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Abstract

Previous Ku-band (15 GHz) imaging with data obtained from the Very Long Baseline Array (VLBA) had shown
two compact, subparsec components at the location of a presumed kiloparsec-scale radio core in Seyfert galaxy
NGC 7674. It was then presumed that these two unresolved and compact components were dual radio cores
corresponding to two supermassive black holes (SMBHs) accreting surrounding gas and launching radio-bright
relativistic jets. However, utilizing the original VLBA data set used to claim the detection of a binary SMBH, in
addition to later multiepoch/multifrequency data sets obtained from both the VLBA and the European very long
baseline interferometry (VLBI) network, we find no evidence to support the presence of a binary SMBH. We place
stringent upper limits to the flux densities of any subparsec-scale radio cores that are at least an order of magnitude
lower than the original VLBI radio-core detections, directly challenging the original binary SMBH detection claim.
With this in mind, we discuss the possible reasons for the nondetection of any VLBI radio cores in our imaging, the
possibility of a binary SMBH still residing in NGC 7674, and the prospect of future observations shedding further
light on the true nature of this active galactic nucleus.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Radio cores (1341); Gravitational waves

(678); Supermassive black holes (1663)

1. Introduction

In the standard ACDM concordance model of cosmology, a
major driver of galaxy growth and evolution is the hierarchical
merging of other galaxies, subsuming each other’s stars, gas,
dark matter halos, and supermassive black holes (SMBHs;
Mgy 2 106M@) in the process (e.g., Kauffmann & Haehnelt
2000). As most galaxies are believed to host a SMBH in
their dynamical centers (Kormendy & Ho 2013), a predicted
outcome of these galaxy mergers is the formation of
gravitationally bound binary SMBHs (Begelman et al. 1980).
First, the SMBHs residing in each galaxy are thought to sink
toward the nuclear environment of the post-merger remnant via
dynamical friction (Chandrasekhar 1943), ultimately achieving
binary separations on the order of ~10pc within ~100 Myr
(Callegari et al. 2009). The subsequent stage of binary
evolution from ~10pc to subparsec separations relies on
three-body interactions with stars (e.g., Sesana et al. 2007),
gravitational torques from a gaseous circumbinary disk (e.g.,
Escala et al. 2005), and potentially three-body SMBH
interactions (e.g., Hoffman & Loeb 2007) to harden, or shrink,
the binary until gravitational radiation can efficiently remove
angular momentum from the pair until their eventual
coalescence. Depending on the nuclear environment of the
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post-merger host galaxy, this intermediate evolutionary stage
between dynamical friction and gravitational radiation dom-
inating the binary’s orbital dynamics can take anywhere from
10 Myr (e.g., Khan et al. 2015) to several tens of Gyr (e.g.,
Yu 2002), where the latter scenario is typically referred to as
the “final parsec problem” (Milosavljevi¢ & Merritt 2003).
After surmounting the evolutionary stage pertinent to the final
parsec problem, long-wavelength gravitational waves emitted
by close-orbit (0.1 pc) binary SMBHs in the local universe
should soon be detectable by current pulsar timing array
experiments (Hobbs 2013; McLaughlin 2013; Verbiest et al.
2016; Arzoumanian et al. 2020) and the upcoming Laser
Interferometer Space Antenna (LISA; Amaro-Seoane et al.
2017), constituting a crucial source class for these observatories
(Burke-Spolaor et al. 2019).

There are several observational approaches other than
gravitational wave detection used to infer the presence of
binary SMBHs at separations <10 pc. The two main methods
include the observation of quasiperiodic light curves of close-
orbit (0.1 pc) binaries (e.g., Graham et al. 2015; Mohan et al.
2016; Charisi et al. 2016; Liu et al. 2016, 2019, 2020) and
velocity-offset broad emission lines for binaries with separa-
tions of ~0.1 to tens of parsecs in nearby quasars (e.g.,
Bogdanovic et al. 2009; Tsalmantza et al. 2011; Eracleous et al.
2012; Ju et al. 2013; Shen et al. 2013; Runnoe et al. 2017;
Kelley 2021). The former involves a periodic modulation of the
observed luminosity (at the orbital period of the binary), while
the latter technique relies on the Doppler shifting of spectral
lines emitted by gas gravitationally bound to the SMBH in the


https://orcid.org/0000-0003-1317-8847
https://orcid.org/0000-0003-1317-8847
https://orcid.org/0000-0003-1317-8847
https://orcid.org/0000-0003-4052-7838
https://orcid.org/0000-0003-4052-7838
https://orcid.org/0000-0003-4052-7838
https://orcid.org/0000-0003-4341-0029
https://orcid.org/0000-0003-4341-0029
https://orcid.org/0000-0003-4341-0029
https://orcid.org/0000-0002-7418-7862
https://orcid.org/0000-0002-7418-7862
https://orcid.org/0000-0002-7418-7862
https://orcid.org/0000-0002-2211-0660
https://orcid.org/0000-0002-2211-0660
https://orcid.org/0000-0002-2211-0660
https://orcid.org/0000-0001-6495-7731
https://orcid.org/0000-0001-6495-7731
https://orcid.org/0000-0001-6495-7731
https://orcid.org/0000-0001-8256-8887
https://orcid.org/0000-0001-8256-8887
https://orcid.org/0000-0001-8256-8887
mailto:pbreiding@gmail.com
http://astrothesaurus.org/uat/16
http://astrothesaurus.org/uat/1341
http://astrothesaurus.org/uat/678
http://astrothesaurus.org/uat/678
http://astrothesaurus.org/uat/1663
https://doi.org/10.3847/1538-4357/ac7466
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac7466&domain=pdf&date_stamp=2022-07-11
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac7466&domain=pdf&date_stamp=2022-07-11
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 933:143 (12pp), 2022 July 10

so-called broad line region (BLR; where the Doppler shifts
result from the binary’s orbital dynamics). However, both
methods have a variety of more mundane explanations. In the
case of periodic light curves, jet precession not induced by a
binary (e.g., Liska et al. 2018), a warped accretion disk (e.g.,
Hopkins & Quataert 2010), helical jet morphologies (e.g.,
Conway & Murphy 1993), magnetohydrodynamic (MHD)
instabilities associated with the accretion flow (e.g., King et al.
2013) or global oscillation of the accretion disk (e.g., An et al.
2013a; Wang et al. 2014), and stochastic variability (Vaughan
et al. 2016) are all viable alternative hypotheses to a binary
SMBH. In the case of quasars with velocity-offset broad
emission lines, recoiling SMBHs and BLR outflows are also
plausible alternative hypotheses (see, e.g., Breiding et al.
2021).

A more direct observational technique that does not suffer
from the above uncertainties is the spatially resolved imaging
of both SMBHs (e.g., An et al. 2018), given that they are both
actively accreting material and shining brightly as active
galactic nuclei (AGN). This technique has revealed several
dozens of dual AGN (AGN with kiloparsec-scale separations),
utilizing telescopes across the electromagnetic spectrum (see,
e.g., Table 1 from Rubinur et al. (2018) and De Rosa et al.
(2019) for an overview). However, in order to resolve the
parsec and subparsec spatial scales in gravitationally bound
binary SMBHs, telescopes with milliarcsecond (mas) and
submilliarcsecond resolving powers are required.® Currently,
the only approach capable of achieving this type of angular
resolution relies on very long baseline interferometry (VLBI) in
order to synthesize the large required apertures. There have
been several radio” VLBI studies searching for parsec-scale
binary SMBHs systematically in surveys (e.g., Burke-Spolaor
2011; Tremblay et al. 2016), and as follow-up observations
of binary SMBH candidates identified through more indirect
methods (e.g., Kharb et al. 2017; Breiding et al. 2021). However,
to date these projects have been largely unsuccessful in
uncovering large numbers of bona fide binary SMBHs.

In the context of high-angular-resolution radio imaging, the
“smoking gun” signature of a binary SMBH would be the
observation of two compact, and flat (or inverted) spectrum
cores. The physical model used to describe these VLBI cores is
the radio emission from the optical depth, 7 = 1 surface at
which the base of some relativistic jet become opaque to
synchrotron self-absorption (Sokolovsky et al. 2011), or a
standing shock slightly downstream from this surface
(Marscher 2008). In either case, the VLBI core is located
several to tens of parsecs downstream of the SMBH producing
the jet, and is thus a good marker for its location. At a projected
separation of 7pc, the AGN CSO 04024379 is a striking
example of a nearby (z = 0.055) binary radio core confidently
confirmed as a binary SMBH system (Rodriguez et al. 2000).
Using the Very Long Baseline Array (VLBA), Bansal et al.
(2017) have tracked the orbital motion of the cores with proper
motion measurements, lending further support to the binary
SMBH nature of this system.

NGC 7674 (aka MRK 533) is a nearby (z = 0.03), type Il
Seyfert galaxy (Mirabel & Wilson 1984) home to another

8 Note that at a redshift of ~0.05, 1 pc corresponds to 1 mas. Even at

distances of ~a few Mpc (roughly the size of the Local Group), subparsec
resolution can only be achieved with ~10 mas angular resolution.

o Although see Gravity Collaboration et al. (2017) for an example of the
promise of high-resolution optical interferometry and synthesis imaging.

Breiding et al.

purported close-separation binary SMBH. Kharb et al. (2017),
referred to as K17 in the rest of the paper, claimed the detection
of two inverted-spectrum radio cores in the nucleus of
NGC 7674 (at a projected separation of 0.7 pc), presumably
the product of a binary SMBH system in which each black hole
is active and hosts a radio jet. The host galaxy is a luminous
infrared galaxy (LIRG; Gonzélez Delgado et al. 2001), and the
brightest in a group of four interacting galaxies comprising the
Hickson 96 compact galaxy group.'’ It is a nearly face-on
(inclination angle of ~30°) spiral galaxy (SBc type; Williams
& Rood 1987), exhibiting tidal features, which are likely the
imprint of gravitational interactions with its neighbors (Verdes-
Montenegro et al. 1997).

Deep 2001 S-band (~1.4GHz) VLBA observations of
NGC 7674, in combination with phased Very Large Array
(VLA) and Arecibo observations, allowed for the first detection
of the S (or Z)-shaped morphology of the kiloparsec-scale radio
jet (Momjian et al. 2003). One hypothesized origin for S-
shaped radio jet morphologies is jet precession induced by the
orbital dynamics of a binary SMBH (Begelman et al. 1980).
However, S-shaped jets may also be caused by jet precession
induced by a tilted accretion disk (Sarazin et al. 1980; Lu 1990)
or the gas circulation of the interstellar medium (ISM; Gopal-
Krishna 2003). The linear extent of the jet is ~0.6 kpc
projected on the plane of the sky, thus allowing for the
classification of this source as a compact symmetric object'’
(CSO). Given their small jet size, CSOs are able to interact
strongly with the narrow-line region (NLR) gas within the
central kiloparsec of their host galaxy (O’Dea 1998). With this
in mind, the observations of NLR gas outflows in NGC 7674
(Unger et al. 1988; Shastri et al. 2006; Smirnova et al. 2007)
are naturally explained by the interaction of the jet with the
surrounding medium (e.g., An et al. 2013b; Jaiswal et al. 2019).

In this paper, we use deep multiband VLBI imaging from
both the VLBA and European VLBI Network (EVN) to search
for evidence of the two putative VLBI radio cores in
NGC 7674 indicative of a binary SMBH. This search includes
the VLBA data used to make the original dual VLBI core
detection claim in addition to VLBI data from approximately a
decade and a half later. We also analyze the VLA data used in
K17 to claim the presence of a single, kiloparsec-scale radio
core, which corresponds to the unresolved emission from the
two VLBI cores. Finally, we assess the binary SMBH
hypothesis and AGN activity of this source by putting our
findings into the larger context of the other multiwavelength
observations and analyses of this source. Throughout this paper
we adopt a ACDM cosmology, with Hy=67.74 km s '
Mpc ', 2, =0.69, and ©,, = 0.31 (Planck Collaboration et al.
2016).

2. VLA Data Reduction & Analysis

We reduced the archival Ku-band (15 GHz) radio data from
project 14A-471 taken with the VLA in its A-array configura-
tion on 2014 March 21. The data were calibrated using
the Common Astronomy Software Applications (CASA;

19 The two largest galaxies in this group, one of which being NGC 7674, are

separated by ~80 kpc (projected). The closest galaxy companion to NGC 7674
is at a projected separation of ~30 kpc (see Figure 1 from Verdes-Montenegro
et al. 1997 for an optical image of the compact galaxy group).

1 CSOs are young (<10° yr) radio-loud AGN classified on the basis of
double, symmetric, radio jets/lobes less than 1 kpc in extent (Wilkinson et al.
1994; An & Baan 2012).
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Table 1
VLBI Observing Sessions
Project Observation Observing
Observatory Code Date (UTC) Band
(YYYY/MM/DD)

VLBA BV045 2002,/08/28 S
VLBA BV045 2002,/08/28 Cc
VLBA BV045 2002,/08/28 X
EVN EA059 2018,/06/05 X
VLBA BV045 2002/08/28 Ku
VLBA BK212 2018/03/31 Ku
VLBA BT143 2018/11/29 Ku
VLBA BK212 2018/03/19 K
VLBA BK212 2018/04/12 K
VLBA BT143 2018/11/29 K

Note. Observing dates mark the start of an observing session if the observations
spill over into subsequent days.

McMullin et al. 2007) software package automatic pipeline
(version 5.4.1). After pipeline calibration, any radio frequency
interference (RFI) was removed via the automatic rflag
routine within CASA. 3C48 was the flux calibrator for our
source, and several rounds of phase-only self-calibration were
employed, followed by a single round of amplitude and phase
self-calibration. Finally, images were constructed from the
visibility data using the CLEAN deconvolution algorithm
employed by the CASA task tclean. The final VLA image of
NGC 7674 was made using Briggs weighting, a robust
parameter of 0.5, and a multiterm, multifrequency synthesis
(mtmfs) deconvolution and imaging procedure with two Taylor
terms. This type of analysis relies on modeling the sky intensity
distribution as a Taylor polynomial, expanded about some
reference frequency for the subsequent deconvolution and
image reconstruction (Rau & Cornwell 2011). Including the
second Taylor term in the analysis allows for the measurement
of spectral index information in radio maps in addition to the
intensity. We also imaged the source with a uniform weighting
scheme, but the marginal improvement in angular resolution
resulted in the unacceptable trade-off of a much lower signal-
to-noise detection.

3. VLBI Observations & Data Analysis

Below we describe the VLBI observations employed to
create our final high-sensitivity images, using the VLBA and
EVN. All of the VLBI observations used in this paper are listed
in Table 1. Combining these disparate data sets together from
both the VLBA and EVN improved the sensitivity afforded by
the individual epochs. In turn, this allowed us to test the
hypothesis that dual, inverted-spectrum radio cores were
present in this source, and furthermore that they were indicative
of a binary SMBH (in which both black holes are active)
residing in this galaxy. All VLBI observations are phase-
referenced, where we show plots of phase calibrator phase
before and after calibration is applied to the high-frequency 15
and 22 GHz data obtained with the VLBA in the Appendix.
Importantly, no obvious structure that would impact our phase
calibration was seen in the images of any of our phase
calibrators. We show high-frequency 15 and 22 GHz images of
our phase calibrators in the Appendix for both the 2002 K17
detection epoch and follow-up 2018 epochs. These phase
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calibrator targets include J2327+0940 and J2329+0834, which
are separated from NGC 7674 by 0°9 and 0935, respectively. In
the Appendix, we also show the (u,v) plane coverage for each
individual 15/22 GHz VLBI epoch, in addition to the (u,v)
coverage corresponding to the combined 15 and 22 GHz high-
frequency data sets.

3.1. VLBI Observations & Calibration
3.1.1. VLBA Project BV045

The original VLBI data set used to assert the existence of a
binary SMBH in NGC 7674 was obtained from phase-
referenced VLBA Ku-band (15 GHz) observations (project ID
BV045) taken in 2002. Associated with this project were
observations at S, C, and X bands (2.3, 5, 8 GHz, and 15 GHz).
The experimental setup included only a single polarization
recording capability, 4.2s integration times, and a total
bandwidth of 32 MHz, split into four spectral windows (with
16 channels per spectral window). These observations included
nine VLBA antennas (excluding the Brewster station), and the
cycle time used for the “nodding” mode observations (phase—
target—phase scans) was ~11 minutes (~4 minutes on the phase
calibrator J2329+0834, ~7 minutes on NGC 7674). Quasar
3C84 was used as both the fringe finder and bandpass
calibrator for each set of observations (i.e., each observing
band) in BV045.

3.1.2. VLBA Projects BK212 & BT143

VLBA projects BK212 and BTI143 involved follow-up
observations of NGC 7674 at the Ku and K bands (15 GHz and
22 GHz, respectively) in 2018. The experimental setups for
both BK212 and BT143 included full polarization capabilities,
2 s integration times, and a total bandwidth of 256 MHz, split
into eight spectral windows (where BK212 had 16 channels per
spectral window, and BT143 had 64 channels per spectral
window). BK212 included at least nine VLBA antennas, and
BT143 had at least eight VLBA antennas. The cycle time used
for the “nodding” mode observations (phase—target—phase
scans) was ~7 minutes for BK212 (~4 minutes on the phase
calibrator J2329+0834, ~3 minutes on NGC 7674). For
BT143, the cycle time was ~3 minutes (~2 minutes on the
phase calibrator J2327+0940, ~1 minute on NGC 7674).
Quasars 3C 454.3 and 3C 345 were used as the fringe finder/
bandpass calibrators for BK212 and BT143, respectively.

3.1.3. VLBA Calibration

We calibrated all of the VLBA visibility 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 antennas were chosen. Log-based
flagging was performed prior to calibration.

3.1.4. EVN Observations & Calibration

The target source was also observed by EVN on 2018 June 6
(project code EAO5S9A) with the aim of probing the dual cores.
The observations were conducted at 8.4 GHz with a total
observing time of 10 hours. The session was recorded at 1024
Mbps rate (16 MHz x 8§ subbands, 2-bit sampling, dual
polarization). 12 stations participated in session A, which are
Ef (Effelsberg, Germany), Wb (Westerbork, The Netherlands),
Mc (Medicina, Italy), Nt (Noto, Italy), O6 (Onsala, Sweden),
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Figure 1. In the top panel we show the VLA Ku-band (15 GHz) radio image of
NGC 7674 as a contour map, with a base level of 30 and spaced by factors of 2
thereafter (the rms noise level is 0.7 ;Jy beam ™). Negative contours are shown
as dashed lines. Components labeled C and W correspond to the hot spots,
following the naming convention used in previous studies. We also label the
feature claimed to correspond to the radio core in K17, in addition to lobe
plasma east of component C. The synthesized beam is shown in the bottom left
as a filled ellipse. The bottom panel shows the spectral index map, with white
contours corresponding to the image contours presented in the top panel. The
green ellipse shows the region used to extract the spectral index information for
the region corresponding to the purported radio core.

Table 2
VLBI Image Properties
Observing Central Image
Band Frequency Noise Level By Biin P.A.
(GHz) (pJy beam ™) (mas) (mas) ©)

S 2.27 126 11.5 4.21 —14.5
C 5.00 90.0 4.40 1.74 -10.0
X 8.41 86.9 2.77 1.23 —7.40
Ku 15.3 40.0 1.35 0.54 —6.76
K 222 452 1.59 0.43 —14.7

Ys (Yebes, Spain), Hh (Hartebeesthoek, South Africa), Sv
(Svetloe, Russia), Zc (Zelenchukskaya, Russia), Bd (Badary,
Russia), Ir (Irbene, Latvia), T6 (Tianma65, China).

During the observations, the phase-reference observing
mode was employed due to the weakness of the target source.
J2327+0940 was chosen as the phase-reference calibrator and
several scans on J2329+4-0834 were observed for finding
fringes. To reduce the impact from the dynamic troposphere,
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we used a shorter nodding cycle at shorter wavelengths. We
used a cycle time of “cal(30s)-tar(135s)-cal(45s)”. Due to some
operational problems and bad fringe solutions at a few stations,
some antennas did not record well during specific time periods.
These bad data were deleted. After the observations were
completed, the data from each station were transported to the
Joint Institute for VLBI ERIC at Dwingeloo, the Netherlands
for correlation. The correlated visibility data were then
downloaded to the China Square Kilometre Array (SKA)
Regional Centre computing clusters (An et al. 2019) for further
analysis and processing. We calibrated the visibility data using
AIPS following a standard procedure used for phase-reference
EVN observations of weak radio sources (e.g., Mohan et al.
2020; Salafia et al. 2022).

3.2. Data Combination & Imaging

After calibration, we used CASA for further flagging of RFIL.
Subsequently, we combined all of the visibility data from the
different observatories and epochs common to a given
observing band using the CASA task concat, and then
cleaned /imaged those data with the CASA task tclean. We
used a natural weighting scheme, as this has the highest
sensitivity for point sources (which is the expectation for the
two unresolved, compact cores), with cell sizes of ~4 pixels
per restoring beam. We used the hogbom deconvolution
algorithm, and an interactive cleaning procedure with CLEAN
masks ultimately created for components C and W during the
cleaning process. At no point did any significant residuals
suggest the need for cleaning any image components near the
purported location of the binary SMBH. All cleaning had 3o,
rms-based threshold minor cycle stopping points.

We also made wide-field images to search for any VLBI
cores on scales up to ~1” from the phase center. This was
accomplished with the wproject gridding algorithm (Cornwell
et al. 2008, which corrects for the effect of noncoplanar
baselines), with the use of worojplanes = —1 in CASA. This
choice automatically determines the number of planes to use
based upon the data and image size.'?

4. Results
4.1. VLA Imaging and Spectral Analysis

In Figure 1 we show the 15 GHz radio image of NGC 7674,
synthesized from 2014 A-configuration VLA observations and
label the jet features following the conventions in previous
studies of the source. The feature most relevant to this analysis
is between the eastern/western hot spot components (C/W),
and is identified as the radio core in K17. We show in the
bottom panel of Figure 1 the in-band spectral index, «, map of
NGC 7674. For this study, we assumed a spectral index defined
as F,oxv ¢, where F, is the flux density, and v is the
observing frequency. Using an elliptical extraction region (with
the same shape as the synthesized beam) across the feature
identified as the radio core, we measured the mean spectral
index from this region to be —0.66 £0.52. This index is
consistent with the claimed inverted-spectrum index found
in K17.

12 cASA determines this number based upon the following formula:

Wmax imsize

Nuprojplanes = 0.5 % Here, imsize is the image size, \ is the

(radians)
wavelength, and W, is the maximum w in the uvw data (i.e., physical extent
of the visibility data that is orthogonal to the image plane).
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Figure 2. High-sensitivity VLBI images of NGC 7674 at S (top left panel, 2.3 GHz), C (middle left panel,5 GHz), X (bottom left panel, 8.4 GHz), Ku (top right panel,
15.4 GHz), and K (middle right panel, 22.2 GHz) bands, using the data sets listed in Table 1. The bottom right panel shows the contour-only image of the Ku-band
(15 GHz) K17 binary detection data set. We show image contours for all images at a base level of 30, spaced by factors of 2 thereafter. The synthesized beam shapes
are shown in the bottom left of the images as filled gray ellipses with a cross inside, except the bottom right contour plot where it is a filled black ellipse. The left-panel
images show the eastern and western hot spots, labeled C and W, respectively, are detected in our S/C/X-band imaging, as also shown in K17 (although component W
was not detected in our C- or X-band imaging). The center position between the dual cores reported by K17 is marked with cross hairs in each image, where both the
dual core separation and errors of the purported core locations are on the order of the beam sizes shown for our images. As is evident, these radio cores are not detected

in any of these images.

4.2. Nondetections of VLBI Radio Cores

In Table 2 we give the central observing frequencies, rms
noise levels, major and minor axes (By,j and Bpp, respectively)
of the synthesized beam full width at half maximums
(FWHMs), and beam position angles (P.A.) for the final
high-sensitivity images used in our study (refer to Table 1 for
the list of data sets that went into creating each image). In
Figure 2 we show the S-, C-, and X-band images in which we
can report detections of the hot spot components (C and W). As
shown in K17 and found again in our imaging, these hot spots
have a fairly steep spectrum indicative of aged, optically thin
plasma emitting synchrotron radiation. In Figure 2 we also
show the Ku-band (15 GHz) and K-band (22 GHz) synthesized
VLBI images for the combined Ku- and K-band data described

in Section 3.1, in addition to an image of the original Ku-band
K17 detection data set. We mark the locations of the dual VLBI
core detections from K17 with cross hairs (taking the center of
the cross hair to be the center position between the dual core
positions), where we estimate the error on the core positions
from K17 to be no greater than ~ 0.7 mas'®, a size which is
roughly on the order of the beam widths shown in Figure 2.
In Figure 3, we plot the flux density reported for both VLBI
cores from K17 (0.9 £ 0.4 mlJy). We also show a line (with

13 For this estimate we note that the phase calibrator position error is negligible
(0.15 mas), and the error associated with the phase-referencing technique is
expected to be of the order of ~0.1 mas (Pradel et al. 2006). Thus, these errors
would add negligible contributions, considering the beam size of the tentative
detection reported in K17 is 0.7 x 0.7 mas.
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Figure 3. The radio flux densities of both VLBI radio cores detected at 15 GHz
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arrows) representing the 40 upper limit reported by K17 on the
spectral index for the western VLBI core, i.e., a < 0.38 (where
this limit is less restrictive than that of the eastern VLBI core,
o < 0.33). In red arrows, we show our 3¢ upper limits on the
flux density of either VLBI core using the images displayed in
Figure 2, where it is clear that neither core is detected in our
imaging. We also plot as a blue arrow the resulting 30 upper
limit from our reanalysis of the original K17 Ku-band (15 GHz)
“binary detection” data set. Given the spectral index limit, the
K-band nondetections are especially problematic for the
hypothesis of dual, inverted-spectrum VLBI radio cores with
~1mly flux densities residing in the heart of NGC 7674.

5. Discussion & Concluding Remarks

Our upper limits obtained from our VLBI core nondetections
at 15 and 22 GHz are ~an order of magnitude below the flux
densities reported by K17 for the purported dual, inverted-
spectrum VLBI cores. Thus, we consider the possibility of the
K17 detections to be false-alarm detections below (where the
original detection confidence levels were reported to be
between 40 and 50). In support of this idea is the fact that
the 2002 data set analyzed by K17 for the original dual radio
core detections was also used in our analysis (BV045,
comprised of S-, C-, X-, and Ku-band VLBA observations).
While we report the high signal-to-noise detection of the hot
spot components (just as in K17, see Figure 2), there is no
evidence for the putative binary. If there was some systematic
error in our analysis, we would expect that this would also
affect our detection of the hot spot features (which was not the
case). Furthermore, the Ku-band and K-band observations from
2018 yield nondetection upper limits well below the expected
flux densities for these cores given their supposed inverted
spectrum. One way out of this conclusion is to presume flux
density variability of the cores could allow them to remain
undetected in the recent 2018 K-band and Ku-band imaging.
The implied large-amplitude variations are incompatible with
typical intra/inter-day stochastic variability typically observed
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in radio light curves of flat-spectrum AGN cores and usually
ascribed to interstellar scintillation (e.g., Lovell et al. 2008;
Koay et al. 2018). Furthermore, we note that the luminosity of
the core is relatively weak compared to the hot spot/lobe
plasma, implying this source is not consistent with a highly
variable blazar. Rather, this long-term variability would require
both cores to dim by more than an order of magnitude in
luminosity in ~16 yr. This hypothesis is somewhat compro-
mised considering the feature detected in the 2014 VLA image
(Figure 1) between the eastern and western hot spot
components (C and W, respectively), claimed by K17 to be
the unresolved emission from the dual VLBI cores. Together
these hypotheses imply that the emission from the binary AGN
held a relatively constant 15 GHz luminosity from 2002 to
2014, and then dimmed by more than an order of magnitude
from 2014 to 2018. This scenario can be tested with future,
deep Ku-band (and higher frequency) VLA A-configuration
observations, combined with simultaneous VLBI imaging
(possibly in phased VLA and VLBA observations, as in
Momjian et al. 2003). If the feature identified as the kiloparsec-
scale core by K17 is not detected in such an experimental
setup, then this lends credence to the idea that the dual radio
jets in NGC 7674 have “turned off”. This type of scenario
could be explained by long-term “geometric” variability
induced by, e.g., jet precession (potentially due to a binary),
and electromagnetic radiation that is progressively relativisti-
cally beamed (Blandford & Konigl 1979) in a direction further
from our line of sight (as the approaching jets swing away from
us), subsequently yielding lower observer-frame radio lumin-
osities (e.g., Bach et al. 2006). In principle, the jet precession
induced by a binary SMBH system can result from two
scenarios. In the first (disk precession; e.g., Katz 1997; Liu &
Chen 2007; Nandi et al. 2021), the accretion disk surrounding
the primary SMBH (hosting the jet) precesses due to torque
action owing to a misalignment between the orbital plane of the
binary system and the disk plane. In the second (geodetic
precession; e.g., Begelman et al. 1980; Rieger 2004; Liu &
Chen 2007), the direction of spin of the primary SMBH may be
misaligned with the total angular momentum of the binary
system, thus setting up a precession of the spin axis and hence,
the jet hosted by the primary SMBH-accretion disk system.
The Keplerian angular frequency, and those in the cases of disk
precession (Katz 1997) and geodetic precession (Rieger 2004)
are

C(GM.(1 + @))'/?
QK—(T) , (D
3g cos b (rD)3/2
Qp = —1=2270 (D)0, 2
PTaa+92\a) " @
4 + 3¢\ GO
Q¢ = gM. , 3
o1 (l+q)2dc2 ©

where G is the gravitational constant, M. is the mass of the
primary SMBH, g < 1 is the mass ratio between the secondary
companion and the primary SMBH, d is the binary separation,
6, is the angle of inclination between the accretion disk and the
binary orbital plane, and rp, is the extent of the accretion disk.
We use the choices M~ 10" M., (Woo & Urry 2002; Kharb
et al. 2017), d = 0.35 pc (Kharb et al. 2017), 6,=20°
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(Katz 1997), and a disk extent (King 2016; Gaur et al. 2018)
rp = (5.45 x 10'° cm) =327 (M /10'M,)'/ 77, “4)

where i is the ratio of the mass accretion rate scaled in terms
of the Eddington rate and is set to 0.1, appropriate for accretion
disks in Seyfert galaxies (e.g., Mohan & Mangalam 2014).
With these assumptions, we obtain minimum precession
periods for the case g=1 (equal mass binary), with
Pp=27/Qp> 2.6 x 10°yr and Pg=27/Qc > 1.8 x 10° yr.
These correspond to angular precessions of ~4.9 arcsec yr~ '
and ~0.2 mas yr—', respectively. A maximal value of ~0°02
may thus be inferred for the case of disk precession,
considering a luminosity dimming timescale of ~16 yr. For a
typical jetted AGN with an inclination angle of a few degrees
(e.g., Lister et al. 2019), this precession is 2 orders of
magnitude smaller; changes due to relativistic beaming effects
may not be discernible within the observation window. Thus, a
binary SMBH enabled jet precession is unlikely to result in a
significant dimming of the luminosity, and we place a low
credence on this possibility for our radio core nondetections.

Alternatively, it is possible mass loading mediated by jet—
ISM feedback, or some other jet disruption/diminishment
mechanism (potentially due to variable accretion) is responsible
for the radio core nondetections we observed in the 2018 epoch
and the short observed duty cycle'* for this AGN (Croston &
Hardcastle 2014; Shabala et al. 2020).

However, a phased VLA/VLBA setup also allows for a
sufficient mixture between small and large-distance baselines to
determine the actual scale (i.e., between subparsec to kiloparsec
scales) and morphology of this emission component in the
event that we can detect this feature. The future next-generation
Very Large Array (ngVLA; Murphy 2018) would naturally
allow for this mixture between small and large-distance
baseline lengths to allow for sensitivities to features of varying
size in this radio-loud AGN from subparsec to kiloparsec
scales. Our analysis of the VLA in-band spectral index of the
purported core feature is consistent with its flat or inverted
spectrum, and thus its interpretation as a synchrotron self-
absorbed radio core. However, as suggested by Momjian et al.
(2003), the inverted radio spectrum of this jet region could be a
consequence of free—free absorption (FFA; see models by, e.g.,
Bicknell et al. 1997; Begelman 1999). The FFA hypothesis for
the inverted spectrum is strengthened by the work of Gandhi
et al. (2017), who find large hydrogen column densities
associated with the Compton-thick X-ray AGN in NGC 7674
from recent NuStar observations, in addition to ionized Fe-line
emission (together these findings suggest a high density of
hydrogen gas and a high intensity of ionization continuum
radiation in the vicinity of the central AGN). Considering both

14 Momjian et al. (2003) estimate the age of the AGN in NGC 7674 to be ~a
few Myr, based upon the time necessary to inflate its lobes into the ambient
medium. See Jurlin et al. (2020) for a longer discussion of radio-jet duty cycles
in AGN.
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hot spots and lobes detected from this young radio-loud AGN
(see Figure 1 from Momjian et al. (2003) for a clear detection
of lobes on either side of both hot spots and depiction of the
overall S shape), the naive expectation would be a relatively
misaligned radio jet. This would imply the core emission could
be relativistically beamed out of our line of sight, leading to the
expectation of very weak emission in the direction of the
observer.

If, as we suspect, the dual radio core detections reported by
K17 correspond to spurious noise features, then presumably
there is still at least one radio core of lower luminosity, which
has yet to be detected. In this vein, even-deeper high-sensitivity
VLBI observations could help detect this feature. One property
of this system which still suggests a binary SMBH may be
present is the overall S shape of the radio jets. However, we
note that the “curve” portion of the S shape in this jet is made
by the lobe plasma, after it leaves the working surfaces
corresponding to the hot spots where the jet is assumed to be
pushing against the ambient medium. As the lobe plasma does
not have the momentum or kinetic power carried by the twin
radio jets, it is much more likely the lobes could be pushed into
the observed antialigned curves by the circulating ISM gas
pressure (see Gopal-Krishna 2003 for a discussion of this
model in generating S-shaped jets).
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Appendix

Below we show the (u,v) plane coverage for the high-
frequency Ku- (15 GHz) and K-band (22 GHz) VLBI visibi-
lities used in this study, along with plots demonstrating the
proper phase calibration of these visibilities and high-frequency
images of our phase calibrators (Figures 4-7, respectively). The
purpose of these figures is to demonstrate the improvements in
(u,v) plane coverage upon data combination and the fact that
the nondetection of any VLBI radio cores in this work is not a
result of improper calibration.
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Figure 4. (U,V) plane coverage for all of the individual epoch, high-frequency Ku and K-band (15/22 GHz) VLBI visibility data used in this study. The VLBI
observatory along with project code is given in the top left of each plot, and the date of the observation is given in the top right as YYYY/MM/DD. The frequency/
band of the observation is also labeled in the bottom center of each plot.



THE ASTROPHYSICAL JOURNAL, 933:143 (12pp), 2022 July 10

VLBA/BV(045 2002/08/28 15 GHz/Uncalibrated

Degrees

Degrees

ted

Degrees

m —FD‘ (1-2 T T T T T . T T T T J
o, ":‘ % T % i
e
|- FD-KP (1-3 . i -
mg_l: ﬁt’l( JI ox .- i ,. I S := =l-:_
-
200 -FD-LAl(1-4),. . Ex . -
0| . T G g‘ o
i S S S S
mg:FD-MKu-s) R w 1]
L T ¥
- ey
200 FONL (19, =
[ O L
200 ! | | I ! I | ! | i
200 |-FD-0V (1) T S e
OFee , =~ x = " mo R
g+
200 FD-PT(1-5) . . = s
() L A I
e e S
200~ . (- = un = ™ ® x 1
0 [z " 5t " - 'a s - " T ]
~200 - 1 1 1 1 L 1 L 1 L P
04 05 06 o7 08 09 10 11 12 13
Time (hours)
VLBA/BK212 2018/03/31 15 GHz/Uncalibra
200[-BRHN (1:2) | T, e e
0« % oxx et . . LR
=200 - 4 " ‘I '|I- E I- 4
200 BRP (1), » coter st ]
200" "0 7 VE S a7
1 1 1 1
T T T T
zz] :,?R;LA. (1:4) - . - .i
-m.- x w = = - ~ - . o = -_
1 1 1 1
200 [-BR-MK (1:5) ' N C A
OF sy %u & T s T T
200 x B
l 1 1 1
200|-BR-NL (1-6) ' ! N L=
a:_’ . - .- . - - ; e ox . -M.u. @ ‘:
200 |- BR-OV (1-7) f : : —
o il Ll T e . ]
200 : ; : —]
200 - BR-PT (1-8) .. A i
0 o - = L] L e - . P
gy : : —
200 ERAGHN . . o P T
. T e . - ]
200 ¢ 1 I ! 1
16 00 30 30
Time (hours)
VLBA/BT143.2018/11/29 15 GHz/Uncalibrated
M_ER-FD('I-Z)*, ! . _‘. - L ]
nER - o ] & sl
200 ax x = =
5 : z : :
200 BR-LA( ] ) i .. i
0 =" i *, M e .
200 " o = - ! L T |
1 1 1 1 1
200 | BR-MK (1-6) ' : o T
o> xn x* x =
o g . “ a? g
ol ». ® x %_|
e | .1 | '
s 7?&-”‘ ('I-?)-_ 2 bt oy e .
0 [ o3 " = * = ]
gy S : | | ——
o TR R S
{1 o xx = o £ .
g m— : bt —
200|-BR-PT(1-8) . . ]
o™, -. e .'... : o .:l' o
st : | ]
200|-BF-SC(1-10) . - i o
0 :-.- Ll £ * o "",:
-m L 1 1 1 1
23 1/00 1/03

1/01 102
Time (hours)

Breiding et al.

VLBA/BV(045 2002/08/28 15 GHz/Calibrated
m—FD“HN (1_2)| T T T T T T T ]
0= = mm mx mw wm W§ mx mx  am  Fm ol -
g+ +—+—+—+—+]
sool ]
0F= N omx omx owE xE wE xR Em WM W wn wx wEo
B
i ]
Of* = = we wx  wx s we  xx owx owm e om e
e
200 |- FD-MK (1-5) ]
0~ wm  xm  mE  ME mE &= wE Ex LR T
e S — e S
T FD-NL (1-6) ]
% 2Dg-.u _.( -’n e W e w® mm P T I T = Wy *
B —
200 - Fo-OY (1-7) ]
0 Fa= * mr  mE  ®m  am  mx  xE  mm  xm  mm = wy =
e
200 | FO-PT (1-9) ]
OfF== L% =% =% =x = =x =5 W= uE =m = o HE
- ————————————
200 [ FD-5C (1) -
OfF¥s ™ =g g8 %8 %= wx g=  wx A NF -
qu 1 1 1 1 1 1 1 1 1 1 ]
04 05 06 o7 08 1] 1 1 12 13
Time (hours)
VLBA/BK212 2018/03/31 15 GHz/Calibrated
200[-BR-HN (1-2) " T ! ]
u e o m o w - K M e W Meoeoeettt Wt e W s
-m- 1 1 1 Il 7
200 -BR-KP (1:3) ' ! ! .
Of= = = m m x - ow om om csomseencss e ]
200 B
200 BRLA G | : : ]
o oo o e e e - o W am WX s T e |
-m_ 1 s 1 41 N
200 |- BR-MK (1-5) ' L ! I
OfF= = = = = = o o o e e e e |
=200~ ! i ! n
§ 200|-BR-NL (1-6) ' ’ l —
OfF= = = = » = = ow m ow w s e - ]
E 200~ I ! ! P
200 BR-OV (1-7) ' v ’ ]
OF= = = = = = P ot W w w ]
2001 I ! ! 1
200[-BR-PT (1-8) ' ' ! ]
p B . w s wE i
2001 1 1 1 1 g
200[-BR-SC (1-9) ' ' ' T
= Mgt S T — ]
.m- 1 1 1 1 ]
1600 30 30
Time (hours)
VLBA/BT143 2018/11/29 15 GHz/Calibrated
200[-BR-FD (1-2) f ‘ T ' ]
0 e pe e ot on L] pr—
-200 - ! ! 1 ! I il
200 |- BR-LA (1-5) : ; : : ]
0 [ oy g P o e oo~
-200 1 1 L 1 L ]
200 |- BR-MK (1-6) ; : : J ]
0fF g - o 0o oo e |
-200 - | ! | ! I 1
200 |- BR-NL (1-7) ! ‘ ! ' ]
0 e W T e . X st —|
-200 - | ! 1 ! 1 il
200|- BR-OV (1-8) " d ! * ]
0 [ramax ] ] oo P - e —|
L ', % } —]
200 - BR-PT (1-9) i
[ oo oo wmor oo ] = oo —|
-200 - | ! | ! | 1
200 |- BR-SC (1-10) ! ! ! ' ]
0 [ o o oo N RS
-2m- 1 1 1 1 L il
23 1/00 1/01 1 1/03
Time (hours)

Figure 5. Ku-band (15 GHz) phase of each observation’s phase calibrator before (left plots) and after (right plots) phase calibration is applied for a selection of
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Figure 6. Continuation of Figure 5 for the K-band, 22 GHz VLBA data.
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Figure 7. Here we show the high-frequency VLBA Ku- and K-band(15 and 22 GHz) images of our phase calibrators as contour plots. The contours start at a base level
of 50 and are spaced by factors of 2 thereafter. The synthesized beams are shown as filled ellipses, and the image intensity noise level is specified by the rms quoted in
each contour plot. The frequency and name of phase calibrator are given in the top of the plots, and project codes are also given along with the date of the observation
in YYYY/MM/DD format. The images are made following the same CLEAN procedure defined in Section 3.2. No relevant structure that would impact the phase

calibration is observed for any of our calibrators.
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