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Evidence for sub-pc SMBHBs comes in several flavors...

1. GW emission: PTAs (near future) and LISA (2030s)


2. Direct (VLBI) imaging: Double nuclei  (~1 candidate)


3. Photometry: Quasi-periodic variability  (~150 candidates)


4. Spectroscopy: Offset broad emission lines  (~100 candidates)

More direct

Less direct



Evidence for sub-pc SMBHBs comes in several flavors...

1. Direct (VLBI) imaging: Double nuclei  (so far ≫102 years) 


2. Spectroscopy: Offset broad emission lines  (~10s —100s years)


3. Photometry: Quasi-periodic variability  (few—10 years)


4. GW emission: PTAs and LISA (0 — few years)

Longer Porb

Shorter Porb



• ~16k SDSS QSOs triaged to 88 based 
on shifted broad Hβ emission line 
profiles


• 3+ spectra w/ baseline ~12 years      
(~350 spectra) 

Spectroscopic search: offset optical broad emission-lines 

Figure 1: Here we show profiles of o�set broad H� lines from the SDSS spectra reported in [16]. Narrow lines and underlying
continuum emission have been subtracted, and each target’s profile is arbitrarily normalized and vertically o�set. The dashed
line marks the narrow H� line velocity, which represents the rest-frame velocity of the galactic host. The dotted lines indicate
a window of ±5000 km s�1 from this line. Both red-shifted and blue-shifted BLR systems are visible.

a companion SMBH, thus doppler-shifted BLR emission with respect to the galaxy1, analogous to single-
lined spectroscopic binary systems [4, 19]. The gravitational recoil theory calls on numerical relativity
calculations [1, 10, 11], which predict that the coalescence of a SMBH binary can induce a high-velocity
ejection of the merged SMBH from the galactic center; it travels accompanied by its virially-bound BLR.
Finally, the jet-induced outflow hypothesis suggests that radio jets can entrain ambient BLR gas
(e. g. [39]), similar to what can occur in narrow-line regions of single-core galaxies (e. g. [21, 35]).

Fewer than five o�set-BLR objects have been studied over the past half-decade with ambiguous con-
clusions, largely because the data (high-resolution optical spectroscopy and low-resolution radio imaging)
and small sample sizes (typically one) did not allow di�erentiation between the theorized physical origins
[2, 13, 26, 38].

3 Our Target Sample and Scientific Goals

The study of Eracleous et al. [16] identified 88 objects with velocity-o�set broad H� emission lines at
>1000 km s�1, in a sample of ⇥15,900 Sloan Digital Sky Survey quasars (Fig 1; see similar results by
[14, 25, 36]). In follow-up spectroscopic observations, 20% of the 70 re-observed objects showed shifts in
their BLR velocity by 100–300 km s�1 over a time scale of 5–10 years. These changes are consistent with
the expected motion of a small-orbit SMBH binary of average mass (⇥108M�) and orbital orientation.

Our VLBA observations will add critical points of information to the completed VLA finding survey
to understand these objects in terms of their three physical origin hypotheses. Support for any of these
would allow valuable conclusions to be drawn about closely related science:

• Binary SMBHs: Our primary goal is binary SMBH discovery. Applying this hypothesis to our sample
yields model-dependent orbital separations ranging from a few hundredths of a parsec to ⇥10 pc, with
characteristic separations ⇥0.1 pc and periods up to a few hundred years. If both SMBHs are radio-
active, they will be identifiable as two unresolved radio cores in the same tradition as Rodriguez et al.
[31]. Parsec-orbital-scale binaries are direct progenitors (and in some cases, the selfsame systems) of

1Within a circumbinary disk, the relative AGN activity levels may depend on the mass ratio of the black holes (e. g. [25]).
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  broad Hβ emission line profiles 

(Eracleous+ 12, Runnoe+ 15, 17)

(see also: Bon+ 12, 16; Decarli+ 13; 
Shen+ 13; Ju+ 13; Liu+ 14; Li+ 16; 
Wang+ 17, Guo+ 19)



What can be learned from a spectroscopic sample of SMBHBs?

• Calculation of spectra from the first principles is presently out of reach.


• Calculation of spectra using a hybrid, phenomenological-physical model?



Properties of SMBHBs accretion flows from simulations

• Structure of the circumbinary accretion flow


• Accretion onto both SMBHs continues unhindered


• For q<1, secondary SMBH accretes at a higher rate

Simulated gas surface density (Moody+ 19)

disk aspect ratio (h≡H/R=0.1) and α (α=0.1). The
fiducial runs are runs A, E, and F. In runs B and C we test faster
sink times for the sink cells representing the black holes. In run
D we test a lower resolution to test convergence.

3.1. 2D Simulations

First, we run 2D simulations to check our numerical setup
and the reliability of the Cartesian grid. Many similar
simulations have been done already, as seen in the work
of MML17, Farris et al. (2014), Tang et al. (2017), and Muñoz
et al. (2019). None use a Cartesian grid in their simulations.
The work of Farris et al. (2014) does not examine the torques
on the system, though the other three do. In addition, the work
of MML17 excises a central region, so they do not resolve the
binary itself.

3.1.1. General Properties

Our simulation (simulation A as described in Table 1) has a
resolution of 256×256 at each level of mesh refinement,
which gives us a resolution of about 102 cells per a in the
innermost region of [−2.5a, 2.5a]×[−2.5a, 2.5a]. The
viscous time at r=a is 119 binary orbits, and the global
viscous time of the disk is 5020 binary orbits. We run the
simulation for 1050 binary orbits, about one-fifth of the global
viscous time of the disk, in order to reach a steady state. This
requires approximately 140 CPU hr to complete the simulation.

A snapshot of the surface density of the system at late time is
shown in Figure 1. Only the inner part of the disk is shown. We
can see clearly the circumbinary disk with a gap region cleared
out around the central binary as expected, with a gap radius of
roughly r a a2 3= - . MML17 have the same size of the
central gap region in their simulation with the same parameters
as we have used. The gap is generally not centered about the
central binary in both our simulation and those of MML17.
Additionally, we see toward the top of the cavity in our
simulation a further asymmetry in the gap region. A high-
density lump has formed in the disk at the edge of the gap. This
lump is created from the material that is flung back toward the
disk away from the binary. The lump orbits along with the disk
and is periodically torn apart and recreated as it orbits.

Around each black hole, we can also see the formation of
minidisks, with accretion streams feeding the minidisks from
the circumbinary disk. MML17 see the same features in their
simulations (spiral density waves, accretion streams, and
lump), though they are unable to see minidisks, as they have
excised the central region. The simulations of Tang et al.
(2017) have the same disk aspect ratio and α values as our
simulation, though they use a polar grid and a slightly different
sink time. Their simulations are also consistent with ours, as
they see the same size asymmetric gap region, density lump,
accretion streams, and spiral density waves. Tang et al. (2017)
do resolve the inner portion of the disk and also see minidisks
that form around each black hole with accretion streams
feeding them.
To analyze whether the system has indeed reached a steady

state, we plot the integrated surface density profile of the disk
as a function of radius and time, seen in Figure 2. This figure
shows the last 100 binary orbits of the simulation. The main
structure seen here is the spiral density waves, which are
excited by the binary and travel outward. The lack of secular
trends is consistent with the disk having reached a steady state
by the end of our simulation time.

3.1.2. Accretion Rate

The accretion rate is another indicator of whether we have
reached a steady state. In Figure 3 we show the accretion rate
through the disk. The top panel shows the accretion rate
through the disk for the last 100 orbits of the simulation, with
each line representing an average over 10 orbits. The red
dashed line indicates the average accretion rate, averaged over
time and radius for these last 100 orbits. The bottom panel is an
average over the entire period of the last 100 orbits. The red
dashed line is the same as in the top panel—the average
accretion rate averaged over both time and radius. The average
rate is 0.012 GMa0S . This value is larger than for an α-disk
around a single black hole by a factor of 1.27. Farris et al.
(2014) also find their disks to have larger accretion rates than
single black hole disks. They note that this does not indicate
that binaries enhance accretion, but rather that binaries are
unable to fully clear the gap region and suppress accretion.

Figure 1. Snapshot of the surface density Σ at t≈1000 binary orbits for our
2D simulation with resolution of 256×256. Density is shown in a logarithmic
scale indicated by the side bar, and the x/y axes are in units of binary
separation (a, set to 1). The orbital motions of both the binary and gas disk are
in the counterclockwise direction.

Figure 2. Spacetime diagram of surface density of the disk for the last 100
binary orbits. The x-axis is radius from the center given in units of binary
separation (a, set to 1). The y-axis is time in binary orbits. The density is shown
in the side bar, in a linear scale. The regular pattern seen here indicates spiral
density waves.
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A minimalistic model for sub-parsec SMBHBs

• Key parameters: separation, eccentricity, mass ratio, triple disk alignment


• BLR model: SMBH mini-disks + circumbinary disk + 2 sources of illumination

(credit: Khai Nguyen) 

BLR emissivity map:



A minimalistic model for sub-parsec SMBHBs

• Key parameters: separation, eccentricity, mass ratio, triple disk alignment


• BLR model: SMBH mini-disks + circumbinary disk + 2 sources of illumination


• Calculate composite broad emission line-profiles.


• Emission line photons affected by absorption in the line-driven accretion disk wind.

(Chen & Halpern 89, Eracleous+ 95)

Calculations of radiative transfer for outflows of this type are
often carried out in the limit of large velocity gradient (aka
Sobolev approximation; Castor 1970; Rybicki & Hummer 1978;
Irons 1990; Hamann et al. 1993). 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 line of sight is monotonically increasing. Under such
circumstances the photons do not encounter multiple regions
along the line of sight where they can be absorbed. Since
accretion disk winds are expected to accelerate radially out (e.g.,
Proga et al. 2000; Proga & Kallman 2004, and references
therein), this condition is satisfied and the Sobolev approx-
imation allows one to uncouple the absorption layer (marked as a
black strip at the bottom of the wind streamlines in Figure 1)
from the rest of the wind. In this approximation, the
characteristic thickness of the absorption layer is given by the
Sobolev length, ℓS. 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,
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and the unit vector ŝ defines the direction of the observer’s line
of sight. The line optical depth of the absorption layer, t ( ˆ)r s, ,
depends on the local mass density of neutral atoms, r ( )r ,
opacity coefficient, �( )r , and turbulent velocity, s ( )r ,

�
�

t r
r s
L

= =( ˆ) ( ) ( ) ( )
∣ˆ · ( ) · ˆ ∣

( )r s
r r r

s r s
ℓ, . 3S

Here L 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, Lº ˆ · · ˆs sQ .
Defined in this way, Q is the velocity gradient of the wind
along the line of sight. The model assumes constant ùand
σ within the thin absorption layer, and the density is expressed
as a power law in radius, r r= h-( )r Mi0 , where r0 is
a normalization constant. Following Flohic et al. (2012),
we adopt �t r s=0 0 , in which case Equation (3) can be
reduced to
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where t t» 5 0 ( t7 0) 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

=R M500i iin, ( M1000 i), and assuming η=1. Note that
Equation (3) implies that Q must have units of inverse time
in order for the optical depth, τ, to be dimensionless. Keeping
up with the formulation of equations in geometric units, it
follows that Q and τ0 in Equation (4) (and hereafter) are
expressed as dimensionless quantities in terms of

= -c GM Mi i
3 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 L tensor and the final
expression for Q, are shown in Appendix A.
In this work, the emission-line profiles are calculated for a

range of optical depths, t = -[ ]10 , 100
4 2 , as shown in Table 1.

In addition, PaperI presents the emission-line profiles with
τ0=0 (the “no wind” scenario). 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 t > 1000 , and we do not explore the
values of optical depth beyond this threshold. We further
choose one value, η=1, to represent the radial dependence of
the wind density, after verifying that the impact of this
parameter on the profile shapes is relatively weak. See
Appendix A for a more detailed discussion about these
parameter choices.
An additional ingredient necessary for this calculation is the

description of the poloidal component of the wind velocity
along a given streamline,
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At the launching point on the surface of the disk (i.e., at the
footpoint of the streamline), we assume that the wind velocity
is comparable to the Keplerian velocity in the disk,

= -( ) ( )v r r Mp f f i
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 r M4.7 f i
1 2,

which corresponds to »¥v 0.2 c for the launching point at
=r M500f i (see Appendix A.1). The value of γ=1.2 is

Figure 1. Illustration of the BLR of a single SBH affected by the accretion disk wind, based on the model of Chiang & Murray (1996). The compact source of
continuum radiation (dashed circle) photoionizes the skin of an optically thick, geometrically thin disk giving rise to the low-ionization, broad emission-line layer.
Before escaping to infinity, some emission-line 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 footpoint with radius rf at an angle l ( )rf . The figure does not show the details of the inner accretion disk and is not to scale.
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Synthetic emission line profiles
• Database of 40+ million Hβ profiles
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Fig. 4.— Characteristic profile shapes occupying different regions in the AIP-PS parameter space of binaries with circular orbits and
when disk wind effect is not applied (a), or when disk wind effect is applied on all 3 disks with τ0 = 100 (b). Pink vertical line in the
outer panels marks the rest wavelength of the Hβ emission line. In the central panel, Gray and Pink color show footprints of the AIP-PS
distribution from the C-NW model and the C-3DW-τ0 = 100 model, respectively.

***Importance of illumination by the companion AGN
***Time Evolution In this section, we describe typ-

ical evolution of our modeled broad emission line pro-
files in the time scale of one orbital period. The profiles
can be classified into two groups of low mass ratio bi-
naries with q ≤ 1/10 and high mass ratio binaries with
q ≥ 1/3. When q is sufficiently low, our model expects
emission flux from the primary mini-disk dominates that
from the secondary mini-disk because BLR on mini-disk
should be proportional to mass of the host black hole, or
F2/F1 ∝ q2. Detected profiles typically do not change
in shapes nor widths, but possess small oscillation along
the wavelength axis due to orbital motion of the primary
black hole. We note that there exists another interpre-
tation for these rigid profiles in several works (Liu et al.
2014; Eracleous et al. 2012; Runnoe et al. 2015, includ-
ing) that the profiles mainly contributed by emission on
the secondary disk BLR because of the higher accretion
rate onto the sedondary black hole. Although we have
also implemented this effect in our model by scaling the
emissivity on the disks with the corresponding accretion
rates, we find that the effect, as quantitatively averaged
from various simulation results, is weaker than the fac-
tor q2. In order to verify whether observed rigid profiles
originate from primary or secondary disk, one can, in
principle, monitor shifts of the profiles along the wave-
length or velocity axis, a.k.a. radial velocity variation
(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
mini-disks have relevant contribution toward the total

flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.

• Low Mass Ratio

The left panel of Figure 6 displays 20 temporal
phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
primary disk, whose instant line of sight velocity
is traced by red dots. Emission on the secondary
disk, whose instant line of sight velocity is traced
by blue dots, is neglectable because the area of the
secondary BLR is two oders of magnitude smaller
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naries with q ≤ 1/10 and high mass ratio binaries with
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from the secondary mini-disk because BLR on mini-disk
should be proportional to mass of the host black hole, or
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the wavelength axis due to orbital motion of the primary
black hole. We note that there exists another interpre-
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the secondary disk BLR because of the higher accretion
rate onto the sedondary black hole. Although we have
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between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.

• Low Mass Ratio

The left panel of Figure 6 displays 20 temporal
phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
primary disk, whose instant line of sight velocity
is traced by red dots. Emission on the secondary
disk, whose instant line of sight velocity is traced
by blue dots, is neglectable because the area of the
secondary BLR is two oders of magnitude smaller
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rate onto the sedondary black hole. Although we have
also implemented this effect in our model by scaling the
emissivity on the disks with the corresponding accretion
rates, we find that the effect, as quantitatively averaged
from various simulation results, is weaker than the fac-
tor q2. In order to verify whether observed rigid profiles
originate from primary or secondary disk, one can, in
principle, monitor shifts of the profiles along the wave-
length or velocity axis, a.k.a. radial velocity variation
(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
mini-disks have relevant contribution toward the total

flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
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phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
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ical evolution of our modeled broad emission line pro-
files in the time scale of one orbital period. The profiles
can be classified into two groups of low mass ratio bi-
naries with q ≤ 1/10 and high mass ratio binaries with
q ≥ 1/3. When q is sufficiently low, our model expects
emission flux from the primary mini-disk dominates that
from the secondary mini-disk because BLR on mini-disk
should be proportional to mass of the host black hole, or
F2/F1 ∝ q2. Detected profiles typically do not change
in shapes nor widths, but possess small oscillation along
the wavelength axis due to orbital motion of the primary
black hole. We note that there exists another interpre-
tation for these rigid profiles in several works (Liu et al.
2014; Eracleous et al. 2012; Runnoe et al. 2015, includ-
ing) that the profiles mainly contributed by emission on
the secondary disk BLR because of the higher accretion
rate onto the sedondary black hole. Although we have
also implemented this effect in our model by scaling the
emissivity on the disks with the corresponding accretion
rates, we find that the effect, as quantitatively averaged
from various simulation results, is weaker than the fac-
tor q2. In order to verify whether observed rigid profiles
originate from primary or secondary disk, one can, in
principle, monitor shifts of the profiles along the wave-
length or velocity axis, a.k.a. radial velocity variation
(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
mini-disks have relevant contribution toward the total

flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.

• Low Mass Ratio

The left panel of Figure 6 displays 20 temporal
phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
primary disk, whose instant line of sight velocity
is traced by red dots. Emission on the secondary
disk, whose instant line of sight velocity is traced
by blue dots, is neglectable because the area of the
secondary BLR is two oders of magnitude smaller
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naries with q ≤ 1/10 and high mass ratio binaries with
q ≥ 1/3. When q is sufficiently low, our model expects
emission flux from the primary mini-disk dominates that
from the secondary mini-disk because BLR on mini-disk
should be proportional to mass of the host black hole, or
F2/F1 ∝ q2. Detected profiles typically do not change
in shapes nor widths, but possess small oscillation along
the wavelength axis due to orbital motion of the primary
black hole. We note that there exists another interpre-
tation for these rigid profiles in several works (Liu et al.
2014; Eracleous et al. 2012; Runnoe et al. 2015, includ-
ing) that the profiles mainly contributed by emission on
the secondary disk BLR because of the higher accretion
rate onto the sedondary black hole. Although we have
also implemented this effect in our model by scaling the
emissivity on the disks with the corresponding accretion
rates, we find that the effect, as quantitatively averaged
from various simulation results, is weaker than the fac-
tor q2. In order to verify whether observed rigid profiles
originate from primary or secondary disk, one can, in
principle, monitor shifts of the profiles along the wave-
length or velocity axis, a.k.a. radial velocity variation
(see Runnoe Paper 3). On the other hand, when the
mass ratio q is sufficiently high and close to unity, both
mini-disks have relevant contribution toward the total

flux, and detected profiles should vary more in shapes
between temporal epochs. Measurement of radial veloc-
ity varitaion for the total profile does not apply in this
case because both mini-disks, which move in opposite
direction, have significant contribution toward the total
emission. Classification of profiles in term of low and
high q is motivated by observation of both rigid profiles
and flexible profiles in SBHB candidates. For instant,
Runnoe et al. Paper 3 report both rigid profiles with a
ratio of 29/88 candidates with rigid profiles as the pro-
files do not vary much in follow-up measurement of sev-
eral years after the first measurement. They have been
able to measure radial velocity variation, which are small
shifts of a few Å along the wavelength axis. They also
report 49/88 objects with more flexible shapes in mul-
tiple temporal epochs. In the following subsections we
will discuss in more details evolution signatures of the
profiles in the low and the high mass ratio groups.

• Low Mass Ratio

The left panel of Figure 6 displays 20 temporal
phases of a SBHB system with q = 1/10, and other
parameters are shown in the caption. The total
emission profiles, displayed by black curves, are
rigid and contributed mainly from emission on the
primary disk, whose instant line of sight velocity
is traced by red dots. Emission on the secondary
disk, whose instant line of sight velocity is traced
by blue dots, is neglectable because the area of the
secondary BLR is two oders of magnitude smaller
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Analysis of synthetic database of profiles
• FWHM, asymmetry, “boxiness”, peak shift
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Comparison of synthetic w/ observed  profiles (Nguyen, TB+ 19a) 
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Fig. 10.— AIP-CS maps for profiles associated with eccentric SBHB systems. Map legend is the same as in Figure 8.
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Fig. 11.— AIP-PS map for profiles associated with observational black holes binaries candidates (left panel) and matching typical AGN
(right panel). Color bar indicates the density of profiles plotted on log scale. The widths of the gaussian smoothing function is chosen to
be one fifth of the data standard deviations as discussed in the Appendix D

law in radial distance, i.e. ρ ∝ r−η. Thus, Equation ?? can be expressed as:

τ = τ0
ξ−η

|Q|
(A13)

where τ0 is normalization parameter, and the dimensionless function Q(ξ,φ) is difined as: Q = ŝ ·Λ · ŝ.
In Step 1, we model the radial component of the wind velocity, vr, by two parameters γ and b as motivated from

isotropic stellar wind velocity profile (see Kudritzki & Puls 2000):

vr(r) = v∞
(

1− b
rf
r

)γ
, b = 1−

(

vr(rf )

v∞

)
1

γ

(A14)

The constant parameter b is related to the ratio between initial velocity at the footpoint of the wind and terminal
velocity at distance far away downstream: vr(rf )/v(∞). Where the wind footpoint rf is radial distance from the
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In Step 1, we model the radial component of the wind velocity, vr, by two parameters γ and b as motivated from

isotropic stellar wind velocity profile (see Kudritzki & Puls 2000):

vr(r) = v∞
(

1− b
rf
r

)γ
, b = 1−

(

vr(rf )

v∞

)
1

γ

(A14)

The constant parameter b is related to the ratio between initial velocity at the footpoint of the wind and terminal
velocity at distance far away downstream: vr(rf )/v(∞). Where the wind footpoint rf is radial distance from the



(Nguyen, TB+ 19b, 

arXiv:1908.01799) Properties of individual SMBHB candidates

SMBHB candidate 1 SMBHB candidate 2

• Observed candidates mapped into SMBHB parameter space

10 Nguyen et al.
q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.



(Nguyen, TB+ 19b, 

arXiv:1908.01799) Properties of individual SMBHB candidates

SMBHB candidate 1 SMBHB candidate 2

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

• Misaligned or warped disks?



(Nguyen, TB+ 19b, 

arXiv:1908.01799) Properties of individual SMBHB candidates

SMBHB candidate 1 SMBHB candidate 2

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

• No useful constraints on orbital eccentricity.

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.

10 Nguyen et al.

q

log (a/M) log (a/M) log (a/M)

0.1

0.5

1.0

4 5 6 0.025

0.025

4 5 6 0.025 4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 4. 2D probability density distribution in terms of log(a/M) and q for SDSS J093844 (left), J095036 (middle), and
J161911 (right panel). The rectangular insets show the 1D projections.

✓

2

✓1 ✓1 ✓1

0

30

60

90

120

150

0 30 60 90 120150 0.025

0.025

0 30 60 90 120150 0.025 0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 5. 2D probability density distribution in terms of ✓1 and ✓2 for SDSS J093844 (left), J095036 (middle), and J161911
(right panel). The rectangular insets show the 1D projections.

lo
g
(F

2
/
F

1
)

log ⌧0 log ⌧0 log ⌧0

-3
-2
-1
0
1
2
3

-4 -2 0 2 0.025

0.025

-4 -2 0 2 0.025 -4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

Figure 6. 2D probability density distribution in terms of log ⌧0 and log (F2/F1) for SDSS J093844 (left), J095036 (middle),
and J161911 (right panel). The rectangular insets show the 1D projections.



Average for 88 
SMBHB candidates

Properties of a sample of 88 SMBHB candidates14 Nguyen et al.

q

log (a/M)

✓

2

✓1

lo
g
(F

2
/
F

1
)

log ⌧0

0.1

0.5

1.0

4 5 6

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

0.025

0

30

60

90

120

150

0 30 60 90 120150

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

0.025

-3
-2
-1
0
1
2
3

-4 -2 0 2

1.0e-04

2.0e-04

3.0e-04

4.0e-04

0.025

0.0

Figure 9. 2D probability density distributions in terms of
log(a/M) and q (top), ✓1 and ✓2 (middle), and log ⌧0 and
log (F2/F1) (bottom) for the 88 SBHB candidates from the
E12 sample. The rectangular insets show the 1D projections.

based on profile distribution functions (profile asymme-
try, location of the peak, etc.), calculated for the syn-
thetic and the two observed datasets. The compari-
son reported here is instead based on posterior distribu-
tions for SBHB parameters, which, as stated above, in
many ways appear statistically indistinguishable. The
two statements are not necessarily at odds – they are
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just a di↵erent manifestation of the fact that mapping
between the emission-line profiles and SBHB parame-
ters in our model is characterized by some amount of
degeneracy. In other words, even if the shapes of the
profiles for the SBHB candidates and control AGNs ap-
pear statistically distinct, the distributions of the SBHB
parameters inferred from them can overlap.
For practical purposes we also provide the analytic fits

to the 1D distribution functions for the semi-major axis
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ABSTRACT

We present a method for comparing the H� emission-line profiles of observed supermassive black
hole (SBHB) candidates and models of sub-parsec SBHBs in circumbinary disks. Using the approach
based on principal component analysis we infer the values of the binary parameters for the spectroscopic
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 suggest that there is a physical
process that allows initially unequal mass systems to evolve toward comparable mass ratios or point
to some, yet unspecified, selection bias. Because the orbital eccentricity su↵ers 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 most of 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 emission-line profiles once
a sample of confirmed SBHBs is available but cannot be used as a conclusive test of binarity.

Keywords: galaxies: active — galaxies: nuclei — methods: analytical — quasars: emission lines

1. INTRODUCTION

Over the past decade spectroscopic searches have iden-
tified about a hundred supermassive black hole binary
(SBHB) candidates at sub-parsec orbital separations.
These searches rely on detection of the Doppler shift in
the emission-line spectrum of an active galactic nucleus
(AGN) that arises as a consequence of SBHB orbital
motion, under assumption that at least one of its con-
stituent SBHs can shine as an AGN. In this context, the
Doppler-shifted broad emission lines (BELs) have been
interpreted as originating in gas that is gravitationally
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bound to the individual supermassive black holes (SBHs;
e.g. Gaskell 1983; Bogdanović et al. 2009; Shen & Loeb
2010). The main complication of this approach however,
is that the Doppler shift signature is not unique to SB-
HBs and can be mimicked by AGNs powered by single
SBHs (e.g., Popović 2012).
If any of the SBHB candidates targeted by the spec-

troscopic searches are true binaries, they are expected
to have orbital periods ⇠ few ⇥ 101�2 years (Pflueger
et al. 2018). This indicates that sustained, multi-year
follow-up observations, carried out by multiple groups,
may soon be able to definitively identify the signatures
of orbital motion in some candidates (Bon et al. 2012,
2016; Eracleous et al. 2012; Decarli et al. 2013; Ju et al.
2013; Liu et al. 2014; Shen et al. 2013; Runnoe et al.
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We present a method for comparing the H� emission-line profiles of observed supermassive black
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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 suggest that there is a physical
process that allows initially unequal mass systems to evolve toward comparable mass ratios or point
to some, yet unspecified, selection bias. Because the orbital eccentricity su↵ers 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 most of 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 emission-line profiles once
a sample of confirmed SBHBs is available but cannot be used as a conclusive test of binarity.
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Over the past decade spectroscopic searches have iden-
tified about a hundred supermassive black hole binary
(SBHB) candidates at sub-parsec orbital separations.
These searches rely on detection of the Doppler shift in
the emission-line spectrum of an active galactic nucleus
(AGN) that arises as a consequence of SBHB orbital
motion, under assumption that at least one of its con-
stituent SBHs can shine as an AGN. In this context, the
Doppler-shifted broad emission lines (BELs) have been
interpreted as originating in gas that is gravitationally
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e.g. Gaskell 1983; Bogdanović et al. 2009; Shen & Loeb
2010). The main complication of this approach however,
is that the Doppler shift signature is not unique to SB-
HBs and can be mimicked by AGNs powered by single
SBHs (e.g., Popović 2012).
If any of the SBHB candidates targeted by the spec-

troscopic searches are true binaries, they are expected
to have orbital periods ⇠ few ⇥ 101�2 years (Pflueger
et al. 2018). This indicates that sustained, multi-year
follow-up observations, carried out by multiple groups,
may soon be able to definitively identify the signatures
of orbital motion in some candidates (Bon et al. 2012,
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On average for SMBHB candidates:



In summary...

• SMBHBs are a natural product of galaxy evolution and the prime sources of GWs — our 
best chance to find them is (still) through EM observations.


• Observations: Identification of sub-pc SMBHBs has been challenging. Gains inevitable 
through (a) continued long term monitoring and (b) new surveys and observatories.


• Simulations: Lots has been learned already. The next frontier is a new generation of 
simulations of accreting SMBHBs which account for effects of radiation and magnetic 
fields.


• Modeling: Once a robust sample is detected modeling of broad emission-line profiles is 
one promising way to learn about the properties of sub-pc SMBHBs and make 
predictions for GW observatories.


