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Abstract

In several previous studies, quasars exhibiting broad emission lines with 1000 km s−1 velocity offsets with
respect to the host galaxy rest frame have been discovered. One leading hypothesis for the origin of these velocity-
offset broad lines is the dynamics of a binary supermassive black hole (SMBH). We present high-resolution radio
imaging of 34 quasars showing these velocity-offset broad lines with the Very Long Baseline Array (VLBA),
aiming to find evidence for the putative binary SMBHs (such as dual radio cores), and testing the competing
physical models. We detect exactly half of the target sample from our VLBA imaging, after implementing a 5σ
detection limit. While we do not resolve double radio sources in any of the targets, we obtain limits on the
instantaneous projected separations of a radio-emitting binary for all of the detected sources under the assumption
that a binary still exists within our VLBA angular resolution limits. We also assess the likelihood that a radio-
emitting companion SMBH exists outside of our angular resolution limits, but its radio luminosity is too weak to
produce a detectable signal in the VLBA data. Additionally, we compare the precise sky positions afforded by
these data to optical positions from both the SDSS and Gaia DR2 source catalogs. We find projected radio/optical
separations on the order of ∼10 pc for three quasars. Finally, we explore how future multi-wavelength campaigns
with optical, radio, and X-ray observatories can help discriminate further between the competing physical models.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Active galaxies (17); Radio active galactic
nuclei (2134); Radio cores (1341); Supermassive black holes (1663)

1. Introduction

1.1. Binary SMBH Formation and Evolution

There is strong evidence that most massive galaxies host a
supermassive black hole (SMBH, MBH 105Me) at their
centers, and the mass of this black hole is tightly correlated
with various host galaxy properties (e.g., Magorrian et al.
1998). SMBHs are believed to grow through two main
channels: the accretion of surrounding gas and the hierarchical
merging of other SMBHs via galaxy mergers (Kormendy &
Ho 2013). One consequence of galaxy mergers is the formation
of a gravitationally bound binary SMBH system, which is
expected to have a significant impact on the nuclear galactic
dynamics and mass profile of the host (e.g., Volonteri et al.
2003; Merritt 2006). Post coalescence, the SMBHs from each
galaxy are dragged toward the remnant’s center by dynamical
friction (Chandrasekhar 1943). At separations of ∼10 pc,
dynamical friction becomes less efficient at removing angular
momentum, and other processes must drive binary orbital
evolution. Once the binary separation shrinks to 10−2 pc,
gravitational radiation becomes the dominant angular momen-
tum loss mechanism and quickly drives the binary to
coalescence (e.g., Begelman et al. 1980). After the black holes
coalesce, the remnant black hole may experience a kick due to
the anisotropic emission of gravitational waves up to several

1000 km s−1, heavily depending on the spins and mas ratio of
the precursor binary (Campanelli et al. 2007).
The duration of the stage of binary evolution from ∼10 to

0.1 pc is highly uncertain (Begelman et al. 1980), where the
timescales range upwards of a few Gyr (Khan et al. 2013) to
longer than a Hubble time (Yu 2002), depending on the nuclear
environment and properties of the binary. This bottleneck of
stalled binary SMBHs at ∼pc-scale separations is generally
referred to as the “final pc problem”. However, the “final pc
problem” may not be a problem after all (Milosavljević &
Merritt 2003), as many authors have recently suggested a
number of different physical models involving the scattering of
stars (e.g., Khan et al. 2015) and interactions with a gaseous
disk (e.g., Haiman et al. 2009, and references therein) to shrink
binary separations within ∼10Myr. The observations of binary
SMBHs at these separations (∼0.1−10 pc) is critical to
assessing which of these physical models are applicable, and
under what circumstances.
The detection of gravitational waves emitted by binary

SMBHs with orbital periods of a few weeks to a few decades
(with corresponding gravitational-wave frequencies of nHz-
μHz) is the primary goal of Pulsar Timing Array (PTA)
experiments (Hobbs 2013; McLaughlin 2013; Verbiest et al.
2016; Arzoumanian et al. 2020a). The detection of gravitational
waves (in the range of 0.1–100 mHz) of less massive,
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coalescing SMBHs and intermediate-mass black holes
(MBH∼ 104–107Me) is sought in the 2030s by the planned
Laser Interferometer Space Antennae (LISA, Amaro-Seoane
et al. 2017) mission. However, the multi-messenger science of
PTAs and LISA strongly depends on our ability to identify
electromagnetic observational constraints of the binary SMBH
population in the local Universe (Burke-Spolaor et al. 2019;
Arzoumanian et al. 2020b, 2021), and this is one of the prime
motivations for this work.

1.2. The Search for Binary SMBHs

There are two main techniques utilized in searching for
binary SMBHs with expected separations 10 pc in electro-
magnetic observations. The first is to look for quasi-periodic
light curves, which are predicted to be a consequence of the
binary’s orbital motion (e.g., Graham et al. 2015; Charisi et al.
2016; Liu et al. 2016, 2019, 2020). There are a few physical
models that give rise to this expected periodic signature in
binary SMBH systems, including the periodic modulation of
the accretion rate onto one (or both) of the SMBHs (as is
modeled for the famous blazar OJ 287; Pursimo et al. 2000),
the Doppler-boosting of a relativistically orbiting SMBH (e.g.,
D’Orazio et al. 2015), and even gravitational self-lensing of the
binary (e.g., Hu et al. 2020). However, there are also a few
competing physical models that can explain the light curve
periodicities without the need for a binary SMBH. These
include a precessing relativistic jet (where the precession is not
caused by the binary’s orbital motion, Rieger 2004), a warped
accretion disk (Hopkins & Quataert 2010), or simply stochastic
variability misconstrued as truly periodic (Vaughan et al.
2016). The second major (electromagnetic) observational
approach to identifying binary SMBHs is to search for the
Doppler shifting of quasar broad emission lines due to the
binary’s orbital motion (e.g., Bogdanović et al. 2009;
Tsalmantza et al. 2011; Eracleous et al. 2012; Ju et al. 2013;
Shen et al. 2013), in exact analogy to spectroscopic searches
for binary stars based upon Doppler-shifted stellar absorption
lines.

In this paper we study the 88 candidates identified by
Eracleous et al. (2012) among 15,900 quasars (all z< 0.7) from
the Sloan Digital Sky Survey (SDSS). Their defining
characteristic is that their broad Hβ emission lines are offset
from the host galaxy rest frame (as defined by the narrow lines)
by velocities in excess of ∼1000 km s−1. The rationale behind
this selection is that the gas that makes up the broad-line region
(BLR) is gravitationally bound to one of the black holes, whose
orbital motion about the center of mass is responsible for the
Doppler shifting of the lines.

One clear prediction of this model is the oscillation of the
broad-line velocities about the host galaxy rest frame as the
black holes complete their orbits. This prediction was directly
tested in Runnoe et al. (2017) via the use of multi-epoch
spectroscopy. In that study, several spectra were obtained per
target, over intervals ranging from a few years to a decade to
search for systematic velocity changes consistent with a binary
SMBH scenario. While several objects displayed promising
radial velocity variations, the lack of radial velocity changes in
the other targets does not rule out the binary SMBH hypothesis,
since the expected orbital periods are on the order of a few
decades to hundreds of years and it simply might take longer
time baselines to detect their orbital motion via spectroscopic
campaigns.

Alternatively, it is possible a recoiling SMBH may be
responsible for the broad-line shifts. Recoiling SMBHs are
believed to be the result of the coalescence of binary SMBHs,
where (depending on the spin state and mass ratio of the
precursor binary) the anisotropic emission of gravitational
waves, as the binary coalesces, can lead to a velocity kick
reaching values up to a few 1000 km s−1 (though a few
×100 km s−1 is a more likely outcome; Dotti et al. 2010;
Lousto et al. 2012; Blecha et al. 2016). In this scenario, the
BLR is again gravitationally bound to the recoiling SMBH,
leading to the systemic Doppler shift of the BLR’s emission
lines.
Finally, it is possible that an intrinsic (and one-sided) BLR

outflow is responsible for the systematic Doppler shift of the
offset emission lines seen in Eracleous et al. (2012). Such an
outflow may result from the transfer of momentum by a
relativistic jet, where jets in active galactic nuclei (AGN) are
commonly shown to impart significant energy and momentum
to ionized gas clouds in simulations (Wagner et al. 2012) and in
observations of narrow line region gas (Harrison et al. 2018;
Santoro et al. 2020). The motivation for the work described in
this paper is to help explore these physical models by analyzing
the observed mass-scale radio properties of these systems in
conjunction with the optical data, and comparing with our
expectations based on the competing physical models.
In this paper we present the results of the VLBA X-band

observations of 34/88 quasars from the Eracleous et al. (2012)
sample of binary SMBH candidates. These VLBA targets were
chosen as they were the 34 radio-brightest quasars in the
Eracleous et al. (2012) sample, as identified from a Very Large
Array (VLA) “finder survey” aimed at identifying suitable
radio candidates for further VLBA follow-up. The results from
those VLA observations are to be presented in the upcoming
companion paper, S. Burke-Spolaor et al. (2021, in prep-
aration). In Section 2, we present the data reduction
methodology and procedures utilized. In Section 3, we present
the major results of these analyses, with their interpretations
and implications discussed in Section 4. Finally, in Section 5
we summarize the main findings of our work. Throughout this
paper we adopt a ΛCDM cosmology, with H0= 67.74 km s−1

Mpc −1, Ωλ= 0.69, and Ωm= 0.31 (Planck Collaboration et al.
2016).

2. VLBA Observations and Data Analysis

The 34 targets that make up our sample are listed in Table 1.
Following Eracleous et al. (2012), we refer to the targets for the
rest of the paper using the first six digits of the R.A., i.e., to
integer seconds (e.g., Jhhmmss). This convention identifies
them uniquely in Table 1 of Eracleous et al. (2012), where
more precise coordinates of the SDSS sources can be found.
The targets were observed with the VLBA at X-band (centered
at 8.5 GHz), between the dates of 2014 February 13 and 2014
July 14 (Program ID: BS231). The targets were observed with
varying hour angles in order to maximize u-v plane coverage
and with integration times designed to achieve root mean
square (rms) image intensity noise levels ∼20 times below
the X-band flux densities detected previously at the VLA
(S. Burke-Spolaor et al. 2021, in preparation), extrapolated
from the 10 GHz VLA observing frequency and assuming flat
spectral indices. This requirement was intended to allow for
10σ detections of point sources, assuming the unresolved VLA
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radio sources (∼0 1 restoring beams) are split into two equal-
flux, compact components on VLBA mas scales.

The experimental setup included full polarization capabil-
ities, 2 s integration times, and a total bandwidth of 256MHz,
split into eight spectral windows (with 256 channels per
spectral window). Phase-referencing observations were
employed, as absolute positional information was necessary
for the purposes of further astrometric comparisons with other
wavelengths (Beasley & Conway 1995). The phase calibrators
were all within a few degrees of the science targets, and the
cycle time used for the “nodding” mode observations (phase-
target-phase scans) was ∼5.5 minutes (2 minutes on phase
calibrators, 3.5 minutes on science targets). We used a single

AGN from the following list as both our fringe finder and
bandpass calibrator for each observing session: 3C 345, 3C 84,
4C 39.25, and 3C 273.
We calibrated the data in AIPS (van Moorsel et al. 1996)

using the standard calibration procedures applied in the
pipeline task VLBARUN for continuum imaging, where
appropriate reference antennae were chosen (typically Pie
Town, unless an issue was present with that station). Log-based
flagging was performed prior to calibration. After calibration,
we used the Common Astronomy Software Applications
(CASA) software package (McMullin et al. 2007) for further
flagging of radio-frequency interference (RFI), combination of
science target visibility data from multiple different observing

Table 1
VLBA Source Detection/Image Properties and Binary Model Constraints

Right Image Peak Flux aproj
d

Source z Ascension Decl. Noise Level Brightness Densityc Limit Bmaj
e Bmin

e P.Ae P
Nameb (J2000) (J2000) (mJy beam−1) (mJy beam−1) (mJy) (pc) (mas) (mas) (°)

J022014 0.214 L L 0.079 L <0.394 L 2.82 1.73 −5.98 1
J075403 0.273 L L 0.064 L <0.318 L 2.23 1.13 −11.2 1
J082930 0.321 08 29 30.60017(2) +27 28 22.6788(2) 0.013 0.254 0.306 <11.3 2.35 1.06 −6.67 1
J091833 0.452 L L 0.022 L <0.110 L 3.02 1.76 −20.6 1
J093100 0.460 L L 0.030 L <0.152 L 2.92 1.32 10.9 0.83
J093653 0.228 09 36 53.84274(1) +53 31 26.7936(2) 0.026 0.367 0.395 <8.16 2.28 0.907 −2.2 1
J093844 0.171 L L 0.020 L <0.098 L 2.65 1.13 −2.11 1
J094603 0.220 L L 0.113 L <0.565 L 2.94 0.951 −8.36 1
J095036a 0.214 09 50 36.75657(2) +51 28 38.0651(4) 0.575 6.07 24.6 <11.6 3.23 2.20 −11.1 0.31
J095539a 0.259 09 55 39.82672(1) +45 32 17.0044(3) 0.218 2.8 6.2 <10.9 2.64 1.12 −11.1 0.48
J102106a 0.364 10 21 06.04639(2) +45 23 31.8208(3) 0.978 8.05 60.9 <27.3 5.23 3.11 −9.42 0.07
J105203a 0.400 10 52 03.17204(1) +24 05 04.9758(3) 0.618 11.0 26.0 <16.5 2.98 1.13 −6.76 0.09
J113330a 0.511 11 33 30.29867(1) +10 52 23.3530(3) 0.018 0.171 0.567 <16.4 2.58 2.11 −6.48 1
J115158 0.170 L L 0.028 L <0.138 L 2.61 1.12 −0.587 1
J115449 0.470 L L 0.133 L <0.665 L 2.83 0.995 −8.03 0.23
J121113 0.295 12 11 13.98237(2) +46 47 11.9767(3) 0.063 1.09 1.64 <11.3 2.48 0.993 −5.94 1
J122811a 0.321 12 28 11.88763(3) +51 46 22.7816(5) 0.185 1.79 3.71 <12.2 2.54 0.96 −3.60 0.37
J123001 0.448 12 30 01.028639(9) +33 59 01.3926(2) 0.021 0.175 0.268 <14.2 2.33 1.08 −4.91 1
J125142 0.189 L L 0.025 L <0.124 L 3.11 2.51 6.72 1
J125809 0.310 12 58 09.313783(7) +35 19 43.0153(2) 0.024 0.240 0.349 <9.96 2.11 0.780 −1.79 1
J134617 0.117 L L 0.134 L <0.670 L 2.78 0.918 −9.33 1
J140700 0.077 L L 14.9 L <74.5 L 3.07 0.922 −5.45 0.13
J143455 0.176 L L 0.135 L <0.675 L 3.19 0.956 −6.74 1
J151132 0.281 15 11 32.537730(8) +10 09 53.0205(2) 0.214 6.23 7.87 <13.1 2.93 1.85 −15.95 0.42
J151443 0.371 15 14 43.068283(8) +36 50 50.3565(2) 1.22 21.0 54.1 <12.0 2.26 0.973 −4.90 0.06
J152942 0.150 L L 0.294 L <1.47 L 2.44 0.978 1.68 1
J153636 0.389 15 36 36.22321(1) +04 41 27.0691(2) 0.026 0.568 0.789 <16.7 3.06 1.15 17.9 1
J154340 0.421 L L 0.447 L <2.24 L 3.01 1.10 15.0 0.10
J155654 0.165 15 56 54.47450(1) +25 32 33.5967(3) 0.214 2.70 5.60 <7.31 2.51 1.03 −2.09 1
J160536 0.441 L L 0.504 L <2.52 L 2.29 0.985 −7.38 0.08
J162914 0.312 16 29 14.09282(2) +15 14 15.3628(4) 0.015 0.086 0.121 <14.1 2.98 1.40 17.9 1
J163020 0.395 L L 0.135 L <0.675 L 2.59 1.09 −5.88 0.32
J171448 0.180 L L 0.039 L <0.195 L 3.01 1.25 7.72 1
J180545 0.386 18 05 45.11318(1) +22 51 37.8038(2) 0.215 4.53 5.38 <12.0 2.22 0.859 1.41 0.23

Notes.
a These sources have partially resolved structure as determined by the CASA Gaussian fits.
b We refer to the targets by the first six digits of R.A., following the convention of Eracleous et al. (2012).
c 5σ flux density upper limits are given for non-detected sources.
d We present upper limits on the instantaneous projected binary separation (under the assumption that there is actually an unresolved binary within our source
detections), using the major axis of the restoring beam as our limiting angular separation (or the major axis of the deconvolved image component fit for the partially
resolved sources). See Section 4.1 for a more detailed discussion of this limit.
e Bmaj and Bmin refer to the major and minor axes of the restoring beam, respectively (except for partially resolved sources where we report the deconvolved image
component axes instead), and P.A refers to the beam position angle.
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sessions with the task concat, and then cleaning and imaging
with the task tclean. We used a natural weighting scheme for
source finding and imaging (as this has the greatest sensitivity
for point sources), with cell sizes of ∼4 pixels per restoring
beam. We also made wide-field images to search for any cores
on scales up to ∼0.9 arcsec. This was accomplished with the
wproject gridding algorithm (Cornwell et al. 2008, which
corrects for the effect of non-coplanar baselines), with the use
of wprojplanes=-1 in CASA. This choice automatically
determines the number of planes to use based upon your data
and image size.8

We determined the VLBA-based radio positions (given in
Table 1) by fitting the image source regions with elliptical
Gaussian functions, utilizing the CASA task imfit. The
resulting positional errors from fitting with imfit were added
in quadrature with the phase calibrator position errors (Gordon
et al. 2016), and the errors associated with the phase-
referencing technique itself (e.g., Pradel et al. 2006, on the
order of 0.1 mas for all of our sources).

3. Results

3.1. Source Detections and Properties

We detect 17 sources in our VLBA imaging, corresponding
to exactly half of our observed target sample (17/34). Our
source detections consist primarily of unresolved point sources,
with six sources determined to be partially resolved by our
elliptical Gaussian fits in CASA9 (these sources are designated
in Table 1). We present the image contours for the 17 VLBA
sources for which we claim detections in Figure 1, where we
define a formal detection limit of 5σ (base contours of 3σ,
spaced by factors of 2). The image rms noise level, detection
flux density and intensity, half power beamwidth (HPBW)
angular size, and position angle of the restoring beam axes
(except for partially resolved sources where we report the
HPBW of the deconvolved image component sizes instead),
and sky positions are given in Table 1 (note that for undetected
sources we also present 5σ flux density upper limits).

In exploring our non-detections, we found that five targets
had issues with poor data quality (i.e., low number of observing
antennae and persistent RFI) that led to sensitivities that were
more than a factor of two worse than than our target sensitivity
(as defined in Section 2). Given that we know all of our targets
are radio-emitting at a level of at least 80 μJy when observed
on arcsecond scales, it is likely that many of our 17 undetected
sources are simply dominated by radio emission on a larger
scale (e.g., broad lobes from a very young radio jet or compact
symmetric object, or perhaps the radio emission in those
objects observed at low resolution is dominated by star
formation).

However, they are resolved by our VLBA observations and
do not exhibit any detectable compact core, where any Fourier
components corresponding to large-scale structures intermediate

between milliarcsecond and arcsecond scales may be filtered out
of the VLBA visibilities due to the VLBA’s lack of small-
distance baselines. We find some support for this possibility
when looking at the distribution of the arcsecond-scale radio
spectral indices of detections and non-detections, shown in
Figure 2; here, the spectral index, α, is defined as Fν∝ ν−α,
where Fν is the flux density, and ν is the frequency.10 The errors
on the indices shown in Figure 2 are all below ∼0.3, with most
being on the order of 10%. As may be expected, the sources
with detected compact VLBA components have a significant
cluster around α∼ 0, consistent with objects dominated by
synchrotron self-absorbed cores. Meanwhile, our non-detec-
tions are dominated by targets with relatively steep (α 0.5)
spectra, consistent with diffuse synchrotron emission from
lobe-type structures (e.g., Tremblay et al. 2016), or star-
forming galaxies (e.g., Klein et al. 2018). For the four
remaining flat/rising spectrum sources, we hypothesize that
flux density variability may play a role in our non-detections
with the VLBA (where the time between VLA and VLBA
observations was roughly a year).

3.2. Astrometric Offsets

A major motivation for these VLBA observations was the
benefit from the VLBA’s precise mas-scale astrometry. We
compared our fitted positions for the VLBA-detected targets
with the optical source positions inferred from both the SDSS
and Gaia DR2 catalogs, all tied to the International Celestial
Reference System (ICRS). The positional uncertainties for
SDSS include both the centroid and astrometric calibration
errors (typically on the order of a few mas and ∼45–75 mas,
respectively; Pier et al. 2003). The Gaia celestial reference
frame (GAIA-CFR2) is nominally aligned to the ICRF3 (the
current instantiation of the ICRS, as defined by the VLBA;
Gordon et al. 2016; Charlot et al. 2020) to ∼20–30 μas (Gaia
Collaboration et al. 2018). The Gaia DR2 positions are the full
g-band photometric centroids and the position errors are
determined from the five-parameter astrometric solution, as
described further in Lindegren et al. (2018).
In Figure 3, we show the resulting VLBA-SDSS and VLBA-

Gaia radio/optical sky position offsets (note that the errors in
these offsets are determined by adding all of the associated
errors for the VLBA/Gaia and VLBA/SDSS positions in
quadrature, respectively). For the VLBA-SDSS offsets, we
show in the black circle the smallest 95% random error circle
associated with any of our sources (due to the errors being
greater than the offsets for all of the sources), where the radius
of this “smallest error circle” represents the least stringent (i.e.,
smallest error) associated with any of our VLBA-SDSS offsets.
Clearly, none of the VLBA-SDSS offsets are discrepant at the
>95% confidence level, and the SDSS astrometry is not
sufficient to find any statistically significant offsets. We also
show the VLBA-Gaia offsets with 1σ error bars, where we find
three sources with >3σ offsets: J095036, J121113, and
J122811. The corresponding projected physical offsets (i.e.,
in the plane of the sky) are 9.6 pc, 8.6 pc, and 13.9 pc,
respectively.

8 CASA determines this number based upon the following formula:

( )l
= ´ ´N

W
0.5wprojplanes

max imsize
radians

. Here, imsize is the image size, λ is the

wavelength, and Wmax is the maximum w in the uvw data (i.e., physical extent
of the visibility data that is orthogonal to the image plane).
9 A few sources were found to be partially resolved by these fits with
deconvolved image component sizes smaller than the synthesized beam sizes;
for these we reject the presumption that our images resolved any structure on
the grounds that this would be unphysical (and assume this is just an error
associated with the Gaussian fit algorithm itself).

10 A full presentation of the VLA finding survey and spectral index
information for the entire Eracleous et al. (2012) sample will be presented in
S. Burke-Spolaor et al. (2021, in preparation).

4

The Astrophysical Journal, 914:37 (11pp), 2021 June 10 Breiding et al.



4. Discussion

4.1. The Binary SMBH Scenario

The clearest evidence for a binary SMBH in high-resolution
radio images would be to find two compact (unresolved but

clearly separated) objects. Given the single point sources in all
our detections, we thus find no complete evidence for or against
binary SMBHs from the present data. Assuming our sources
actually contain binary SMBHs, there are two ways in which
our VLBA observations failed to yield double radio source

Figure 1. Intensity contours for the 17 targets detected in our VLBA campaign. Contours start at 3 times the rms noise level in the image (Table 1), and are spaced by
factors of 2 thereafter. The restoring beam shapes are shown in the bottom left corners of each image as a filled ellipse, and 5 mas angular scale bars are shown in the
bottom right.
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detections in our imaging: namely, the second black hole is too
faint to be detected or the binary remains unresolved by our
observations. We further discuss these two possibilities below.

First, there could be a second, radio-quiet companion SMBH
in the system undetected by the VLBA at X-band due to being
under-luminous at this frequency, but still existing outside of
the VLBA angular resolution limits. Such a radio-quiet
companion could be present, and may be experiencing lower
(or non-existent) levels of accretion (or perhaps a lower black
hole spin), leading to a lack of relativistic jet formation that
prevents the secondary from being a luminous radio emitter
(e.g., Tchekhovskoy et al. 2010). Another scenario, which
might give rise to an under-luminous companion is emission
that is relativistically beamed away from us due to a large angle
of the jet to the line of sight. Given that only approximately 1%
of field galaxies support strong radio emission, this is a
plausible scenario.

Following the methodology presented in Burke-Spolaor
(2011), we tested the possibility of an undetected radio-faint
companion SMBH by using a flat-spectrum, redshift-dependent
radio luminosity function of AGN to assess the probability that
said companion would remain undetected in the flux-density
limits of our VLBA observations of detected sources. Our
analysis assumes the “pure luminosity evolution model” for the
luminosity distribution of radio-loud galaxies given by Dunlop
& Peacock (1990), and accounts for the full range of Doppler-
boosting and intrinsic luminosities of observed AGN. The use
of this luminosity function assumes that the merging of

galaxies, and binary SMBH nature for this companion has no
impact on its radio luminosity. This assumption is reasonable,
as the fraction of black holes manifesting themselves as AGN
has been shown to rise systematically with the proximity of
galaxy pairs, implying that ongoing interactions can increas-
ingly trigger AGN (Ellison et al. 2011), and even specifically
radio-loud AGN (Chiaberge et al. 2015). Thus, if these are
indeed systems that contain a binary SMBH, they likely have a
higher chance of both being radio-emitting AGN, and it is not
clear what processes would give rise to the quenching of a

Figure 2. Spectral index, α, histograms for the detected source population (top)
and the undetected source population (bottom). The spectral index was
determined from the X-band VLA observations to be presented in S. Burke-
Spolaor et al. (2021, in preparation; note that we do not have large enough
bandwidths with the VLBA observations to reliably measure spectral index
information). We have excluded from these plots the five VLBA-undetected
sources for which the measured rms was more than a factor of two worse than
our design sensitivity due to RFI or array issues.

Figure 3. Top: positional offsets between the SDSS optical and VLBA radio
source positions are plotted as black points. The black circle shows the lowest
95% random offset error associated with any one source (the greatest error
associated with any one source is ∼40 mas greater than this smallest error
radius). Bottom: positional offsets between the Gaia DR2 optical and VLBA
radio source positions are plotted as black points, with associated 1σ errors as
described in Section 3.2.
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companion’s radio emission in a binary system. We present the
resulting probabilities, P, that we would have detected a radio-
luminous companion if it existed outside of the VLBA angular
resolution limits in Table 1. For this calculation, we assumed
flux density limits of 5σ, and used the SDSS-measured
redshifts (also given in Table 1). We also give the probabilities
that we would have detected a radio-luminous SMBH for the
undetected VLBA sources as well (i.e., sources where we
report no VLBA detections; though see Section 3 for a
thorough discussion of our non-detections). As is evident from
Table 1, this argument suggests we should have been sensitive
enough to detect some of the radio-emitting companion
SMBHs, if they exist and are outside of our VLBA angular
resolution limits. However, there are clearly several sources
where deeper observations are necessary to draw any firm
conclusions.

Second, it is possible that there is a binary SMBH or even a
binary AGN, but it is simply at a projected orbital separation
within the limits of our observing resolution. Utilizing our X-
band VLBA images, we present limits (given in Table 1) on the
instantaneous, projected orbital separation of the binary based
on the assumption that a binary’s projected separation is
smaller than the observing resolution we reached. These limits
are presented under the assumption that both black holes are
radio luminous, and would have been bright enough to be
detected in our radio imaging if they were resolvable by our
observations. The instantaneous, projected separation is the
projected separation of the binary at a given orbital phase, and
therefore represents a lower limit on the true orbital separation
of the binary. If the orbital phase and inclination of the binary
could be determined, this would allow for the translation
of this quantity into an actual measurement of binary orbital
separation (Nguyen et al. 2020). If strong constraints could be
placed on orbital phase and inclination, this would allow for
meaningful upper limits to be obtained on the binary total mass
and period (see Equations (1) and (2) from Eracleous et al.
2012).

The expected binary separations of the Eracleous et al.
(2012) sample, as modeled by Pflueger et al. (2018), are on the
order of 0.1–10 pc. Therefore, higher angular resolution
observations would provide a more stringent test of the binary
SMBH hypothesis. Future follow-up with the VLBA at higher
frequencies will help us to probe the binary hypothesis down to
smaller angular and physical scales (i.e., Q-band, which is a
frequency of ∼43 GHz, and above will increase the angular
resolution by greater than ∼5 times the X-band value).
However, higher-frequency observations with the VLBA are
less sensitive, and require more restrictive weather conditions
in order to employ the requisite observational setup for proper
calibration. Thus, it may be desirable to observe the brightest
quasars from our sample with Q-band (or even higher-
frequency) VLBA observations. We can also achieve higher
angular resolution by increasing the maximum baseline of our
data set by the inclusion of data from the European VLBI
Network (EVN) or the Atacama Large Millimeter/sub-
Millimeter Array (ALMA, where we would need to use a
higher-frequency VLBA data set in combination with ALMA,
since ALMA’s lowest frequency band extends from 35-
50 GHz). Expanding beyond the VLBA, the Event Horizon
Telescope (EHT) would help us to probe the binary SMBH
scenario down to 25 μas scales (Event Horizon Telescope
Collaboration et al. 2019), representing a ∼100× improvement

in angular resolution from the VLBA observations presented
here (effectively probing physical scales down to ∼0.1 pc,
although the EHT’s relatively poor sensitivity combined with a
likely falling flux density at high frequencies might mean very
long integration times). Similarly, the next generation Very
Large Array (ngVLA) will be able to probe angular scales
down to ∼3 mas–80 μas for the respective frequency range of
2.4−93 GHz (Murphy 2018). If we are able to eventually
resolve a binary SMBH and subsequently track its orbital
motion with very long baseline interferometry (VLBI, as was
done for the binary SMBH 0402+379 by Bansal et al. (2017)),
we would have leverage on an entirely new and independent
method of black hole mass determination and measurements of
the Hubble constant (to within ∼30% and ∼10%, respectively,
D’Orazio & Loeb 2018).
Finally, deeper (i.e., higher sensitivity) high-dynamic-range

imaging with the VLBA may be able to reveal the existence of
a pc-scale jet. Radio jets associated with AGN tend to have a
radio spectral index of α∼ 0.7, so lower-frequency imaging
may help in detecting their emission (i.e., C-band, which is a
frequency of ∼6 GHz, and is roughly twice as sensitive as the
X-band for the VLBA). For reference, a typical core-to-jet-knot
flux density ratio is on the order of a few for radio-loud AGN
(e.g., see Figure 7 from Jorstad et al. (2017)). Therefore we
would expect a ∼10× increase in integration time to detect any
jet components at X-band frequencies. However, given that the
C-band is roughly twice as sensitive as the X-band for the
VLBA, and the flux density likely increases at lower
frequencies for these jet components, we expect a factor of
∼a few increase in integration time necessary to detect such
components with C-band VLBA observations. It is also
possible jet precession due to a binary SMBH may result in a
curved pc-scale jet morphology, as was seen in the AGN
KISSR 434 (Kharb et al. 2019). Multi-epoch imaging with the
VLBA may be able to monitor such a jet precession due to the
periodic increase in luminosity as the jet swings into our line of
sight and relativistic beaming effects become significant (as is
modeled in the famous AGN OJ 287, BL Lacertae, and
3C 66B, Stirling et al. 2003; Sudou et al. 2003; Valtonen &
Pihajoki 2013).

4.2. The Recoiling SMBH Scenario

After a binary SMBH system exhausts all of its orbital
energy in the form of gravitational waves, it coalesces and the
remnant black hole may experience a recoil due to the
anisotropic emission of gravitational waves (Peres 1962;
Bekenstein 1973). In the recoiling SMBH scenario, the large
(∼ a few 1000 km s−1) velocity offsets of the broad emission
lines seen in Eracleous et al. (2012) are due to the Doppler
shifting of emission lines by a BLR that is gravitationally
bound to the recoiling SMBH. Thus, the velocity offset of the
broad lines would represent a lower limit on the recoiling
SMBH velocity (since we are only observing the radial velocity
component from the offset broad emission lines, and dampen-
ing in the galactic environment works to slow the SMBH’s
movements over time). If this scenario is correct, it also implies
very large recoil velocities (where, for a large portion of the
initial conditions parameter space, these kicks are typically on
the order of a few hundred km s−1 in simulations; Dotti
et al. 2010; Lousto et al. 2012; Blecha et al. 2016). The
maximum recoil velocity identified in fully relativistic simula-
tions of black hole mergers is up to ∼5000 km s−1 (e.g.,
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Campanelli et al. 2007; Lousto & Healy 2019). In general, the
recoil velocity is larger for equal mass-ratios (Herrmann et al.
2007), and near-maximal black hole spin magnitudes, with spin
vectors either both partially aligned with the orbital angular
momentum vector (in the so-called “hangup kicks”; e.g.,
Lousto & Zlochower 2011), or anti-aligned and lying in the
orbital plane (in the so-called “super kicks”; e.g., González
et al. 2007). Taking into consideration the above constraints on
recoil velocities, the quasars with Balmer lines exhibiting the
greatest velocity offsets from Eracleous et al. (2012) (i.e., those
showing offsets approaching or greater than 5000 km s−1) are
unlikely to be recoils. However, this certainly does not rule out
the recoil scenario for the black holes with more moderate
velocity offsets.

The observation of significant positional offsets (on the scale
of many tens of pc to kpc scales) between the radio core of the
SMBH and the host galaxy’s dynamical center would
constitute strong evidence for the recoil scenario. In Figure 3,
we show the positional offsets between the VLBA and the
optical source positions from the Gaia DR2 and SDSS optical
survey catalogs. The optical positions measured from these
surveys trace the position of the quasar’s accreting SMBH,
making it difficult to ascertain the true optical photometric
centers of the host galaxies. High angular resolution observa-
tions with an optical observatory of sufficient sensitivity, high-
dynamic-range, and a sufficiently stable and well-characterized
point-spread function function (PSF) would allow for the
quasar core subtraction from the imaging, and precise modeling
of the host’s photometric center. The radio/optical offsets
ascertained from the comparison of our VLBA positions with
the type of optical imaging and modeling described above
could be considerably larger, and potentially much more
illuminating.

However, we do measure statistically significant (>3σ)
offsets on the scale of ∼10 pc for three of our targets. We can
explain these offsets in a few different ways:

1. If the Gaia optical position is dominated by thermal
radiation from the quasar accretion disk, we may be
seeing the offset between the radio core and accretion
disk from the same AGN. One common interpretation for
the radio core is that it represents the location of a
standing recollimation shock of the AGN’s relativistic jet,
several-to-tens of pc downstream of the central engine
(Daly & Marscher 1988). Therefore, this scenario is
completely consistent with a single AGN, but does not
rule out any of the proposed physical models for the
broad emission line offsets.

2. It is possible that unresolved optical jets are responsible
for the radio/optical offsets seen in our sample, where
similar-scale offsets were reported by Petrov & Kovalev
(2017) for a sample of VLBA sources cross-correlated
against the Gaia DR2 catalog. The idea in this scenario is
that while the VLBA is sensitive to compact source
structures on sub-mas scales (i.e., the radio core), Gaia’s
centroiding position is more heavily weighted by
extended low surface-brightness emission, which can
skew the results. However, if the Gaia source position is
heavily skewed by an optical quasar jet, the quasar optical
spectrum should be dominated by non-thermal emission
from the jet (or at least show a significant non-thermal
contribution), in contrast to a spectrum well fit by a
thermal disk emission model (i.e., the “big blue bump”).

In principle, this should be testable with spectral energy
distribution (SED) fitting.

3. It is possible that we are seeing the “core shift” of some
quasar jet, due to its observation at different frequencies.
This scenario, like the previous one, implies a more
radiatively inefficient accretion mode for these quasars
(i.e., these would be “jet mode” systems), where the jet is
dominating the quasar’s light output as opposed to the
accretion disk. The idea in this scenario is that the radio
core is actually the τ= 1 location at which the jet
becomes optically thick to synchrotron self-absorption,
which in principle will depend on the frequency (e.g.,
Hada et al. 2011). In this scenario, higher-frequency
observations will reveal a core location, which shifts
toward the black hole (if a resolved VLBI jet were to be
detected, this could help delineate the direction of the
black hole). Similar to the previous scenario, this
hypothesis implies a non-thermal optical spectrum, which
should be testable via SED-fitting.

4. Another scenario that could account for the VLBA-Gaia
offsets is a recoiling SMBH displaced from its host center
on kpc scales, where the ∼1000–1800 km s−1 range of
broad-line velocity offsets for these three quasars would
be extreme, but plausible (line-of-sight) recoil velocities.
The optical centroid of the Gaia source positions is mostly
traced by the light emanating from the quasar accretion
disk. However, there is likely a very small, but
nonetheless salient, contribution from the host galaxy
starlight that acts to displace the optical centroid from the
quasar position. This optical photocenter shift might be
able to account for the measured radio-optical offsets,
assuming the radio position specifies the SMBH location.
However, the magnitude of this optical photocenter shift
will depend on the specific host galaxy light profile,
instrumental PSF shape, and relative contrast between the
quasar and host galaxy. Thus, this kind of analysis is
beyond the scope of the present study, and we defer a
more in-depth treatment to a future work. One considera-
tion that lends credence to the recoil scenario is that kpc-
scale offset recoiling SMBHs with ∼1000–1800 km s−1

velocities are expected to be long-lived (i.e., ∼1–100Myr)
and accreting at relatively low rates (e.g., Blecha et al. 2011;
Sijacki et al. 2011), leading to low AGN optical luminosities
and a higher contribution of host galaxy light to the optical
photometric center. If these systems truly contain recoiling
SMBHs, in principle there should be proper motion of the
recoiling SMBH away from the host galaxy’s center, and
decelerating due to the SMBH overcoming the host galaxy’s
gravitational potential well (and moving through the
interstellar/intergalactic medium). One could hope to detect
such proper motions with a radio observatory of sufficient
angular resolution and astrometric precision. In practice, this
is likely outside the scope of possibilities for the VLBA, or
any other planned radio observatory in the near future. For
reference, we estimate that the VLBA could detect a 5σ
astrometric shift for the nearest object in our sample in
observations separated by ∼35 yr, assuming a 4000 km s−1

tangential velocity component (i.e., in the plane of the sky).
We must stress that such high recoil velocities are not
expected and would represent highly improbable events. It
is therefore extremely unlikely we will be able to measure
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any astrometric shifts induced by recoiling SMBHs in these
quasars with any current or upcoming facilities.

5. Finally, it is possible we are actually seeing two different
AGN, one radio bright and the other radio-quiet, but
optically bright (see Orosz & Frey 2013 for a discussion
on how radio-optical offsets could imply the existence of
dual AGN). This scenario is a natural outcome of the
situation where major galaxy mergers in gas rich systems
lead to SMBH fueling and AGN activity as the SMBHs
are driven to coalescence (and higher gas densities near
the galactic center, see, e.g., Barrows et al. 2018). High
angular resolution optical imaging, combined with high-
resolution X-ray imaging may be able to lend credence to
this scenario.

4.3. Interactions with a Relativistic Jet

The final scenario we consider for producing the observed
broad emission line offsets is the transmission of momentum
from a relativistic jet to the BLR gas clouds, either via gas
entrainment or ram pressure by the jet. One prediction from this
scenario is that the jets more closely aligned to the line of sight
should yield higher measured velocity offsets as they would
have a higher proportion of radial-to-tangential velocity
components. Similarly, jets with smaller angles to the line of
sight should have higher inferred luminosities due to relativistic
beaming effects (Blandford & Königl 1979). However, we did
not see any evidence for a correlation between VLBA 8.5 GHz
luminosities and broad-line velocity offsets, albeit for the small
sample size of 17. The bulk of the evidence against this
scenario will be presented in S. Burke-Spolaor et al. (2021, in
preparation) for the full sample of radio-detected Eracleous
et al. (2012) objects.

Another way to distinguish between this model and the
recoiling or binary SMBH scenarios is by observing the Fe K α
lines (should they exist) of the Eracleous et al. (2012) sources
with a suitable high energy-resolution X-ray spectrometer. The
broad (full width at half maximum of ∼ a few to tens of
thousands km s−1) Fe Kα line is a 6.4 keV K-shell fluorescence
line, believed to originate from the reprocessing of the X-ray
continuum by matter within the inner regions of the accretion
disk when observed in AGN (e.g., Fabian et al. 1989; George
& Fabian 1991). The line broadening is a combination of
Doppler and general relativistic effects. Since the broad Fe Kα
line emission is tied to the accretion disk, its rest frame is also
inexorably tied to the SMBH. If the broad-line shifts observed
in Eracleous et al. (2012) are the result of momentum imparted
by a relativistic jet, the BLR clouds should have velocity
offsets peculiar to the SMBH from which the broad lines
originate. If this scenario is correct, the broad-line peaks and
Fe Kα line peaks should show different velocity shifts with
respect to the host galaxy’s rest frame. However, in both the
recoiling and binary SMBH scenarios, the Fe Kα line and the
broad Balmer lines would show the same velocity shifts with
respect to the host galaxy’s rest frame. These energy shifts
should be detectable with Chandra’s High Energy Transmis-
sion Grating (HETG) X-ray spectrometer, which can achieve
precision on Fe Kα line energies down to ∼1 eV (e.g., Yaqoob
& Padmanabhan 2004; Young et al. 2005; Shu et al. 2010), and
the expected range of Doppler shifts for the Eracleous et al.
(2012) sample is ∼20–100 eV (corresponding to velocities of

1000–5000 km s−1). The following seven quasars from the
Eracleous et al. (2012) sample are currently members of the
Chandra Source Catalog (CSC 2.0, Evans et al. 2020):
J020011, J092712, J093844, J110556, J124551, J140251,
and J151443. However, the Chandra exposure times for these
quasars are relatively shallow; deep exposure times resulting in
high X-ray photon counts are necessary to detect broad Fe Kα
lines in AGN (e.g., Guainazzi et al. 2006, where the likelihood
is raised to >42% for sources with at least 10,000 counts in
their 2-10 keV spectra).
Yet another test one can use to discriminate BLR outflows

from SMBH dynamics is the reverberation of the optical
Balmer lines. If the blueshifted Balmer lines are produced in
outflows directed toward the observer, they should respond to
variations in the central engine’s ionizing continuum with no
time lag. Conversely, if the redshifted Balmer lines are
produced in outflows directed away from the observer, they
should respond to variations in the ionizing continuum with a
measurable time lag corresponding to the light travel time delay
(i.e., the delay corresponding to the path length difference for
light traveling directly to the observer from the accretion disk
and light first traveling to excite Balmer transitions in gas
flowing away from the observer).

5. Summary and Conclusions

In this paper we have presented the results from the VLBA
X-band (8.5 GHz) observations of 34/88 of the Eracleous et al.
(2012) binary SMBH candidates. We detected 11 of the targets
with the VLBA as unresolved, compact sources, and six targets
as (marginally) partially resolved sources (consistent with
emission dominated by the radio core of an AGN). These
partially resolved sources will need future higher-resolution
follow-up in order to better identify the nature of this emission
that extends beyond the synthesized beamwidths (e.g., a double
radio core, a core, and a jet component, or potentially a young
radio lobe). These sources were originally identified as binary
SMBH candidates in Eracleous et al. (2012) by virtue of the
1000 km s−1 offsets of the broad Hβ emission lines with
respect to the host galaxy’s rest frame. The main hypotheses for
the velocity-offset broad lines are Doppler shifts induced by a
relativistic jet interacting with BLR clouds, or the dynamics of
a binary or recoiling SMBH. While we find the former scenario
unlikely, we defer presenting the bulk of the radio evidence
against this model for the upcoming publication where we will
present the results from the full VLA finder survey. The true
nature of these binary SMBH candidates has a major impact on
the expected source population for the PTA and LISA
gravitational-wave observatories, where recent physically
motivated binary SMBH population modeling based upon this
sample leads to a prediction for the gravitational-wave
background that is consistent with limits placed by PTAs
(Nguyen et al. 2020).
We found three quasars with statistically significant ∼10 pc

radio/optical offsets which are interesting, but inconclusive.
Future space-based observations with the HST (or JWST)
would help to subtract the overwhelming contribution from
quasar light and accurately model the host’s optical/IR
photometric center (due to the sufficiently well-characterized
PSF and high-angular resolution possible with these facilities).
This type of analysis will allow us to better determine the origin
of these offsets, and ascertain if there are any significant radio/
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optical offsets hidden by the finite angular resolution and
quasar contamination in the Gaia/SDSS data.

While we do not directly find evidence for either the
recoiling or binary SMBH scenario in this study, we do not find
evidence against such scenarios either. Future follow-up with
deep, higher angular resolution radio observations can help in
this regard. In particular, higher-frequency observations with
the VLBA can improve on the angular resolution of the X-band
data presented here, while also allowing for the increased
likelihood of detecting an inverted spectrum core under-
luminous at X-band frequencies. Similarly, the addition of data
from the EVN for our current X-band data set, or ALMA (for
VLBA data sets at frequencies from Q-band or above) would
increase the maximum baseline of the visibilities (in compar-
ison to the X-band data presented here) and achieve superior
angular resolutions. In this vein, the ngVLA or the EHT would
also be premier observatories to test the binary SMBH nature of
our candidates, capable of achieving spatial resolutions down
to sub-pc scales for all of our sources (albeit with the EHT’s
very limited sensitivity). Furthermore, X-ray observations
aimed at the detection of Fe K α lines will help to distinguish
between these different physical models, and gain insight into
the physical properties of these systems. Currently, Chandra’s
HETG X-ray spectrometer is expected to achieve energy
resolutions sufficient to detect the Doppler shifts expected for
the Eracleous et al. (2012) sample. However, the European
Space Agency’s (ESA) planned Athena X-ray spectrometer
will improve on Chandra’s HETG energy resolution (by ∼ an
order of magnitude) and sensitivity (at the relevant Fe K α line
energies), and would be an ideal facility to measure Fe K α line
profiles and energy shifts in the Eracleous et al. (2012) sample
of binary SMBH candidates.
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