ) =
0

PN

s=1

w(Fs , Fo ) : x(Fs ) = x0
,
PN
s , Fo )
w(F
s=1

(4.6)

where x represents an SBHB parameter of interest and Pr is a discrete probability density
function (PDF) when x = x0 . For example, Pr(a = 5000M ) is equal to the sum of the
weights for all nearest neighbors of an observed profile, such that their combination of
parameters includes a = 5000M , and is normalized by the sum of the weights. This
procedure is repeated for all values of a and corresponding Pr(a) calculated for every epoch
of observation in which an SBHB candidate is observed. The resulting, multi-epoch PDF
is calculated as a simple average of PDFs from all epochs of observation. Finally, equipped
with a PDF for every SBHB parameter, we can calculate the mean value of each parameter
and its standard deviation, for every binary candidate.
In addition to the mean and standard deviation, we also calculate “entropy” and use it
as a common statistical measure of degeneracy of each inferred SBHB parameter

Sx = −

Nch
X
Pr(x = xj ) log (Pr(x = xj ))
j=1

log (Nch )

.

(4.7)

Here, Nch denotes the number of parameter choices as shown in Table 3.1, for instance
Nch (a) = 5. According to equation 4.7, a well-defined PDF with no degeneracy corresponds to S = 0, and a maximally degenerate, uniform PDF corresponds to S = 1. The
range of values for entropy defined in this way allows us to compare the degeneracy of different SBHB parameters on the same scale. Note that in practise, the discrete PDF defined
in equation 4.6 is infact a multivariate functions where x represents a vector or a collection of all the model physical parameters, not just a single physical parameter like in the
simplified example given here.
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Figure 4.4: 2D probability density distribution in terms of log(a/M ) and q for
SDSS J93844 (left), J95036 (middle), and J161911 (right panel). The rectangular insets
show the 1D projections.
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4.2
4.2.1

Results
Analysis of individual SBHB candidates

In this section, we present the analysis of the three SBHB candidates from the E12 sample
and note that the same analysis has been carried out on the remaining group of the SBHB
candidates and control AGNs. The objects SDSS J93844, J95036, and J161911 are of
interest, since they have been highlighted by Runnoe et al. [158] as the most promising
SBHB candidates in the sample, based on the properties of their radial velocity curves. As
shown in Figure 4.2, the nearest neighbor profiles in the synthetic database provide a good
description of the observed profiles for J93844, J95036, and J161911, as reflected by their
average quality indices, QI = 0.44, 0.59 and 0.69, respectively.
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Figure 4.4 shows the PDFs for the three SBHB candidates in terms of a and q. The 2D
distributions are made by dividing the parameter space into 100 × 100 equal bins and by
interpolating the probability in each bin from the discrete PDF obtained in equation 4.6.
The interpolated PDFs are then renormalized to one, resulting in values of ∼ 10−4 . Visual
inspection shows that the favored values of semimajor axes for all three SBHB candidates
fall in the range of ∼ 104 − 105 M . Table F.1 lists their mean values for log(a/M ) and
the associated standard deviations as (4.19 ± 0.34), (4.64 ± 0.28), and (4.81 ± 0.26), for
J93844, J95036, and J161911, respectively. Similarly, the values of q for the same three
candidates are (0.65 ± 0.22), (0.43 ± 0.17), (0.72 ± 0.22).
Among the three candidates, J95036 (middle) is characterized by the smallest degree of
degeneracy in the inferred values of log(a/M ) and q, as witnessed by their values of entropy
listed in Table F.1 (Sa ≈ Sq = 0.44) . This is mainly because J95036 has narrower BEL
profiles than the other two candidates, which place stronger constraints on the combinations
of physical parameters that can produce them. In addition, the spectral features of profiles
in J95036 (such as the location of the peak and profile asymmetry), show significant change
from one observation to another. This epoch-to-epoch variability provides an effective way
to reduce the SBHB parameter degeneracies, as it helps to eliminate parameters that are not
represented in all epochs of observations (see equation 4.5).
Along similar lines, in the entire sample of the SBHB candidates, J131945 (listed as
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number 56 in Table F.1) has the best constrained value of the semimajor axis. This candidate is a good example of potential gains provided by the continued spectroscopic monitoring of SBHB candidates: it has been observed 9 times between April 2002 and April
2013, whereas a majority of other objects in the sample have 3 to 4 observations and a
similar baseline. This, combined with the fact that the broad base of its Hβ profiles shows
significant variability from one observation to another, guarantees that very few SBHB
configurations can produce all of the observed profiles.
Figure 4.5 shows the PDFs for the SBHB candidates, J93844, J95036, and J161911,
in terms of the angles θ1 and θ2 (the distributions have been calculated in the same way
as those in Figure 4.4). The two angles are of interest because they describe the orientations of the two mini-disks relative to the binary orbital plane. As noted earlier, the BEL
profiles presented in this work have been calculated assuming that both accreting SBHs
can shine as AGNs and illuminate their own mini-disk, as well as the two other disks in
the system. The effect of illumination of one mini-disk by a companion AGN is however
most pronounced in binaries when their mini-disks are misaligned with the SBHB orbital
plane. This nonaxisymmetric illumination pattern by the two AGNs can give rise to very
asymmetric profiles whose shapes can vary on timescales shorter than the SBHB orbital
period. Conversely, such profiles can in principle be a sensitive probe of their alignment.
Figure 4.5 however indicates that the three SBHB candidates under consideration have
no clearly preferred values for θ1 and θ2 . In particular, their 1D distributions look relatively
uniform. This large degree of degeneracy can in part be explained by the fact that we do
not impose the requirement that the values of θ1 and θ2 must be repeated in every epoch of
observation, as is done for the other parameters in equation 4.5. This implies that we allow
for the orientations of the mini-disks to change over the course of observational campaign.
Despite this degeneracy, we can still conclude that neither of the binary candidates favors
the configuration in which the mini-disks are coplanar with the orbital plane. Better constraints on the mini-disk orientations can in principle be obtained, by more sophisticated
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modeling of θ1 and θ2 as a function of the binary orbital phase.
Figure 4.6 shows the PDFs for the same three SBHB candidates in terms of the normalization of the disk wind optical depth, τ0 , and the ratio of the Hβ BEL flux contributed
by the secondary and primary mini-disk, F2 /F1 . The value of the optical depth parameter
is relatively well constrained for J93844 (left panel) and J161911 (right) and it peaks at
τ0 ≈ 1. The same property is considerably more degenerate for J95036 (middle), which
is, as noted earlier, the candidate with the narrowest BEL profiles among the three. This
can be understood as the disk wind has less effect on the shapes of narrower profiles, and
hence, accretion disk wind with a range of optical depths can produce profile shapes similar
to the relatively narrow profiles of J95036. The degree of degeneracy in the inferred value
of τ0 can also be glimpsed from the value of entropy calculated for this parameter, which
amounts to Sτ0 = 0.27, 0.85 and 0.42 for J93844, J95036, and J161911, respectively.
The property log(F2 /F1 ) shown in Figure 4.6 is calculated from our model (i.e., it is
not a parameter) and is of interest because it indicates which mini-disk dominates the Hβ
emission. In our model, the flux ratio is largely determined by two effects: (i) the accretion
rates onto the primary and secondary SBH, which are assumed to power the AGN emission
in the UV and X-ray band and (ii) by the surface area of the mini-disks that are emitting
the BEL profiles1 . The two effects are considered competing because the ratio of mass
accretion rates onto the two SBHs, Ṁ2 /Ṁ1 , decreases with increasing q (see Equation 3.1),
whereas the ratio of the surface areas of their mini-disks increases as ∼ q 2 . Since the latter
effect dominates, we expect the two mini-disks to make comparable contributions to the
BEL flux when q ∼ 1 and to have log(F2 /F1 ) < 0 when q < 1. From the three binary
candidates considered in this section, J93844 (left) and J161911 (right) have relatively high
inferred mass ratios, q ≈ 0.7, and consequently, the fluxes emitted by the two mini-disks
are comparable. On the other hand, J95036 (middle) has q ≈ 0.4 and a correspondingly
lower peak value of log(F2 /F1 ) ≈ −0.5.
1
This statement is a simplification and it does not take into account the effect of cross-illumination of the
mini-disks by the companion AGN.
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Figure 4.7: Inferred average values of binary parameters and their standard deviations for
88 SBHB candidates from the E12 survey. From top to bottom: a, q, log τ0 , and log(F2 /F1 ).
Data corresponding to each panel can be found in Table F.1.
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Finally, we reflect on the ability of our method to infer the orbital eccentricity of an
SBHB from its BEL profiles. With just two choices for this parameter in our synthetic
database (e = 0 and e = 0.5), the SBHB orbital eccentricity of the observed candidates
cannot be sufficiently constrained by our method. While this choice was made in order to
produce a synthetic database of manageable size, it is actually not clear that expanding the
database further, by adding configurations with other eccentricities, would lead to improved
ability to predict eccentricity. This is because the analysis carried out in Chapter 3 already
show that there is a large degree of overlap in profile properties for e = 0 and e = 0.5
cases, indicating that there is a lot of degeneracy in this parameter. We therefore conclude
that distinguishing among different cases of orbital eccentricity would be difficult, even if
our database contained many different values.
4.2.2

Properties of the entire SBHB candidate sample

In this section we discuss the properties of the entire sample of 88 SBHB candidates from
the E12 search. The top two panels of Figure 4.7 provide a visual summary of the mean
values of log(a/M ) and q and their standard deviations for all 88 candidates. The preferred
values of semimajor axes are similar to those of the three candidates discussed in the previous section. They range between 3.5 . log(a/M ) . 4.5 and have standard deviations,
σa < 0.6. In terms of the binary mass ratios, the values preferred by most candidates are
in the range 0.2 . q . 0.8 and have standard deviations in the range 0.1 . σq . 0.3. The
relative standard deviations for the inferred mass ratios, σq /q, tend to be about a few times
larger, on average, than those calculated for the semimajor axes, indicating that there is a
larger degree of degeneracy associated with the determination of q. This statement is supported by the corresponding values of entropy, which for a majority of SBHB candidates
tend to be higher for q than for a.
The inferred values of the optical depth parameter cover a relatively wide range of
values, −3.4 . log τ0 . 0.4, seem to be moderately degenerate and characterized by the
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Figure 4.8: 2D probability density distributions in terms of log(a/M ) and q (top), θ1 and
θ2 (middle), and log τ0 and log (F2 /F1 ) (bottom) for the 88 SBHB candidates from the E12
sample. The rectangular insets show the 1D projections.
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average value of entropy Sτ0 ≈ 0.5. It is interesting to note that our database includes the
value of optical depth parameter as high as τ0 = 100 but no SBHB candidate favors the
average value higher than a few. Visual inspection of Figure 4.7 shows that the systems
with the lowest value of τ0 also tend to favor the lowest values of q. Inspection of the BEL
profiles for these systems shows that they tend to be double-peaked and relatively smooth.
Such profiles are well described by synthetic profiles in our database produced by systems
in which the primary AGN is the dominant contributor to the BEL flux and the optical
depth of its disk wind is low, so that the double-peaked nature of the profile is preserved.
Similarly, the inferred values of the flux ratio for majority of the SBHB candidates
correspond to comparable contributions to the line flux by the primary and secondary minidisks. An exception to this are a few candidates with the flux ratio as low as log(F2 /F1 ) ≈
−2, which also correspond to the systems with the lowest inferred values of mass ratio.
This correlation is expected, based on the scaling of the mini-disk areas with the binary
mass ratio, as explained in the previous section. The entropy for this parameter spans a
wide range of values from one SBHB candidate to another, 0.06 . SF2/1 . 0.7, indicating
that the predictive power for the flux ratio varies a lot for different systems.
Figure 4.8 shows the PDFs for the entire sample of 88 SBHB candidates from the E12
search. The distributions are calculated as the simple averages of distributions for individual candidates, equivalent to those shown in Figures 4.4 to 4.6. The top panel shows that as
a population, the SBHB binary candidates favor the value of semimajor axis corresponding
to log(a/M ) ≈ 4.20 ± 0.42 and comparable mass ratios, q > 0.5. There is no strong preference for a particular value of the angles θ1 and θ2 and therefore, they are unconstrained.
The most interesting aspect of this statement is the implication that binary candidates do
not seem to favor the configuration in which the mini-disks are coplanar with the orbital
plane. The bottom panel of Figure 4.8 captures the probability distributions very similar to
those shown in the left and right panel of Figure 4.6, with τ0 ≈ 1 and F2 /F1 ≈ 1.
We perform the analysis on the spectra of the control group of AGNs in the same
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Figure 4.10: Best fit for the continuous probability density function for all 88 SBHB candidates from the E12 sample in terms of the semimajor axis (left panel) and mass ratio (right).
The blue dots mark the probability density determined by the comparison of the observed
BEL profiles from the SBHB candidates and synthetic profiles using our method.
way and show their resulting PDFs in Figure 4.9. While the control group of AGNs favors somewhat larger average value of the semimajor axis and a larger standard deviation,
log(a/M ) ≈ 4.60 ± 0.72, the probability distributions for the two groups of objects are
statistically indistinguishable. Specifically, neither shows preference in terms of θ1 and θ2 ,
while the favored values for τ0 and F2 /F1 are the same for both groups. This similarity indicates that the approach presented here can be used to infer the parameters once an SBHB
candidate is confirmed as a real binary, but cannot be used as a conclusive test of binarity.
For practical purposes we also provide the analytic fits to the 1D distribution functions
for the semi-major axis and the mass ratio for all 88 SBHB candidates. The continuous
PDF for log(a/M ) can be described by a normal distribution shown in the left panel of
Figure 4.10 and expressed as
"

#
[log(a/M ) − 4.2]2
, 3.7 ≤ log(a/M ) ≤ 6.
ρ(a) ∝ exp −
2 × 0.422

(4.8)

Equivalently, the continuous PDF for q can be described with an exponential distribution
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shown in the right panel of Figure 4.10 and expressed as
h
q i
ρ(q) ∝ 1 − exp −
,
0.44
4.3

0.1 ≤ q ≤ 1

(4.9)

Discussion: Predictions and Simplifications

4.3.1

Implications for theory and observations

If the E12 sample of SBHB binary candidates were true binaries, their inferred PDFs would
be a combination of the intrinsic properties of the binary (orbital separation, mass ratio,
etc.) as well as the selection effects inherent to the spectroscopic search. The E12 and
other spectroscopic searches are in principle sensitive to SBHBs with orbital separations in
the range ∼ 103 − 104 M [168, P18 hereafter]. The low and high end cutoffs for this range
are set by two effects: (a) the binaries at smaller separations tend to evolve at a higher rate,
making their detection less probable and (b) those at larger separations have radial velocity
variations (determined from their BELs) too low to be detected by spectroscopic surveys
on the timescales of years. Taking these considerations into account we use the model
developed by P18 (we also briefly describe the model in the appendix A) to calculate the
likelihood for detection of subparsec SBHBs given the parameters and selection effects
of the E12 search. It is worth emphasizing that this likelihood and our interpretation of
the SBHB candidates presented in § 4.2 are obtained independently, and therefore, their
comparison provides a consistency check for the results obtained by our method.
The panels of Figure 4.11 show the likelihood for detection of SBHBs given a yearly
cadence of observations by the E12 spectroscopic search based on the P18 model of
107 M binaries with the accretion rate through the circumbinary disk corresponding to
Ṁ = 0.1ṀE . Here, ṀE = LE /ηc2 is the Eddington accretion rate, η is the radiative
efficiency, LE = 4πGM mp c/σT is the Eddington luminosity, σT is the Thomson cross
section, and other constants have their usual meaning. The left and right panel illustrate the
likelihood map for the SBHBs in which the primary or the secondary mini-disk make the
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Figure 4.11: Likelihood for detection of SBHBs given a yearly cadence of observations by
the E12 spectroscopic search based on the P18 model of 107 M binaries with the accretion
rate through the circumbinary disk corresponding to Ṁ = 0.1ṀE . The left (right) panel
illustrates the likelihood map for the SBHBs in which the primary (secondary) mini-disk
make the dominant contribution to the flux of the Hβ emission line. The color bar marks
the normalization of the likelihood, which is arbitrary and chosen to match Figures 4.8 and
4.9.
dominant contribution to the flux of the Hβ emission line, respectively.
In the case when the emission from the primary mini-disk dominates, there is a positive correlation between the mass ratio q and the maximum semimajor axis that a detected
SBHB can have. This is because as q increases, the radial velocity due to the reflex motion
of the primary SBH also increases. It follows that the binaries with larger mass ratios are
favored in this case because they can be detected at larger orbital separations. Conversely,
in the case when the emission from the secondary mini-disk dominates, the reflex motion of
the secondary SBH is maximized for smallest values of q. As a consequence, this scenario
favors lower mass ratio binaries. Another difference worth pointing out is that the scenario
when the primary mini-disk dominates places a stronger constraint on the binary semimajor axis, since in this case a < 104 M , whereas a < few × 104 M when the secondary
dominates, for parameters used in calculation of Figure 4.11.
The analysis presented in § 4.2 indicates that a majority of SBHB candidates in the E12
sample favor values of the mass ratio q > 0.5 and the flux ratios F2 /F1 ≈ 1. They are
therefore consistent with the scenario in which the emission from the primary mini-disk
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makes the dominant contribution to the flux of the Hβ emission line. This is of interest for
two reasons. Firstly, it is contrary to the assumption commonly made by the spectroscopic
surveys in the interpretation of their results. This assumption is directly motivated by a
number of theoretical studies of SBHBs in circumbinary disks which show that in unequalmass binaries accretion occurs preferentially onto the smaller of the two SBHs, which orbits
closer to the inner edge of the circumbinary disk [40, 46, 86, 88, 169]. Taken at face value,
this suggests that the AGN associated with the secondary SBH may be more luminous than
the primary. However, as noted earlier, the flux of the BELs is not only determined by the
bolometric luminosity of the AGN but also by the size of its BLR, which in our model given
by the surface areas of the two mini-disks (the flux contribution by the circumbinary disk
is small and can be neglected in all physically motivated configurations investigated by our
model). Therefore, an important implication of our results for observational searches is that
they should consider the case in which the measured radial velocity curves are associated
with the primary SBH, and which would consequently point to more compact systems of
SBHBs.
Secondly, the preference for the higher values of q among the observed SBHB candidates also suggests that, if these are real binaries, there is a physical process that allows
initially unequal mass systems to evolve toward comparable mass ratios. As noted in the
paragraph above, that prediction already seems to be borne out by the local simulations
of SBHBs in circumbinary disks, which show that accretion occurs preferentially onto the
smaller of the SBHs. This presents an interesting challenge for cosmological models of
binary evolution, which predict that sub-parsec SBHBs with lower mass ratios should be
more abundant than those with comparable mass ratios [e.g., 170, see also P18 and references therein]. If true SBHBs indeed favor comparable mass ratios, this would strongly
suggest that the accretion rate inversion reported by the local simulations of SBHBs in
circumbinary disks is an important ingredient that must be included in the cosmological
models.

132

Another result worth reflecting on is that the observed SBHB candidates in our sample
seem to favor configurations in which the mini-disks are misaligned (or warped) relative to
the binary orbital plane. This is of interest because gravitational torques between the SBHs
and the triple disk system can cause precession of the mini-disks, while diffusive processes
can align the SBH spins and the mini-disk axes with the orbital axis [55, 171]. If so, the
alignment of the SBHB-spin-disk system is expected to evolve with binary separation, and
the orientation of the mini-disks inferred from observations may be an important indicator
of whether the mechanism leading to coplanar alignment is efficient.
Finally, it is worth noting that the E12 spectroscopic campaign has measured statistically significant epoch-to-epoch velocity modulations for 29/88 SBHB candidates (marked
with “1” in Table F.1). They have not obtained measurements of the velocity modulation
for the remainder of the candidates whose profiles change in shape significantly from one
epoch of observation to another. This is because significant changes in a BEL profile shape
can either mimic or hide the change caused by the radial velocity modulation due to binary
orbital motion, thus precluding a reliable measurement of the profile offset along the wavelength axis [see Appendix A in 158, for analysis of this effect]. The method presented here
is however particularly effective for SBHBs whose profile shapes change in time, because
in these systems we obtain stronger constraints on the binary parameters, as discussed in
§ 4.2. The two analyses therefore provide independent constraints complimentary to one
another, because they infer SBHB properties from two different aspects of BEL profiles:
their offset and their shape.
4.3.2

Simplifications and limitations of the method

Because the method presented here is built upon our SBHB model and databases presented
in chapters 2 and 3, the assumptions used there are also shared with this method. We
direct the reader to the previous chapters for detailed discussion of the implications of these
simplifying assumptions and only address the new aspects, relevant to the comparison of
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modeled profiles with observations.
As noted in the previous section, the approach presented here is based on the analysis of
the shapes of BELs and it does not explicitly incorporate the radial velocity curve modeling
for candidates with a sequence of observed profiles. This is because our synthetic database
presently contains profiles for only five equidistant orbital phases per SBHB configuration,
whereas the spectroscopic searches with cadence of months to years correspond to a higher
frequency of sampling of the SBHB radial velocity curves on average.
The sparse sampling adopted in our synthetic database is a practical compromise motivated by considerations about its size. Because of the extent of the parameter space, the
number of sampled configurations quickly adds up to about 42.5 million, even with a handful of choices per parameter. Note however that for promising SBHB candidates a denser
coverage can be obtained for the sub-regions of the parameter space occupied by the binary
configurations of interest. This includes a higher rate of sampling in the orbital phase, so to
attempt to match the orbital phase of the observed SBHB candidates. This would provide a
more stringent consistency check for the SBHB model by requiring that all observed profiles associated with a given SBHB candidate map into the consistent values of a, q, e, i (a
requirement already used in this work), and that the time-domain evolution of the profile
shapes is consistent with the expected evolution of the orbital phase.
Another point worth noting is related to the inferred orbital separation of the candidate
SBHBs. According to Figure 4.8, our method suggests that some portion of the candidates
may be described by the semimajor axes as small as 5000 M . Depending on the exact
mass ratio and orbital eccentricity, these separations correspond to SBHs with mini-disks
gravitationally truncated to a size of ∼ 103 M (see Figure 3.1), or about ∼ 10−3 − 10−2 pc
for a binary with the mass of 107 − 108 M , respectively. By the time the mini-disks
reach such compact sizes, their optical BLRs may be substantially truncated, resulting in
the dimming of the broad optical emission lines considered in this work. A consequence
of the BEL dimming would be a non-detection of some fraction of such compact SBHBs.
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Conversely, the same effect would be reflected in a more precipitous decrease of the PDFs
of SBHB candidates with semimajor axes below a ∼ 104 M . The physics of binary BLRs
is however not sufficiently understood in order to place firm constraints on their sizes (or
photoionization properties for that matter). For this reason, we make no assumptions about
the sizes of optical BLRs in binary mini-disks and attempt to circumvent the complexity
by adopting the simplest of assumptions: if optical BLRs still exist in the most compact of
SBHBs considered in our model, then their emission properties are set by the properties of
the SBHB and the size of its mini-disks.
This work lays out an approach that can be used to quantify the SBHB parameters and
their uncertainties once a sample of genuine sub-parsec binaries is available. A point worth
reiterating however is that other physical processes can potentially mimic the emission
signatures of SBHBs included in our database. These include but are not limited to the
recoiling SBHs [155] and local and global instabilities in single SBH accretion disks that
can give rise to transient bright spots and spiral arms [156, 157]. In that sense, the model
described in this work can be used to interpret observed BEL profiles in the context of the
SBHB model but cannot be used to prove that they originate with genuine SBHB systems.
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CHAPTER 5
CONCLUSIONS

This thesis is motivated by advances in observational searches for SBHBs made in the past
few years which are represented by better designed, multi-wavelength and multi-year observational campaigns. Observational challenges notwithstanding, spectroscopic searches
for SBHBs seem capable of delivering statistically significant sample of binary candidates
and their first results are broadly consistent with theoretical predictions. While selection of
a well-defined sample of SBHBs remains a principal goal in this research field, an equally
important and timely consideration is what can be learned once such sample is available. In
this context we develop a model to calculate the BEL profiles from SBHBs in circumbinary
disks guided by a wealth of theoretical results in the literature, and a method to compare
the modeled BELs to those of the observed binary candidates. The most importants results
of the thesis are as follows
• The BEL profiles presented in this work have been calculated assuming that each
accreting SBH can shine as an AGN and illuminate its own mini-disk as well as
the two other disks in the system. The illumination by two AGNs gives rise to the
characteristic BEL profiles, with shapes distinct from those produced by a single
BLR illuminated by the central AGN. Moreover, as a consequence of the evolving
illumination pattern from the two AGNs, the BEL profiles associated with the SBHBs
in circumbinary disks can exhibit significant variability on the orbital time scale of
the system. We identify this as a key spectroscopic signature of the SBHB systems
but cannot rule out a possibility that these features are mimicked by transient bright
spots and spiral arms in single SBH accretion disks (Nguyen and Bogdanovic 2016)
[172].
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• We analyze the modeled BEL profiles in terms of the commonly used statistical distribution functions in order to determine their dependence on the underlying binary
parameters, and find that in the model where the disk wind effects are neglected, and
in models where absorption of BEL photon through the radiatively driven disk wind
is included, the modeled profiles show distinct properties as a function of the binary
semi-major axis, eccentricity, mass ratio, alignment of the triple disk system and orientation relative to the observer. The most characteristic features of modeled profiles
are a direct consequence of the presence of multiple BLRs and their illumination
by two accretion powered SBHs, both of which are a unique property of the SBHB
model. Thus, models of BEL profiles from SBHBs in circumbinary disks have predictive power and can in principle be used to infer distribution of these parameters in
real binaries (Nguyen and Bogdanovic 2016 [172]; Nguyen et al. 2019 [173]).
• Under the influence of accretion disk winds the BEL profiles appear narrower, more
symmetric, and predominantly single-peaked. All correlations between the profile
shape parameters and SBHB parameters identified in the NW model are nevertheless
preserved, indicating that their diagnostic power is not diminished. Analysis of 42.5
million modeled BEL profiles reveals that their shapes are a better indicator of the
binary orbital separation and the degree of misalignment in the triple disk system,
and are less sensitive to the SBHB mass ratio and orbital eccentricity. These findings
can guide expectations related to the diagnostic value and limitations of the BEL
profiles in spectroscopic searches for SBHBs (Nguyen et al. 2019) [173].
• We perform a comparison of the modeled BEL profiles with those for the observed
SBHB candidates and a control sample of (non-binary) AGNs from the E12 sample. We find that the profile shapes from a sample of SBHB candidates are more
consistent with the binary model than are regular AGNs. Furthermore, the comparison of the modeled profiles with the SBHB candidates indicates that, if the observed
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sample comprises genuine binaries, it must include systems with smaller separations
(a  106 M ), comparable masses, and misaligned (or possibly warped) mini-disks.
Similarly, if all candidates are shown to be genuine SBHBs, this would require their
BLRs to be enshrouded in disk winds with optical depth & 0.1 (Nguyen et al. 2019)
[173].
• We presented an analytic model that can be used to determine the likelihood for
detection of sub-parsec SBHBs in current and future spectroscopic searches. The
model uses a simple theoretical prescription for orbital evolution of SBHBs in circumbinary disks, from an instance when they form a gravitationally bound pair to the
point of coalescence. Combined with the selection effects of spectroscopic surveys,
it returns a multivariate likelihood for SBHB detection as a function of M , q, a and
Ṁ . We find that most SBHBs, which are in principle detectable by spectroscopic
surveys with yearly cadence of observations, are expected to reside at orbital separations . few × 104 M , where they spend ≤ 0.5% of their life as gravitationally
bound binaries. This expectation is consistent with the inferred semi-major axes of
the observed SBHB candidates (Model presented in Pflueger et al. 2018) [168].
• We present a method for comparison of the modeled and observed optical BELs,
based on the principal component analysis, and use it to infer the properties of 88
SBHB candidates from the E12 spectroscopic survey. The new aspect of this method
is that in addition to the parameter estimates it also provides a quantitative measure
of the parameter degeneracy, thus allowing to establish the uncertainty intrinsic to
such measurements (Nguyen et al. 2019b, in prep).
• We find that as a population, the observed SBHB candidates favor the average value
of the semimajor axis corresponding to log(a/M ) ≈ 4.20 ± 0.42, in agreement with
expectations based on orbital evolution of SBHBs in circumbinary disks and the selection effects of spectroscopic surveys. They also favor configurations with com138

parable mass ratios, q > 0.5, although this parameter suffers from a larger degree
of degeneracy than a. We provide the analytic fits to the 1D distribution functions
of these parameters in the text. If the SBHB candidates analyzed here are shown to
be true binaries, this result would strongly suggest that there is a physical process
that allows initially unequal mass systems to evolve toward comparable mass ratios
(e.g., accretion that occurs preferentially onto the smaller of the SBHs). Our method
does not provide useful constraints on the orbital eccentricity, because this parameter
suffers from a large degree of degeneracy (Nguyen et al. 2019b, in prep).
• The angles that describe the orientation of the primary and secondary SBH minidisks relative to the orbital plane cannot be well constrained. The SBHB candidates
however do not favor configurations in which the mini-disks are coplanar with the
binary orbital plane. If this finding is preserved for confirmed SBHBs, it would point
to the presence of a physical mechanism which maintains the misalignment of the
mini-disks (or causes them to be warped) down to sub-parsec binary separations. If
so, the alignment of the mini-disks (and SBH spins if they are related to the mini-disk
orientation) should evolve with binary separation. In this case, the orientation of the
mini-disks inferred from observations would be an important indicator of whether
the mechanism leading to the coplanar alignment is efficient, as predicted by some
theoretical models (Nguyen et al. 2019b, in prep).
• The inferred values of the normalization for the optical depth of the accretion disk
wind in the two mini-disks cover a relatively wide range of values, −3.4 . log τ0 .
0.4, and are moderately degenerate. Similarly, a majority of SBHB candidates in the
E12 sample favor the values of F2 /F1 ≈ 1, and are consistent with the scenario in
which the emission from the primary mini-disk either makes a dominant or a comparable contribution to the flux of the Hβ emission line. An important implication
of this result for spectroscopic searches for SBHBs is that they should consider the
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case in which a measured radial velocity curve is associated with the primary SBH,
in addition to the commonly made assumption that they are associated with the secondary. The main difference between the two is that, all other things being the same,
the former interpretation corresponds to more compact (and thus more strongly constrained) systems of SBHBs compared to the latter case (Nguyen et al. 2019b, in
prep).
• We find that epoch-to-epoch variability of the observed BELs provides an effective
way to reduce the SBHB parameter degeneracies, as it helps to eliminate parameters that are not represented in all epochs of observations. Some of the strongest
parameter constraints obtained with our method are achieved for individual SBHB
candidates with many available observations (e.g., nine), thus providing an example
of potential gains provided by the continued spectroscopic monitoring (Nguyen et al.
2019b, in prep).
• In addition to the observed SBHB candidates, we perform the analysis of the spectra
of a control group of AGNs and compare the two. The control AGNs favor somewhat
larger average value of the semimajor axis (albeit statistically indistinguishable from
the SBHB candidate value) and exhibit a larger degree of degeneracy in this parameter. The probability distributions for the remainder of the SBHB parameters look
nearly the same for the two groups of objects. This similarity confirms that the approach presented here can be used to infer the parameters once a group of confirmed
SBHBs is available, but cannot be used as a conclusive test of binarity (Nguyen et al.
2019b, in prep).
Further improvements to the presented method are possible by explicitly incorporating
the modeling of the time-domain evolution of profile shapes into the model, at the expense
of creating a larger database of modeled profiles, with a higher sampling of the relevant
SBHB parameters as a function of time. This would provide a more stringent consis140

tency check by requiring that all observed profiles associated with a given SBHB candidate
map into the consistent values of the binary parameters (a requirement already used in this
work) and that the time-domain evolution of the profile shapes is consistent with the SBHB
model. We defer this type of analysis to future work. Finally, we emphasize that the model
described in this work cannot be used to prove that the observed SBHB candidates are
real binaries, but it can be used to interpret the observed BEL profiles once a sample of
confirmed SBHBs is available.
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APPENDIX A
SELECTION EFFECTS OF SPECTROSCOPIC SURVEYS

The binary separation a is one of the best constrained parameters in the model since the
synthetic BEL profiles are highly sensitive to it. Physical interpretation of all candidates
in the E12 survey shows that the total distribution has a peak around a = 104 M which
can be best explained through seclection effects of the spectroscopic methods applied in
the survey. In general, binaries with separation that are too small, tend to evolve quickly
to even smaller separation and hence have a lower intrinsic probability to be existed; while
binaries with separation that are too wide, tend to have lower orbital velocity along the LOS
(velocity offset) and hence are highly disregarded by spectroscopic surveys which usually
set a lower limit on the observed velocity offset, i.e. ≥ 1000 km s−1 was chosen in E12,
in order to eliminate profiles from systems of regular AGNs. Taking into account both
the intrinsic and extrinsic probabilities, the E12 survey are more likely to detect binaries
with ”medium” separation of around [103 M, 104 M ] [168]. In this chapter we will aim to
quantify these spectroscopic selection effects. Most of the work in this chapter has been
published in [168] and we will consider the E12 campaign as an illustrative example while
similar considerations can be applied to other spectroscopic surveys in general.

A.1
A.1.1

Model Assumptions and Parameters
Common assumptions of spectroscopic searches for SBHBs

The principal assumption made by all spectroscopic searches is that some fraction of SBHBs at sub-parsec orbital separations are contained in a region comparable to or larger in
size than the BLRs of regular AGNs that do not host SBHBs. If the emission properties of
BLRs that host SBHBs remain qualitatively similar to the single AGN case, it follows that
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their dynamical perturbation by SBHBs can in principle be reflected in the low-ionization
broad emission-line (BEL) profiles [e.g., 29, 83, 84, 97, 98]. The BELs of particular interest are Hα λ6563, Hβ λ4861 and Mg II λ2798, because they are prominent in AGN spectra
and are commonly used as tracers of dense, low-ionization gas in BLRs at low (Hα at z <
0.4) and high redshift (Mg II at z < 2.5).
Spectroscopic searches rely on the detection of the Doppler-shift in the BEL spectrum
of an SBHB candidate that arise as a consequence of the binary orbital motion. This
approach is reminiscent of a well established technique for detection of the single- and
double-line spectroscopic binary stars. In both classes of spectroscopic binaries, the lines
are expected to oscillate about their local rest frame wavelength on the orbital time scale
of a system. In the context of the binary model, the spectral emission lines are assumed to
be associated with the gas accretion disks that are gravitationally bound to the individual
SBHs [29, 83, 84]. Given the velocity of the bound gas the BEL profiles from the SBH
mini-disks are expected to be Doppler-broadened, similar to the emission lines originating in the broad line regions (BLRs) of AGNs. Moreover, several theoretical studies have
shown that in unequal mass binaries accretion occurs preferentially onto the lower mass object [86–88], rendering it potentially more luminous than the primary. If so, this indicates
that some fraction of SBHBs may appear as the single-line spectroscopic binaries.
This realization lead to a discovery of a number of SBHB candidates based on the
criterion that the culprit sources exhibit broad optical lines offset with respect to the rest
frame of the host galaxy [89–96].1 Because this effect is also expected to arise in the case
of a recoiling SBH receding from its host galaxy, the same approach has been used to flag
candidates of that type [99–103]. The key advantage of the method is its simplicity, as the
spectra that exhibit emission lines shifted relative to the galaxy rest frame are relatively
straightforward to select from large archival data sets, such as the Sloan Digital Sky Survey
(SDSS). Its main complication however is that the Doppler shift signature is not unique
1

In an alternative approach anomalous line ratios have been used to flag SBHB candidates with perturbed
BLRs [97, 98].
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to these two physical scenarios and complementary observations are needed in order to
determine the nature of the observed candidates [e.g., 67, 104]. To address this ambiguity
a new generation of spectroscopic searches has been designed to monitor the offset of the
BEL profiles over multiple epochs and target sources in which modulations in the offset
are consistent with the binary orbital motion [105, 107, 109–112, 114].
The E12 survey searched for z < 0.7 SDSS quasars whose broad Hβ lines are offset by
& 1000 km s−1 and selected 88 quasars for observational followup from the initial group of
∼ 16, 000 objects. The followup observations span a temporal base line from few weeks to
12 years in the observer’s frame. Their goal is to measure the epoch-to-epoch modulation
in the velocity offset of the Hβ profiles and to test the binarity hypothesis. The relative
velocity of the broad Hβ profiles between different epochs has been measured with an
uncertainty of . 40 km s−1 for 80% of the sample and . 55 km s−1 for the entire sample.
After multiple epochs of followup, statistically significant changes in the velocity offset
have been measured in 29/88 candidates and reported in their publications.
To describe the selection effects of the E12 survey, we therefore adopt two criteria,
Vlim = 1000 km s−1 for the initial velocity offset and ∆Vlim = 40 km s−1 for velocity
modulations. It is worth noting that some spectroscopic campaigns do not impose a cut
in the initial velocity offset and consider as SBHB candidates all AGN for which ∆Vlim is
not zero and is consistent with the binary orbital motion [110–112, 115]. The advantage
of the latter approach is that it starts with a larger statistical sample of AGN which are
searched for apparent radial velocity variations. But the more stringent selection criteria
in the former approach reduce the chance of confusion with regular AGN, the majority of
which are characterized by Vlim < 1000 km s−1 . In this case however it may take longer
to detect radial velocity variations, since for circular orbits the SBHBs spend most of their
time at the highest velocity offsets, where the projected acceleration is the lowest.
The assumption that the flux in the BEL is dominated by the portion of the gas flow
bound to the secondary SBH is motivated by a number of theoretical studies of SBHBs
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in circumbinary disks [e.g., 27, 28]. These studies show that binary torques can truncate
a sufficiently cold circumbinary accretion flow and create an inner, low density cavity by
evacuating the gas from the central portion of the circumbinary disk [42]. SBHs in this
phase accrete by capturing the gas from the inner rim of the circumbinary disk and in
this way can maintain mini-disks bound to individual holes. Hydrodynamic simulations
of prograde binaries (rotating in the same sense as the circumbinary disk) indicate that in
unequal mass binaries accretion occurs preferentially onto the smaller of the two objects,
which orbits closer to the inner edge of the circumbinary disk [40, 46, 88, 169, 174].
Taken at face value, this suggests that the AGN associated with the secondary SBH may be
more luminous than the primary, making the system analogous to single-line spectroscopic
binary stars. This assumption does not change the observational results of the spectroscopic
surveyes, only their inference about which of the SBHs is active. However, our model
indicates that contribution to the optical broad emission lines by the BLR bound to the
primary SBH is not negligible and can be dominant in the majority of SBHB configurations.
This is because the surface area of the mini-disks Hence, we will consider separately the
two assumptions and discuss their different inferences.
A.1.2

Key parameters of the model

We describe each SBHB configuration in terms of four intrinsic parameters: the total mass
of the binary (M = M1 + M2 ), its mass ratio (q = M2 /M1 ≤ 1), the orbital separation
(a), and the effective accretion rate through the disk (Ṁ = Ṁ1 + Ṁ2 ). We only consider
SBHBs on circular orbits for simplicity and provide constraints and considerations relevant
for each parameter below.
We consider binaries with a mass between 107 M and 109 M and a range of values
for q that is motivated by simulations of galaxy mergers that follow pairing of their SBHs.
These show that SBH pairs with mass ratios q < 0.1 are less likely to form gravitationally
bound binaries within a Hubble time at any redshift, primarily due to the inefficiency of
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dynamical friction on the lower mass SBH [16, 19]. They also find that SBH pairs with
initially unequal masses tend to evolve towards equal masses, through preferential accretion
onto a smaller SBH. This trend is also consistent with that found by [170], based on the
more recent Illustris simulation. We therefore adopt 0.1 ≤ q ≤ 1 in this model, leading
to a range of masses for the secondary SBHs, of 106 M

. M2 ≤ 109 M . This range

is consistent with the masses of SBHs powering the regular AGN, not hosting SBHBs,
commonly observed by SDSS and similar ground based, spectroscopic surveys.
We further consider a range of orbital separations that characterize gravitationally
bound SBHBs. Qualitatively, a gravitationally bound SBHB forms when the amount of
gas and stars enclosed within its orbit becomes comparable to M . This orbital separation
is comparable to the radius of gravitational influence of a single SBH, where the circular velocity around the black hole equals the stellar velocity dispersion, rinf = GM/σ∗2 .
Combining this with the M − σ∗ relationship reported in [175] we obtain
rinf ≈ 14 M80.645 pc = 2.9 × 106 M M8−0.355 .

(A.1)

where M8 ≡ M/108 M . We therefore assume that gravitationally bound binaries form
when amax ∼ 106 M for a wide range of SBHB masses. In this work we follow their
evolution from amax to amin = 102 M , below which the tidal truncation is likely to render
the BLR of the secondary SBH too compact to emit prominent broad optical emission lines.
For each SBHB configuration we parametrize the rate of orbital evolution of the binary
using the effective accretion rate, 0.01ṀE ≤ Ṁ ≤ ṀE . Here ṀE = LE /ηc2 is the Eddington accretion rate, η is the radiative efficiency, LE = 4πGM mp c/σT is the Eddington
luminosity, σT is the Thomson cross section and other constants have their usual meaning. For an SBHB embedded in the circumbinary disk, Ṁ corresponds to the accretion
rate through the geometrically thin and optically thick gas disk described by the ShakuraSunyaev α-disk model [176].
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It is worth noting that the Shakura-Sunyaev solution for an accretion disk around a
single SBH implies that for each M and Ṁ there is a critical radius beyond which the disk
is gravitationally unstable to fragmentation and star formation. This truncation radius in
general arises somewhere between 102 − 106 M , depending on the properties of the disk
and the mass of the SBH [see equations 15 and 16 in 32, for example]. This is commonly
considered as the outer edge of the accretion disk beyond which the transport of angular
momentum transitions from accretion torques to some other mechanism, either stellar or
gaseous. Given that the structure and stability of circumbinary accretion disks is an area
of active research, the existence and location of such outer truncation radius are still open
questions. In light of this fundamental uncertainty we adopt Ṁ as a proxy for the rate of
angular momentum transport by any physical mechanism and do not require the presence
of a stable circumbinary disk on all scales. Specifically, we use it to describe the rate of
angular momentum transport that would correspond to that of a disk with an accretion rate
Ṁ around a single SBH with the mass M , equal to that of the SBHB.
In summary, we use the following parameters to describe the properties of the SBHB
and selection effects of the E12 spectroscopic survey:
107 M ≤
0.1 ≤
102 M ≤
0.01 ṀE ≤
Vlim = 1, 000 km s−1

M ≤ 109 M
q≤1
a ≤ 106 M
Ṁ ≤ ṀE
and ∆Vlim = 40 km s−1
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A.2

Intrinsic Probability Density Functions

A.2.1

Probability of a binary residing at separation a: ρ(a)

For each configuration we evaluate the rate of orbital evolution of the binary and a probability that it resides at some orbital separation, a. The total probability of finding the SBHB
anywhere between the formation radius and coalescence can be defined as
Z

0

Z

0

ρ(a) da =
106 M

amax

da 1
≡1,
ȧ ttot

(A.2)

where ρ(a) is the probability density and ttot is the total time it takes the SBHB to evolve
from amax to coalescence. Because the rate of orbital evolution, ȧ, is a function of M , q and
Ṁ it follows that ρ(a) ≡ ρ(a|M, Ṁ , q). Hereafter, we adopt a simplifying assumption that
the values of M , Ṁ , and q are constant throughout the evolution of an SBHB, and discuss
the implications in § A.4.2.
If the orbital evolution of the binary is driven by a circumbinary disk, the rate of shrinking of the SBHB orbit can be described in terms of the viscous inflow rate at the disk inner
edge as
ȧvisc

3
=− α
2

 2
h
VKep
r

(A.3)

where α = 0.1 is the viscosity parameter, h/r is the aspect ratio of the disk, and VKep =
(2a/M )−1/2 is the circular orbital speed of the circumbinary disk with an inner edge at the
radius r = 2a [28]. Using the expression for h/r by [176], we obtain the infall rate for the
gas pressure (outer) and radiation pressure dominated (inner) portion of the disk:
−1/5

ȧgas = −4.24 × 10−6 c α4/5 ṁ2/5 ã−2/5 M8
ȧrad = −1.21 × 102 c α ṁ2 ã−5/2 .

,

(A.4)
(A.5)

where we introduce dimensionless parameters ṁ = Ṁ /ṀE and ã = a/M , so that ȧ is
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expressed in terms of the speed of light. SBHBs whose orbital evolution is driven by the
emission of gravitational waves (GWs) shrink at the rate given by the expression from [177]
for circular orbits
ȧgw = −12.8c

q
ã−3 .
(1 + q)2

(A.6)

We use the above expressions for the rate of orbital shrinking to calculate the time that a
gravitationally bound SBHB spends evolving through each regime
Z

ax,f

tx =
ax,i

da
,
ȧx

(A.7)

where “x” stands for “gas”, “rad” or “gw”, and ai and af are the initial and final orbital separations which determine the boundaries of a particular regime, as defined in Appendix B.
After evaluating the integral in equation A.7 for constant M , q and Ṁ we obtain
7

−2/5

6/5
M8

h

7/5
ãgas,i

7/5
ãgas,f

−
ṁ
h
i
7/2
7/2
= 1.2 s α−1 ṁ−2 M8 ãrad,i − ãrad,f , and

tgas = 8.3 × 10 s α
trad

−4/5

tgw = 9.6 s



(1 + q)2
M8 ã4gw,i − ã4gw,f .
q

i

,

(A.8)
(A.9)
(A.10)

The total time to coalescence is given by

ttot = tgas + trad + tgw .

(A.11)

Note that the rate of evolution through the circumbinary disk can, in principle, be a
function of q, when the mass of the circumbinary disk is smaller than the mass of the
secondary SBH and the circumbinary disk is the sole driver of orbital evolution (a.k.a., the
secondary-dominated regime), as discussed in [32] and [178] and adopted in the study by
[111]. Here we make a different assumption, that even if the size of the circumbinary disk
is finite, some other mechanism takes over angular momentum transport beyond the outer
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Figure A.1: Probability distribution function for SBHB mass ratios adopted in the Pflueger
et al. [168] model. This is motivated by the results of cosmological simulations, as discussed in § A.2.2.
truncation radius, resulting in the steady orbital evolution of the SBHB described by some
characteristic Ṁ , regardless of the binary mass ratio. We discuss the implications of this
assumption in § A.4.2.
A.2.2

Mass ratio probability distribution: ρ(q)

Even though the orbital evolution of bound SBHBs in this model only weakly depends on
q, it is still expected that the mass ratio of the SBH pairs that successfully form bound
binaries are characterized by some initial distribution. This distribution results from the
cosmological evolution of SBHs through galactic mergers and accretion in stages preceding
the formation of a gravitationally bound binary. In order to account for this property we
adopt an analytic expression for probability density loosely motivated by cosmological
simulations that follow mergers of galaxies [16, 19, 170] and dark matter halos [179, 180]
ρ(q) = γ q −0.3 (1 − q) e−β/q

2

(A.12)

where γ = 2.79 and β = 3.28 × 10−2 are the dimensionless parameters obtained from
normalization of this distribution. Figure A.1 illustrates the shape of the resulting distribution function, which peaks at q ≈ 1/3. In reality the mass ratio distribution of SBHBs
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is a function of the total binary mass, redshift, and other parameters. We neglect these
dependences for simplicity and note that because of the modularity of the model the above
analytic expression can be readily replaced with a different prescription for ρ(q). We discuss implications of these assumptions in § A.4.2.
A.3
A.3.1

Extrinsic Probability Density Functions
Probability of observing a binary with a significant velocity offset: PV

The previous two sections describe the intrinsic probability that an SBHB exists at a certain
orbital separation given the properties of the binary and some characteristic rate at which it
evolves. In this section we discuss the ability of the spectroscopic searches to detect such
binaries when they impose a selection criterion that the BEL profiles must be offset from
the rest frame of the galaxy by some specified Vlim 6= 0.
According to the assumptions adopted by E12 and similar surveys this velocity offset
can be attributed to the orbital motion of the secondary SBH, with orbital speed relative to
the center of mass of the binary, V2 = c/(1 + q) ã1/2 . Projected along the observer’s line of
sight this orbital speed corresponds to an observed velocity offset of

Vobs =

c
1
sin φ cos θ
1 + q ã1/2

(A.13)

where we define the angles in the coordinate system centered on the SBHB center of mass,
so that the observer is located along the x-axis at infinity, φ defines the orbital phase of the
secondary measured from the positive x-axis toward the positive y-axis, and θ is the angle
between the orbital plane and the observer’s line of sight.
The SBHB associated with this line-of-sight velocity can have a maximum orbital separation of
amax
V

9 × 104 M
=
(1 + q)2
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Vobs
3
10 km s−1

−2
,

(A.14)

Table A.1: Characteristic Orbital Separations
q
0.1
0.1
0.1
0.3
0.3
0.3
1
1
1

M
(M )
107
108
109
107
108
109
107
108
109

amax
V
(103 M )
74
74
74
53
53
53
23
23
23

amin
∆V
(102 M )
22
4.7
1.0
22
4.7
1.0
22
4.7
1.0

amax
∆V
(103 M )
66
21
6.6
61
19
6.1
49
16
4.9

and amax
Note. — amax
∆V – largest detectable values of SBHB orbital separation set by the selection effects
V
of the E12 survey. amin
∆V – minimum orbital separation below which the model assumption Ω∆t  1 breaks
down.

where we set Vobs equal to Vlim = 1000 km s−1 . Table A.1 illustrates the values of amax
V
set by this cutoff for several different SBHB configurations. It is worth noting that, if the
spectroscopic surveys instead of the secondary provide a measurement of the radial velocity
of the primary SBH, the value of amax
would be smaller by a factor of q 2 .
V
We infer the probability for detection of an SBHB by placing the observer on a sphere,
centered on the SBHB, and by considering all SBHB configurations where the angles θ and
φ are such that Vobs ≥ Vlim and the velocity offset from the binary motion is detected. The
probability of detection is then given by the ratio of the surface area where this condition
is satisfied and the total area of the sphere. The surface area where the condition is satisfied is contiguous and confined within the range of θ and φ, which can be obtained from
equation A.13 as




ζ
θ = [0 , A] = 0 , arccos
sin φ
h
π
πi
φ = [C , ] = arcsin ζ ,
,
2
2
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and
(A.15)

where A and C are the parameters corresponding to the expressions defined in the second
square bracket, used as integration limits in equation A.16, and ζ ≡ (1 + q) ã1/2 Vlim /c is a
dimensionless parameter. The probability for detection of the velocity offset is then:
2
PV =
π

Z

π/2

Z

A

sin θ dθ .

dφ

(A.16)

0

C

We express θ = θ(φ), since this form simplifies the integral considerably and use symmetry
to integrate over one octant and multiply the result by 8. The analytic solution of this
integral is



2
1 + cos(arcsin ζ)
PV = 1 −
arcsin ζ + ζ ln
.
π
ζ
A.3.2

(A.17)

Probability of observing a binary with a significant velocity modulation: P∆V

The criterion used by all spectroscopic searches to select viable SBHB candidates, regardless of their assumptions about Vlim , is that the epoch-to-epoch modulation in the observed
line of sight velocity must be different from zero and consistent with the SBHB orbital motion. In practice, this implies ∆Vobs ≥ ∆Vlim in order for the SBHB to be detected, where

∆Vobs = V20 sin(φ + Ω∆t) cos θ − V2 sin φ cos θ
1
c
≈
cos φ cos θ sin(Ω∆t) .
1/2
1 + q ã

(A.18)

Here V2 and V20 are the orbital velocities of the secondary SBH in the earlier and later epoch
of observation, respectively, and Ω = c3 /(GM ã3/2 ) is the angular velocity of the SBHB
on a circular orbit. ∆t is the time elapsed between the two measurements of the velocity
offset, defined in the frame of the SBHB, which for the E12 search corresponds to time
scales from weeks to years. We adopt ∆t = 1 yr hereafter as a representative value.
Since most SBHBs targeted by the E12 search are expected to have longer orbital periods than the observational baseline, we assume that they traverse only a small portion
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of their orbit on this time scale. Consequently, V2 ≈ V20 and Ω∆t  1, leading to the
approximation in equation A.18 [see also 111, for a similar approach]. This assumption in
our model breaks down when Ω∆t ∼ 1 and the time between subsequent observations becomes comparable to the orbital period of the SBHB. We calculate the orbital separations
at which this happens for different configurations of SBHBs and list them in Table A.1 as
amin
∆V . Note that this is merely a limitation of the model presented here, which does not
preclude the use of velocity modulation of the broad lines as a criterion for selection of
SBHBs with a < amin
∆V in observations.
From equation A.18 we find the maximum orbital separation of the SBHB associated
with the measured ∆Vobs as
amax
∆V

2.2 × 104 M
= p
(1 + q)



∆Vobs
40 km s−1

−1/2 

∆t
1 yr

1/2

−1/2

M8

,

(A.19)

where we have taken sin(Ω∆t) ≈ Ω∆t, which is justified in the previous paragraph. Note
also that for the purposes of deriving equation A.19 we have adopted the fiducial value
∆Vobs = ∆Vlim = 40 km s−1 . It follows that all SBHB candidates selected by this survey
max
have orbital semi-major axes smaller than amax
∆V . For illustration we list the values of a∆V

corresponding to different SBHB configurations in Table A.1. If the spectroscopic surveys
provide measurements of the radial velocity of the primary SBH instead of the secondary,
1/2
the value of amax
.
∆V would be smaller by a factor of q

The spectroscopic searches that impose the selection cutoff in terms of both Vlim and
∆Vlim have two upper limits on the maximum value of the SBHB orbital separation, corresponding to amax
and amax
V
∆V . In this case, the true detection limit is given by the smaller of
the two values. Based on this limit, our model implies that assuming a cadence of observations comparable to ∆t = 1 yr, and the selection criteria adopted in this model, SBHBs with
orbital separations < few × 104 M are in principle detectable by spectroscopic searches.
If we integrate the probability density ρ(a), given in equation A.2, from amin = 102 M
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to this cutoff, we find that the SBHBs of interest only reside in this range of separations
for ≤ 0.5% of their lifetime. It follows that for every one detected there should be > 200
undetected gravitationally bound SBHBs with similar properties at larger separations, once
the effects of the SBHB orbital orientation are taken into account in addition to their rate
of evolution.
Solving for the limits on θ and φ, for which the criterion ∆Vobs ≥ ∆Vlim is satisfied,
we obtain



ξ
θ = [0, B] = 0 , arccos
cos φ
φ = [0, D] = [0 , arccos ξ]

(A.20)

where again we define θ as θ(φ), which allows for exact analytic integration of P∆V . The
parameters B and D set the integration limits for P∆V and ξ is the dimensionless parameter
defined as
ξ≡

(1 + q) ã1/2 ∆Vlim
sin(Ω∆t)
c

(A.21)

The resulting probability of detection of an SBHB with a given velocity modulation can be
defined in the same way as in equation A.16. The analytic solution of this integral is

P∆V




2
1 + sin (arccos ξ)
=
arccos ξ − ξ ln
.
π
ξ

(A.22)

Note that P∆V is derived in an approximate way in [111] and that the two solutions differ.
A.3.3

Probability of simultaneous measurement of Vobs and ∆Vobs : PV,∆V

The spectroscopic searches that only consider the criterion ∆Vobs ≥ ∆Vlim for selection
of SBHB candidates should use P∆V as the relevant probability distribution. The spectroscopic searches that additionally impose Vobs ≥ Vlim are looking for SBHB candidates
satisfying both criteria simultaneously. In practice this means that, for every plausible
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SBHB configuration we must find the range of angles of θ and φ on the sky for which both
criteria are satisfied. The overlap can be determined by examining the integration limits
for PV and P∆V given in equations A.15 and A.20 for the first octant. The lower limits on
θ are in both cases zero therefore, the lower limit of the θ integral of PV,∆V is zero. The
upper limits on θ for PV and P∆V differ, implying that the overlap is limited by the smaller
of A and B, or min(A, B). Examining the limits of φ shows that the integration lower limit
must be min(C, D) and its upper limit, min(D, π/2).

PV,∆V

2
=
π

Z

min(D,π/2)

min(A,B)

Z
dφ

min(C,D)

sin θ dθ

(A.23)

0

This results in a probability

PV,∆V

2
=
π

Z

min(D,π/2)

ν(A, B) dφ

(A.24)

min(C,D)

where we have integrated over θ and provided a simplified expression in terms of φ that
can be integrated numerically. The function ν is defined as


cos A cos B
cos B cosA
ν(A, B) ≡ 1 −
−
−
−
.
2
2
2
2

(A.25)

Note that if D < C the φ the integral returns a zero probability (i.e., no overlap), since all
angles are considered in the first octant and must be ≤ π/2.
A.4
A.4.1

Discussion on the Likelihood Model
Benefits of long-term monitoring and complementary searches for SBHBs

The likelihood distribution presented in the previous section can, in principle, be calculated
for every single SBHB candidate, given a minimum of two spectroscopic measurements of
velocity offset, necessary to establish Vobs and ∆Vobs . The true power of SBHB monitoring
however comes from repeated measurements, which define the velocity curve of the SBHB
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Figure A.2: Two-dimensional cuts of the multi-variate likelihood for the E12 search given
by L = ρ(a) × ρ(q) × PV,∆V . The likelihood is calculated by assuming the BLR bound to
the primary black hole (left panel), or the secondary black hole (right panel). Likelihood
is calculated for SBHB with M = 107 M and Ṁ = 0.1ṀE . Color marks the value of the
likelihood, L. An open source python script for calculation and plotting of the likelihood
is available online at https://github.com/bbhpsu/Pflueger_etal18.
with increasing confidence. More specifically, repeated measurements provide constraints
on V2 cos θ, the amplitude of the velocity curve and the orbital period P . Because V2 cos θ =
Vobs / sin φ ≥ Vobs , the amplitude provides a stronger constraint on the orbital separation
than just two measurements of the velocity offset.
−2



ã < (1 + q)

V2 cos θ
c

−2
.

(A.26)

Note that the spectroscopic measurements alone cannot uniquely confirm the identity
of an SBHB, because for the majority of configurations considered in this model the binary orbital period is longer than the temporal baseline of observations. This precludes
measurement of multiple orbital cycles, which has traditionally been used as a criterion for
binarity in stellar systems. Therefore, in the case of SBHB candidates the spectroscopic
observations need to be supplemented by additional, independent observational evidence
that can help to further elucidate their nature.
Some of the more promising complementary approaches include the direct VLBI imaging at millimeter and radio wavelengths of nearby SBHB candidates (z . 0.1) with sep158

arations a & 0.01 pc [181]. The two approaches are complementary since VLBI is not a
surveying technique and it depends on other approaches to define the candidate sample.
The emission properties of SBHB candidates at these wavelengths are however largely unknown and difficult to uniquely predict from theory, making such observations risky but
potentially highly rewarding, should any SBHBs be detected.
It is worth noting that SBHBs that are in principle accessible to spectroscopic surveys
also overlap with a population targeted by the ongoing photometric surveys and PTAs.
These are the SBHBs with orbital periods of a few years

P = 3.1 yr



a 3/2
M8
103 M

(A.27)

corresponding to the more compact systems (a . 0.01 pc) considered in this model. The
possibility of detection of SBHB candidates with more than one technique is exciting as it
may provide additional means to test their nature.
Note that candidates with velocity curves which are inconsistent with the SBHB model
can be ruled out based on spectroscopic observations, even if they have been monitored for
less than a full orbital cycle. Hence, the spectroscopic followup alone can be effective in
narrowing down the sample of SBHB candidates by rejecting those inconsistent with the
binarity hypothesis. This approach is adopted and laid out in [158].
A.4.2

Simplifying assumptions and their implications

One important assumption made in this work is that M , q, and Ṁ are constant throughout
the SBHB evolution and that the binary orbit remains circular. While the evolution in time
of any of these parameters is fairly uncertain, there is general understanding of how they
may affect the binary orbit. For example, the SBHB may increase its mass though accretion
of gas, which is assumed to happen for at least a fraction of SBHB evolutionary time, when
the SBHB is detectable though emission of broad lines.
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Similarly, simulations of SBHBs in circumbinary disks find that the secondary SBH
tends to accrete at a higher rate than the primary [40, 46, 86, 88]. If so, the early evolution
of the SBH pairs towards more equal-mass ratios, discussed in § A.1.2, is expected to
continue after the gravitationally bound SBHB has formed. This is, for example, indicated
by the Illustris simulation in which q ≈ 1 pairs dominate over all other mass ratios at
SBH separations of ∼ 1 kpc [see Figure 2 in 170]. If this mode of growth is favored, it
is plausible that by the time they reach orbital separations accessible to the spectroscopic
searches (a . few × 104 M ) the SBHB may already be quite close to q ≈ 1. The increase
in M and q can lead to the shrinking of the SBHB orbit as a consequence of conservation
of orbital angular momentum, and so can evolution from an initially eccentric to a circular
orbit. It is however expected that these processes are secondary to the circumbinary disk
torques in driving the orbital evolution [see 41, for a comprehensive review of this issue],
which is in our model encoded in Ṁ .
It is worth emphasizing that in this model Ṁ is used as a free parameter that describes
an effective rate of orbital evolution that can arise due to the circumbinary disk combined
with additional mechanisms unrelated to accretion torques. As such, Ṁ sets the upper limit
on but does not imply the mass accretion rate onto the two SBHs throughout their orbital
evolution2 . The SBHBs can also be transported to sub-parsec scales through (scattering)
interactions with stars [21–23, 25]. Those SBHBs that reside in clumpy disks may undergo
multiple scatterings resulting in stochastic orbital evolution [10, 11]. These processes are
not explicitly captured in this analytic model, which assumes that Ṁ does not change in
time or as a function of the orbital separation of a binary. It is, nevertheless, expected
that once a circumbinary disk is in place, the evolution of the SBHB due to its interaction
with this disk should proceed efficiently, on a time scale shorter than that for evolution
by gravitational scattering. This can be ascribed to the “conveyor belt” nature of the disk
which transports the SBHB angular momentum to large distances, where it takes only a
2

For this reason we refrain from making predictions about the luminosity or the growth in mass of the
SBHs based on Ṁ .
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small amount of mass to absorb it.
It is worth noting that the rate of binary evolution is expected to decrease in the
secondary-dominated regime: the stage in which the mass of the secondary SBH dominates over the local circumbinary disk, and the circumbinary disk is the sole driver of orbital evolution [32, 178]. In this scenario, the disk cannot effectively “absorb” the SBHB’s
orbital angular momentum leading to longer residence times of the binary. We do not account for this effect and as a consequence possibly overestimate the rate of evolution of
SBHBs in this regime. For example, SBHBs with M > 107 M and q > 0.1 transition
into the secondary-dominated regime when they are within the detection window of spectroscopic searches, at separations . few × 104 M [see Figures 3 and 4 in 32]. The longer
residence-time of SBHBs in this range would lead to an increased likelihood of their detection, relative to predictions reported in this work.
In this work we only consider SBHBs on circular orbits for simplicity. Allowing for
eccentric orbits would primarily result in larger maximum orbital separations given by amax
V
and amax
∆V , because eccentric binaries sweep over a wider range of speeds and accelerations
over the course of one orbit, relative to their circular counterparts. Therefore, eccentric
SBHBs that reach the detection window of spectroscopic searches would be characterized by a wider range of orbital separations. Their probability and likelihood distributions
would nevertheless remain qualitatively similar to those reported in this work. Taking into
consideration that addition of one more free parameter (eccentricity) would result in a considerably more complicated model, we choose a simpler (circular) model without much
loss of generality.
An implicit assumption made in our model is that the optical BLR of the secondary
SBH is present and its signatures detectable over a range of relevant SBHB separations
that span from 102 M to few × 104 M . In reality, the extent and emission properties of the
BLRs surrounding SBHs in a binary are largely unknown. Even without tangible proof,
their existence seems plausible in at least a fraction of SBHBs, because they are so ubiqui-
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tous in regular AGN. This question can be directly tested by a combination of observational
techniques described in § A.4.1 once a robust sample of SBHBs is established. For example, if the spectroscopic surveys show a lack of SBHBs, relative to the numbers detected
by the photometric surveys or inferred from the PTA measurements, this would point to
phenomenology different from BLRs of regular AGN.
Finally, in this model we make no assumptions about the underlying SBHB mass function (instead, M is treated as a free parameter) and luminosity distribution function, because
they are highly uncertain. Should these properties be better constrained in the future, they
can be added to the model a posteriori.
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APPENDIX B
CHARACTERISTIC ORBITAL SEPARATIONS

Here we describe the calculation of characteristic binary orbital separations which determine the boundaries between the regimes that an SBHB evolves through. These orbital
separations represent the limits of the integral in equation A.7, used to evaluate the time
that SBHB spends in each evolutionary regime. Namely, after the gravitationally bound
binary forms at amax ≈ 106 M , it can evolve through the gas pressure dominated, radiation
pressure dominated region of the circumbinary disk, and finally, GW regime to coalescence. We find that while some SBHBs can pass through all three regimes, other binaries
may transition into the GW phase directly from the gas pressure dominated regime. Which
scenario plays out depends on the properties of the binary and the circumbinary disk.
We therefore evaluate the characteristic orbital separations for all relevant transitions
by equating the infall rates given in equations A.4–A.6 as follows

ȧgas = ȧrad ,

2/21

,

(B.1)

q
ṁ−4 ,
(1 + q)4

(B.2)

q 10/26
1/13
ṁ−2/13 M8 .
10/13
(1 + q)

(B.3)

ach1 = 3550 M α2/21 ṁ16/21 M8

ȧrad = ȧgw ,

ach2 = 1.13 × 10−2 M α−2

ȧgas = ȧgw ,

ach3 = 311 M α−8/26
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APPENDIX C
DEPENDENCE OF STATISTICAL DISTRIBUTION FUNCTIONS ON FC

In this section we investigate the dependence of the distribution functions, characterizing
the modeled profile shapes, on the value of Fc , a cutoff used to mimic some fiducial level of
spectral noise. As noted in § 3.2.2 we adopt Fc = 0.01 in calculation of statistical properties
presented in this work but do not introduce actual fluctuations due to noise to the profiles.
Figure C.1 illustrates how different noise levels impact the line profile shapes, where in
addition to Fc = 0.01 we examine the values of 0.1 and 0.2. With “noise” subtracted from
the profile, we rescale the flux above this cutoff so that the maximum flux measured at the
peak wavelength always has the value of 1.0.
One apparent consequence of the higher level of noise is that it can mask low intensity
features present in the profile wings and hence, affect its statistical properties. The middle
and right panel of Figure C.1 show that when the noise conceals the low intensity feature
between 4900 and 5200 Å the profile centroid (marked by the green vertical line) changes
from C = 4842 Å to 4830 Å to 4828 Å for Fc = 0.01, 0.1 and 0.2, respectively. The sensitivity to the level of noise is particularly pronounced for higher order distribution functions
that depend on the term (λi − C)n , where index n represents the order (see § 3.2.2). For example, the value of AI, which is proportional to the third moment, indicates that the profile
changes from asymmetric (AI = 2.21 at Fc = 0.01) to relatively symmetric (AI = 0.35
at Fc = 0.1) with increasing Fc . Similarly, the value of KI, which is proportional to the
fourth moment, indicates a transition from a cuspy (KI = 9.75 at Fc = 0.01) to a more
boxy profile (KI = 2.02 at Fc = 0.1).
This behavior of higher order distribution functions is illustrated in Figure C.2 which
shows the AI-KI maps associated with eccentric SBHB systems and calculated for different values of Fc . They show that the overall footprint of the 2-dimensional distribution
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Figure C.1: Effect of different cutoff values Fc , representing some fiducial level of spectral
noise, on a simulated line profile shape. For each profile the location of the centroid and
the rest wavelength are marked by the green and pink vertical lines, respectively. The
flux above the “noise” level is rescaled so that the maximum flux measured at the peak
wavelength has the value of 1.0.
increases for the higher levels of noise while at the same time the average profile (traced
by the blue and green colors) becomes more boxy.
The value of the Pearson skewness coefficient, AIP, on the other hand exhibits a weak
dependance on Fc . For the profile in Figure C.1 for example, AIP = 0.21 at Fc = 0.01 and
AIP = 0.19 at Fc = 0.1. As discussed earlier, the AI and AIP provide different measures
of the profile asymmetry. This is because the AI sensitively depends on the low intensity
features in the profile wings and AIP diagnoses the asymmetry in the bulk of the profile.
This property of AIP is captured in Figure C.3, which shows the AIP-PS maps associated
with eccentric SBHB systems. The map footprint and distribution of values in different
panels show little change as both AIP and PS are weak functions of Fc .
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Figure C.2: AI-KI maps for profiles associated with eccentric SBHB systems calculated for
different values of Fc . Map footprint and distribution of values vary for different adopted
levels of noise indicating that AI and KI are sensitive functions of Fc .
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Figure C.3: AIP-PS maps for profiles associated with eccentric SBHB systems calculated
for different values of Fc . Map footprint and distribution of values in different panels show
little change as both AIP and PS are weak functions of Fc .
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APPENDIX D
ANIMATION

Figure D.1: Orbital evolution of the triple-disk accretion flow around SBHB. The embedded animation can be viewed in Adobe Reader version ≥ 7 (no longer supported on Linux).
Alternatively, click [here] to open the supplemental file (Eclipse.gif, 393K).
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APPENDIX E
COMPUTATION OF PRINCIPAL COMPONENTS

In this section we briefly outline the approach used to calculate principal components and
eigenprofiles for the profiles in our synthetic database. Each profile in the database is
defined within the frequency range (0.93, 1.07) ν0 and is discretized using 600 equal frequency bins, where ν0 represents the rest frame frequency of the Hβ emission line. We
carry out the analysis in frequency space and only convert to wavelength space for visualization purposes (i.e., in figures). Moreover, all profiles are normalized in such a way that
their maximum flux values are unity.
The database of all modeled profiles can then be described as a matrix F of size
[N × M], where N ≈ 4.25 × 107 rows represent the number of profiles and M = 600
columns represent the number of frequency bins. The average profile of the database can
be calculated as a vector F of size [1 × M] with elements
N

Fm

1X n
=
F .
N n=1 m

(E.1)

The average profile of the synthetic database, shown in the top left panel of Figure E.1, is
single peaked and fairly symmetric. All profiles in the synthetic database can be derived as
a linear combination of the average profile and a finite number of eigenprofiles calculated
for the synthetic database
Fmn

≈ Fm +

I
X

Tin Pm0i ,

(E.2)

i=1

where “≈” indicates that the profile reconstruction calculated in this way is an approximation of the actual profile due to truncation of the linear series in equation E.2. Here, T is a
matrix of size [N × I] containing the principal components corresponding to each eigenprofile. In this work we choose I = 20 principal components, which is sufficient to precisely
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reconstruct all synthetic profiles in our database, and note that the choice I = M = 600 (the
maximum possible value) does not improve the accuracy of reconstruction. The matrix P
of size [M × I] describes the set of eigenprofiles used to decompose the profiles in the modeled database and each column of this matrix represents one eigenprofile. Furthermore, the
matrix P0 with the size [I × M] is the transpose of P.
The first-order eigenprofile, P1 , is a unit vector pointing in the direction with the largest
projected variance of the profile database. Similarly, the k th -order eigenprofile, Pk , is a unit
vector pointing in the direction with the largest projected variance and is perpendicular to
the k − 1 lower-order eigenprofiles. For example,

P1 = arg max (V0 X0 XV)
V:V0 V=1

P2 =

arg max

(V0 X0 XV) ...

V:V0 V=1,V0 P1 =0

(E.3)
(E.4)

Here, V is a unit vector pointing in some arbitrary direction and X is a matrix with eln
ements Xm
= Fmn − F m . X0 X therefore represents the variance of the database and is

proportional to its covariance matrix. V0 X0 XV represents the projection of the variance
along the direction V. The first-order principal axis, P1 , is selected to be the unit vector
V that maximizes the quantity V0 X0 XV. The second-order principal axis, P2 , points in a
different direction V that maximizes V0 X0 XV and is perpendicular to P1 . Note that here,
the principal axes are the eigenvectors of the matrix X0 X, and the projected variances,
V0 X0 XV, are the eigenvalues.
Since X0 X is positive semi-definite, its eigenvectors can be found by using the process
of singular value decomposition. We use the following notation to describe this procedure
P = svd(X0 X) .
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Figure E.1: The average profile (top left panel) and the first eight eigenprofiles (solid black
lines) calculated for our synthetic database. The number in brackets marks the percentage
of the database variance that corresponds to each eigenprofile. The red dashed (green
dotted) line marks the eigenprofiles calculated for the portion of the modeled profiles from
circular (eccentric) SBHBs.
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The shapes of the first eight eigenprofiles, formally expressed as vectors P0 i with size
[1 × M], are shown in Figure E.1 as black curves. For example, the top middle panel of
Figure E.1 shows that P0 1 is an almost symmetric profile that accounts for 74.4% of the
variance of the database profiles, P0 2 accounts for 13.2%, and so on.
In our calculation, we divide the synthetic database into two portions, consisting of
profiles calculated for the SBHBs on circular orbits (denoted by c X) and for the SBHBs
on eccentric orbits (e X). We compute the covariance for each of the subsets, c X and e X,
before obtaining the total covariance by applying the partition relation
(X0 X)b = (c X0 c X)b + (e X0 e X)b +
a

a

a

c

N eN
(c N + e N)

c

F a − eF a



c

F b − eF b



.

(E.6)

Equation E.6 is numerically convenient because it allows parallel computing of X0 X.
While we only divide the data into circular and eccentric SBHB cases (in order to compare them), one can in principle repeat this procedure for an arbitrary number of data subsets, making the analysis of large datasets more efficient. The parallelization can then be
achieved by calculating the average profiles, c F and e F, as in equation E.1, and by taking
advantage of the property of the covariance matrix
a

(X0 X)b =

N
X
n=1

Fan − F a



N
N
N
 X
1X nX n
Fa
Fb .
Fan Fbn −
Fbn − F b =
N
n=1
n=1
n=1

(E.7)

Figure E.1 shows that within the first 2 orders, the eigenprofiles for circular and eccentric cases are quite similar. The first significant difference between the two appears in the
third order, where e P0 3 has a much more complex shape than c P0 3 . This is in agreement
with the finding reported in Chapter 3 that eccentric SBHBs can in principle produce more
complex profiles due to a wider range of orbital velocities sampled by the orbiting binary.
The eigenprofiles calculated for the entire database (including both circular and eccentric
SBHBs) are more similar to those of the eccentric than circular SBHBs. This because our
database contains a comparable number of eccentric cases (e N = 24, 546, 000) and circular
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cases (c N = 17, 816, 400).
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APPENDIX F
RESULTS OF ANALYSIS FOR 88 SBHB CANDIDATES
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1224

2444

15530

20011

21259

22014

31715

74007

74157

75403

80327

81329

1

2

3

4

5

6

7

8

9

10

11

12

SDSS

3.91 ± 0.14

4.02 ± 0.22

3.84 ± 0.14

4.34 ± 0.44

4.35 ± 0.43

4.07 ± 0.35

3.88 ± 0.14

4.77 ± 0.22

4.17 ± 0.35

4.05 ± 0.30

4.89 ± 0.63

4.44 ± 0.35

log(a/M )

0.39

0.40

0.42

0.79

0.77

0.61

0.42

0.49

0.62

0.55

0.86

0.38

Sa

0.74 ± 0.21

0.77 ± 0.18

0.75 ± 0.19

0.71 ± 0.22

0.73 ± 0.22

0.73 ± 0.21

0.68 ± 0.23

0.64 ± 0.16

0.66 ± 0.24

0.75 ± 0.22

0.58 ± 0.22

0.39 ± 0.19

q

0.84

0.86

0.76

0.83

0.85

0.85

0.89

0.71

0.89

0.83

0.84

0.80

Sq

Sτ0

0.36

0.41

0.33

0.53

0.35

-0.28 ± 1.46 0.67

-0.88 ± 1.52 0.75

-0.28 ± 1.09 0.38

0.05 ± 1.11

0.20 ± 0.86

-0.26 ± 1.26 0.41

0.18 ± 0.76

-3.68 ± 0.94 0.28

0.21 ± 0.75

0.27 ± 0.81

-0.26 ± 1.27 0.78

-2.81 ± 1.64 0.43

log τ0

-0.60 ± 0.64

-0.06 ± 0.38

-0.03 ± 0.50

-0.19 ± 0.40

-0.03 ± 0.50

-0.12 ± 0.60

0.23 ± 0.50

-0.42 ± 0.26

-0.01 ± 0.31

-0.02 ± 0.46

-0.07 ± 0.34

-1.24 ± 0.63

log(F2 /F1 )

0.48

0.32

0.56

0.15

0.27

0.57

0.49

0.36

0.14

0.42

0.29

0.58

SF2/1

0.46

0.45

0.35

0.21

0.34

0.07

0.52

-0.08

0.38

0.44

0.46

-0.09

QI

0

0

0

0

1

1

0

0

0

1

0

1

E12

Table F.1: Inferred values of the binary parameters for the SBHB candidates from the E12 sample. SDSS – Name of the SBHB candidate.
log(a/M ) – average value oflog(a/M ) with one standard deviation. Sa – entropy associated with the value of log(a/M ). q – average
value of the mass ratio with one standard deviation. Sq – entropy associated with the value of q. log τ0 – average value of log τ0 with
one standard deviation. Sτ0 – entropy associated with the value of log τ0 . log(F2 /F1 ) – average value of log(F2 /F1 ) with one standard
deviation. SF2/1 – entropy associated with the value of log(F2 /F1 ). QI – Quality index. E12 – 0 (1) corresponds to the SBHB candidates
for which a statistically significant radial velocity modulation has not (has) been measured from observations.
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82150

82930

83223

84313

85431

91833

91928

92712

93100

93653

93844

94603

94620

95036

95539

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

SDSS

4.17 ± 0.38

4.64 ± 0.28

4.68 ± 0.21

4.41 ± 0.39

4.19 ± 0.34

4.17 ± 0.35

3.85 ± 0.12

3.93 ± 0.14

3.84 ± 0.14

3.73 ± 0.09

4.74 ± 0.27

4.88 ± 0.53

4.29 ± 0.44

3.91 ± 0.26

3.91 ± 0.24

log(a/M )

0.59

0.44

0.40

0.66

0.67

0.68

0.32

0.39

0.41

0.20

0.55

0.77

0.77

0.53

0.50

Sa

0.74 ± 0.22

0.43 ± 0.17

0.57 ± 0.20

0.25 ± 0.24

0.65 ± 0.22

0.67 ± 0.21

0.68 ± 0.19

0.41 ± 0.18

0.81 ± 0.20

0.37 ± 0.15

0.69 ± 0.23

0.70 ± 0.22

0.79 ± 0.19

0.70 ± 0.23

0.67 ± 0.23

q

0.83

0.44

0.89

0.41

0.88

0.87

0.80

0.77

0.76

0.64

0.88

0.89

0.78

0.89

0.88

Sq
0.51

0.42

Sτ0

0.14

0.62

0.27

-0.03 ± 0.85 0.33

-0.66 ± 1.65 0.85

-2.36 ± 1.51 0.72

-2.73 ± 1.62 0.47

0.21 ± 0.65

-0.46 ± 1.17 0.36

0.21 ± 1.10

-0.96 ± 1.77 0.91

-1.94 ± 1.88 0.74

0.16 ± 0.59

-0.69 ± 1.56 0.49

-0.86 ± 1.54 0.72

-0.20 ± 1.49 0.66

0.05 ± 1.21

0.22 ± 0.78

log τ0

Table F.1: continued

-0.17 ± 0.58

-0.47 ± 0.51

-0.49 ± 0.36

-1.78 ± 0.95

-0.05 ± 0.45

-0.13 ± 0.40

0.14 ± 0.26

-0.80 ± 0.68

-0.18 ± 0.47

-0.33 ± 0.72

-0.08 ± 0.32

-0.06 ± 0.34

-0.09 ± 0.24

-0.18 ± 0.51

0.03 ± 0.47

log(F2 /F1 )

0.55

0.46

0.34

0.57

0.47

0.39

0.14

0.70

0.40

0.29

0.25

0.34

0.09

0.53

0.56

SF2/1

0.16

0.59

0.35

-0.71

0.44

0.11

0.43

0.17

0.26

-0.55

0.59

0.46

0.66

0.22

0.05

QI

1

1

1

1

1

0

0

1

1

0

0

0

0

0

1
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log(a/M )
4.01 ± 0.30
4.11 ± 0.35
4.49 ± 0.33
3.92 ± 0.18
3.97 ± 0.09
4.09 ± 0.33
3.91 ± 0.23
4.66 ± 0.38
3.85 ± 0.14
4.14 ± 0.35
4.06 ± 0.31
4.23 ± 0.43
4.49 ± 0.40
4.25 ± 0.39
4.07 ± 0.34

SDSS

28 101438

29 102106

30 102839

31 104132

32 105041

33 105203

34 110051

35 110556

36 110742

37 111329

38 111537

39 111916

40 112751

41 113330

42 113651

0.63

0.63

0.66

0.79

0.64

0.66

0.42

0.70

0.53

0.62

0.16

0.49

0.61

0.62

0.56

Sa

0.71 ± 0.23

0.61 ± 0.23

0.75 ± 0.20

0.69 ± 0.24

0.73 ± 0.20

0.68 ± 0.23

0.69 ± 0.21

0.58 ± 0.23

0.80 ± 0.19

0.64 ± 0.25

0.11 ± 0.06

0.61 ± 0.23

0.61 ± 0.25

0.75 ± 0.23

0.65 ± 0.24

q

0.87

0.85

0.76

0.89

0.85

0.87

0.82

0.91

0.76

0.90

0.17

0.92

0.95

0.85

0.91

Sq
0.40

Sτ0

0.43

0.36

0.54

0.39

0.17 ± 0.78

0.30

-0.50 ± 1.24 0.57

-0.81 ± 1.59 0.64

0.16 ± 0.91

-0.49 ± 1.64 0.58

-0.25 ± 1.16 0.37

0.29 ± 0.73

0.03 ± 1.11

-0.70 ± 1.72 0.75

-0.69 ± 1.66 0.83

-3.13 ± 1.53 0.52

0.29 ± 0.81

-0.52 ± 1.76 0.82

-0.15 ± 1.42 0.61

0.31 ± 0.80

log τ0
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0.05 ± 0.46

-0.31 ± 0.33

-0.02 ± 0.37

0.19 ± 0.51

-0.43 ± 0.65

-0.06 ± 0.38

-0.06 ± 0.37

-0.26 ± 0.34

0.00 ± 0.23

-0.15 ± 0.36

-2.22 ± 0.36

-0.05 ± 0.36

-0.59 ± 0.66

-0.07 ± 0.34

-0.12 ± 0.33

log(F2 /F1 )

0.33

0.39

0.36

0.52

0.52

0.36

0.40

0.28

0.09

0.36

0.40

0.29

0.54

0.24

0.22

SF2/1

0.31

0.44

0.40

0.22

-0.35

0.59

0.55

0.72

-0.09

0.22

-0.76

0.56

0.59

0.14

0.43

QI

0

1

0

0

1

0

0

1

0

0

1

0

0

0

0
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log(a/M )
3.89 ± 0.18
3.79 ± 0.14
4.39 ± 0.48
3.96 ± 0.11
4.36 ± 0.43
3.86 ± 0.17
4.22 ± 0.32
4.00 ± 0.26
3.84 ± 0.13
4.71 ± 0.27
3.96 ± 0.21
3.71 ± 0.04
4.59 ± 0.42
4.70 ± 0.00
4.10 ± 0.35

SDSS

43 113706

44 113904

45 115158

46 115449

47 115644

48 120924

49 121113

50 122811

51 123001

52 124551

53 125142

54 125809

55 130534

56 131945

57 132704

0.60

0.00

0.76

0.04

0.48

0.54

0.42

0.56

0.64

0.49

0.73

0.25

0.64

0.36

0.50

Sa

0.66 ± 0.23

0.83 ± 0.15

0.81 ± 0.18

0.79 ± 0.15

0.65 ± 0.23

0.75 ± 0.20

0.80 ± 0.17

0.72 ± 0.22

0.66 ± 0.23

0.59 ± 0.22

0.71 ± 0.24

0.37 ± 0.06

0.65 ± 0.23

0.55 ± 0.22

0.70 ± 0.21

q

0.88

0.34

0.73

0.63

0.88

0.78

0.71

0.86

0.89

0.88

0.88

0.44

0.90

0.84

0.83

Sq

Sτ0

0.60

0.40

0.44

0.41

0.77

0.27

0.30

0.44

0.55
-0.22 ± 1.25 0.48

0.00 ± 1.21

-1.07 ± 1.86 0.65

-1.22 ± 1.82 0.47

0.19 ± 1.31

0.04 ± 0.77

0.04 ± 0.66

0.04 ± 1.17

-0.55 ± 1.67 0.83

0.24 ± 0.72

0.17 ± 0.85

-3.23 ± 1.39 0.54

0.02 ± 0.96

0.41 ± 0.90

-0.02 ± 1.48 0.81

log τ0
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-0.11 ± 0.42

0.06 ± 0.65

-0.26 ± 0.53

-0.40 ± 0.52

-0.46 ± 0.55

-0.22 ± 0.38

-0.05 ± 0.76

-0.02 ± 0.47

-0.32 ± 0.42

0.31 ± 0.37

0.10 ± 0.43

-1.27 ± 0.35

-0.21 ± 0.52

0.19 ± 0.39

-0.44 ± 0.56

log(F2 /F1 )

0.15

0.57

0.49

0.06

0.53

0.26

0.59

0.45

0.36

0.44

0.37

0.30

0.58

0.43

0.52

SF2/1

-0.27

0.24

-0.01

-0.20

0.47

0.55

0.35

0.20

0.48

0.36

0.44

-0.11

0.06

0.02

0.57

QI

0

1

0

0

1

0

0

0

0

1

0

0

1

1

0
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log(a/M )
3.91 ± 0.13
3.89 ± 0.14
4.72 ± 0.32
4.11 ± 0.37
3.82 ± 0.14
3.77 ± 0.10
4.09 ± 0.35
3.92 ± 0.24
3.93 ± 0.09
4.47 ± 0.47
4.35 ± 0.33
3.91 ± 0.16
4.14 ± 0.42
3.88 ± 0.14
4.61 ± 0.38

SDSS

58 133432

59 134617

60 140007

61 140251

62 140700

63 141213

64 141300

65 143123

66 143455

67 151132

68 151443

69 152316

70 152939

71 152942

72 153434

0.74

0.40

0.65

0.40

0.62

0.82

0.15

0.61

0.66

0.41

0.42

0.68

0.64

0.42

0.39

Sa

0.77 ± 0.19

0.79 ± 0.16

0.72 ± 0.22

0.80 ± 0.19

0.70 ± 0.25

0.80 ± 0.18

0.52 ± 0.19

0.62 ± 0.19

0.72 ± 0.23

0.74 ± 0.19

0.76 ± 0.20

0.66 ± 0.24

0.74 ± 0.19

0.68 ± 0.21

0.77 ± 0.19

q

0.80

0.73

0.82

0.77

0.93

0.74

0.88

0.83

0.87

0.78

0.83

0.91

0.83

0.89

0.76

Sq

Sτ0

0.27

0.33

0.34

0.42

0.47

0.43

0.10

-0.10 ± 1.21 0.51

-0.09 ± 0.95 0.31

0.11 ± 0.92

0.41 ± 0.87

0.16 ± 0.64

-0.81 ± 1.68 0.66

0.17 ± 1.03

0.27 ± 0.79

0.18 ± 1.01

-0.78 ± 1.16 0.26

-0.01 ± 0.37 0.08

0.15 ± 0.65

-1.11 ± 0.90 0.42

-0.63 ± 1.71 0.76

-0.84 ± 0.96 0.67

log τ0
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-0.03 ± 0.35

-0.33 ± 0.79

-0.03 ± 0.45

0.06 ± 0.67

-0.17 ± 0.48

-0.39 ± 0.53

0.12 ± 0.29

0.04 ± 0.28

-0.03 ± 0.31

-0.00 ± 0.63

-0.03 ± 0.64

0.21 ± 0.39

-0.07 ± 0.36

-0.78 ± 0.65

-0.29 ± 0.56

log(F2 /F1 )

0.26

0.62

0.45

0.53

0.40

0.51

0.43

0.29

0.20

0.44

0.61

0.34

0.33

0.51

0.56

SF2/1

0.38

0.32

0.22

0.46

0.65

0.24

0.44

0.42

0.40

0.16

0.33

0.26

0.37

0.49

0.51

QI

0

0

0

0

0

1

0

0

0

0

0

1

0

0

0
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log(a/M )
3.82 ± 0.12
4.28 ± 0.45
4.32 ± 0.43
3.89 ± 0.14
3.95 ± 0.11
4.04 ± 0.31
3.99 ± 0.25
4.81 ± 0.26
3.91 ± 0.31
3.78 ± 0.12
4.41 ± 0.28
4.07 ± 0.32
4.17 ± 0.24
3.82 ± 0.15
4.19 ± 0.35

SDSS

73 153636

74 153644

75 154340

76 154637

77 155654

78 160243

79 160536

80 161911

81 162914

82 163020

83 165118

84 165255

85 170341

86 171448

87 172711

0.61

0.42

0.44

0.58

0.65

0.42

0.60

0.50

0.51

0.71

0.12

0.42

0.76

0.85

0.27

Sa

0.63 ± 0.24

0.71 ± 0.23

0.42 ± 0.22

0.65 ± 0.24

0.53 ± 0.20

0.63 ± 0.24

0.78 ± 0.21

0.72 ± 0.22

0.73 ± 0.23

0.72 ± 0.22

0.43 ± 0.10

0.73 ± 0.20

0.79 ± 0.20

0.77 ± 0.21

0.46 ± 0.14

q

0.89

0.88

0.73

0.90

0.82

0.90

0.80

0.89

0.86

0.84

0.57

0.86

0.79

0.81

0.65

Sq

Sτ0

0.45

0.49

0.32

0.14

0.37

0.43

0.42

0.41

0.46

0.05 ± 1.07

0.06 ± 1.33

0.44

0.64

-2.34 ± 1.78 0.29

0.26 ± 0.70

0.09 ± 0.44

0.02 ± 0.80

0.04 ± 1.04

0.02 ± 1.02

0.37 ± 0.88

0.02 ± 0.91

-1.51 ± 1.36 0.67

-1.40 ± 1.67 0.73

0.00 ± 1.12

0.04 ± 1.09

-3.40 ± 1.21 0.76

log τ0
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-0.27 ± 0.45

0.12 ± 0.63

-1.10 ± 0.61

-0.08 ± 0.36

-0.15 ± 0.43

0.13 ± 0.55

-0.01 ± 0.24

-0.08 ± 0.36

0.03 ± 0.29

0.06 ± 0.31

-0.49 ± 0.28

-0.15 ± 0.55

-0.06 ± 0.55

-0.05 ± 0.40

-1.02 ± 0.50

log(F2 /F1 )

0.43

0.54

0.53

0.32

0.41

0.62

0.08

0.32

0.21

0.17

0.38

0.49

0.50

0.37

0.45

SF2/1

0.68

-0.45

0.07

0.66

0.51

-0.19

0.11

0.69

0.41

0.25

0.15

0.15

0.34

-0.12

-1.08

QI

0

0

0

0

0

0

1

1

0

0

1

1

0

1

1
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log(a/M )
4.23 ± 0.35

SDSS

88 180545

0.64

Sa
0.69 ± 0.23

q
0.89

Sq
0.20 ± 0.98

log τ0
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0.42

Sτ0
0.04 ± 0.36

log(F2 /F1 )
0.26

SF2/1
0.25

QI

0

E12
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