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Observational evidence for sub-pc SBHBs comes in several 
flavors...

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


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



Observational evidence for sub-pc SBHBs 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)

Decreasing Porb



Spectroscopic searches for SBHBs

v2

v1

Rest Wavelength (Å)

[OIII] doubletbroad +narrow 
Hβ

• Caveat: Displaced peaks not a unique signature of binarity



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


• 29 exhibit profile modulation in time, 
consistent with SBHB model. 


• Inferred Porb ~ 10s — 100s of years 
(Pflueger, Nguyen, TB+ 18) 

Observational 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)

NOT MEASURING MULTIPLE 
ORBITAL CYCLES



What can be learned from a sample of SBHBs?

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


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

(credit: Khai Nguyen) 

BLR emissivity map:



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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5b

6a

6b

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

-10 -5 0 5 10

AIP-PS

1a

2a

3a
4a

5a

6a

1b

2b

3b
4b

5b

6b

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
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(Nguyen & TB+ 16, 18) 



Analysis of synthetic database of profiles
• FWHM, asymmetry, “boxiness”, peak shift

(Nguyen & TB+ 16, 18) 
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(Nguyen, TB+ 19, in prep.) 
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4 Nguyen and Bogdanović.
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Fig. 3.— Probability distribution for SDSS J95036
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J161911
03/2008

4600 4800 5000 5200

λ (Å)
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Fig. 4.— Probability distribution for SDSS J161911

two is that it has a prefered value for the orientation of
its primary mini-disk θ1 ≈ 30, possibly because its other
physical parameters are better constrained. Constrain
value can be found as sttd in table blah blah blah...

3.2. analysis of the entire SBHB candidate sample

- comparison with the sample of regular AGN

4. IMPLICATIONS FOR OBSERVATIONAL
SEARCHES

- degeneracy in a and q, e, alignment
- implications for F2/F1

5. CONCLUSIONS

Similarity in ranges and trends, but differences in dis-
tribution density between the synthetic and candidate
broad line profile features suggest that the model main
mechanisms such as dual AGNs illumination, disk wind
effects are consistent with observation, while the number
of model physical parameter choices is not sufficient to

Broad Emission Line Profiles from SBHBs 5
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Fig. 5.— Total observed BBH candidate distribution
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Fig. 6.— Control sample of regular AGN distribution

reflect their distribution at higher resolution. Computa-
tional time limits our synthetic population to about 40
millions profiles which, in this case, is enough to show the
trends but not enough to perform further direct compar-
ision between the model and observed population. How-
ever, we can relatively compare and identify shape fea-
tures, such as AIP-PS, FWQM-CS (or FWHM-CS), AIP-
CS, that are more distinctive signatures for the modeled
system. Together with time evolution of the profiles, in
the time scale of the orbital period, these shape features
allow some contraints on the system physical parameters,
but degeneracy may not be avoided. In addition, the pro-
file time evolution and shape features are not conclusive
test for binarity because the shape signatures that we

model can also be explained by other physical systems.
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APPENDIX

A: COMPUTATION OF SPECTRAL PRINCIPAL COMPONENTS

This section describes the computation of standard spectral PCA for our synthetic catalog which contains a large
number of emission line profiles, N ≈ 4.25 × 107. From previous work, we have binned the profiles into 600 equal-
frequency bins around the line rest frequency ν0, and within the range [0.93, 1.07] ν0. We have also normalized the
profiles such that their maximum flux values are unity. Hence the catalog of profiles can be denoted by a [N × M]
matrix F, where N (rows) represents the number of profiles, and M = 600 (columns) represents the number of frequency
bins. The mean substracted version of the data is denoted by X and its elements are

Xn
m = Fn

m − F̄m (A1)

where the [1 × M] vector F̄ denotes the average profile of the synthetic catalog, and is shown in the top left panel of
Figure (A1) once the frequency bins are converted to wavelength.

F̄m =
1

N

N
∑

n=1

Fn
m (A2)

Note that the average profile F̄ is single peak and very symmetric. Any other profile in the catalog can be considered
as a variation of the average profile by a linear combination of the catalog principal components, i.e.

Fn
m ≈ F̄m + Tn

i P′i
m (A3)

rg = GM/c2
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Implications for LISA

• SBHBs 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 SBHBs has been challenging. Gains inevitable 
through (a) continued long term monitoring and (b) new surveys and observatories.


• 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 SBHBs and make predictions 
for LISA.



Future Prospects: Direct Imaging w/ Next Generation VLA w/ VLBI

• ngVLA: Proposed VLA 
extension


• 2024 — Construction


• 2034 — Full operations


• Longer baselines + higher 
radio-frequencies can 
provide sub-pc resolution

4 Burke-Spolaor et al.
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Figure 2. The observed population of candidate AGN pairs to date compared with
the resolution of the ngVLA. Each point represents a dual AGN discovered via radio
(X), X-ray (circles), or optical/near-IR (dots; from Liu et al. 2011). Approximate
lines for critical stages in binary formation and evolution are marked as horizontal
lines. The red, green, and purple curves indicate the resolution limit of 10 GHz,
50 GHz, and 120 GHz center observing bands, respectively; for each observing set-
up, one cannot resolve a binary orbit below that line. The dashed curves show the
resolution limit of 150 km baselines, while the solid curves show a nominal 1000 km
extended-baseline array. The ngVLA with a VLBI expansion can resolve, and hence
directly image and identify, double supermassive black holes at sub-10 pc separa-
tions. Longer baselines and higher frequencies have the potential to resolve multi-
messenger SMBH binaries in the nearby Universe (indicated by the curves that cross
the dark yellow region).

(Burke-Spolaor+ 18)
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Fig. 8.— Two-dimensional cuts of the multi-variate likelihood for the E12 search given by L = ⇢(a) ⇥ ⇢(q) ⇥ PV,�V . Contour plot of

the likelihood distribution for an SBHB with M = 107M� (top) and M = 108M� (bottom) for specific choices of Ṁ = 0.1ṀE (left) and
q = 0.3 (right). White regions mark SBHB configurations where the orbital separations are too wide to be detected by the E12 survey or
the orbital evolutionary time scale of the SBHB is longer than a Hubble time. Color marks the logarithmic value of likelihood, log(L rg).
All panels are plotted on the same color scale and display separate colorbars for easy reading. The values associated with black contour
lines vary from panel to panel.

satisfying both criteria simultaneously. In practice this
means that, for every plausible SBHB configuration we
must find the range of angles of ✓ and � on the sky
for which both criteria are satisfied. Figure 7 illustrates
the range of ✓ and � where each criterion is satisfied as
well as the overlap of the two regions for an SBHB with
M = 108M�, q = 0.3, and a = 104 r

g

. The fraction
of the solid angle occupied by the overlap is about 17%
indicating that, all other things being equal, one out of
six SBHBs with this configuration would be detected,
assuming an isotropic orientation of their orbits.
The overlap can be determined by examining the inte-

gration limits for P
V

and P

�V

given in equations 15 and
20 for the first octant. The lower limits on ✓ are in both
cases zero therefore, the lower limit of the ✓ integral of

P

V,�V

is zero. The upper limits on ✓ for P
V

and P

�V

dif-
fer, implying that the overlap is limited by the smaller of
A and B, or min(A,B). Examining the limits of � shows
that the integration lower limit must be min(C,D) and
its upper limit, min(D,⇡/2).

P

V,�V

=
2

⇡

Z
min(D,⇡/2)

min(C,D)

d�

Z
min(A,B)

0

sin ✓ d✓ (23)

This results in a probability

P

V,�V

=
2

⇡

Z
min(D,⇡/2)

min(C,D)

⌫(A,B) d� (24)

where we have integrated over ✓ and provided a sim-

108 M⊙ binary w/ 0.1ME

(Pflueger, Nguyen, TB+ 18) 

SBHBs targeted by spectroscopic searches 

SBHB 
orbit too 
wide (no 
chance of 
detection)

.

rg = GM/c2
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• Targeted SBHBs are 
progenitors of GW binaries


• Their orbital periods are 10s 
to 100s of years


