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ABSTRACT

We have conducted 22 GHz radio imaging at 1 arcsec resolution of 100 low-redshift AGN
selected at 14—195 keV by the Swift-BAT. We find a radio core detection fraction of 96 per cent,
much higher than lower frequency radio surveys. Of the 96 radio-detected AGN, 55 have
compact morphologies, 30 have morphologies consistent with nuclear star formation, and
11 have sub-kpc to kpc-scale jets. We find that the total radio power does not distinguish
between nuclear star formation and jets as the origin of the radio emission. For 87 objects,
we use optical spectroscopy to test whether AGN physical parameters are distinct between
radio morphological types. We find that X-ray luminosities tend to be higher if the 22 GHz
morphology is jet-like, but find no significant difference in other physical parameters. We
find that the relationship between the X-ray and core radio luminosities is consistent with the
Lg/Lx ~ 1073 of coronally active stars. We further find that the canonical fundamental planes
of black hole activity systematically overpredict our radio luminosities, particularly for objects
with star formation morphologies.

Key words: galaxies: active — galaxies: nuclei — galaxies: Seyfert —radio continuum: galaxies.

1 INTRODUCTION

Active galactic nuclei (AGN) are powered by accretion onto
supermassive black holes and emit strongly across the entire
electromagnetic spectrum. Some AGN exhibit powerful radio jets
that extend well outside the host galaxy, with dramatic effects on
the host itself and the surrounding medium. These objects, however,
are the exception. The vast majority of AGN are radio-quiet. Such
AGN may exhibit either an unresolved radio core, or an unresolved
core and local, extended emission that may be related to outflows
or star formation (e.g. Ulvestad & Wilson 1984; Edelson 1987;
Giuricin et al. 1990; Nagar et al. 1999; Orienti & Prieto 2010); see
also the recent review by Panessa et al. (2019). Additionally, many
radio-quiet AGN have stubbornly refused detection at all, despite
surveys at a variety of observing frequencies and resolutions (e.g.
Roy et al. 1998; Herrera Ruiz et al. 2016; Maini et al. 2016).
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A key question is whether the radio emission mechanism in the
core is the same in objects with and without powerful radio jets.
One prevalent idea is that the same mechanism responsible for
the powerful jets operates in a scale-invariant way down to the
faintest radio luminosities, and that the radio emission is simply
due to smaller, unresolved jets (e.g. Miller, Rawlings & Saunders
1993; Heinz & Sunyaev 2003). This conclusion is supported by
the discovery of the ‘fundamental plane of black hole activity,” a
remarkably tight relationship between the X-ray luminosity, radio
luminosity, and black hole mass that appears to apply to both stellar
mass and supermassive black holes (Merloni, Heinz & di Matteo
2003; Falcke, Kording & Markoff 2004; Kording, Falcke & Corbel
2006).

However, very high-resolution radio imaging of radio-quiet
quasars do not always find jets; although VLBI imaging campaigns
revealed sub-parsec scale jets in some radio-quiet Seyferts, many
remain unresolved (Ulvestad & Ho 2001; Ulvestad 2003; Ulvestad,
Antonucci & Barvainis 2005). These same studies concluded that
thermal emission or low-efficiency accretion scenarios were ruled
out by the very high implied brightness temperatures, and theorized



that perhaps radio-quiet quasars simply produce weaker jets that are
disrupted by passage through the host galaxy, and are too faint to
be detected in all but the deepest observations.

An alternative proposal is that instead of unresolved jets, the core
radio emission in radio-quiet objects is dominated by a coronal
component in which both radio and X-ray emission is generated in
a region of hot plasma associated with the accretion flow (Laor &
Behar 2008; Raginski & Laor 2016).

For the past two years, we have conducted a 22 GHz radio
imaging survey at 1arcsec resolution of a low-redshift, largely
radio-quiet subset of the ultra-hard X-ray selected Swift-BAT AGN
sample (Baumgartner et al. 2013). In this work, we use this unique
sample to place new constraints on the origin of radio emission
in AGN without powerful radio jets by providing a 22 GHz radio
detection fraction and comparing the results to the coronal Lg/Lx
relation and existing fundamental plane relations.

The key to enabling the expansion of this investigation into the
physical origin of the radio emission is the BAT AGN Spectroscopic
Survey (BASS; Koss et al. 2017, Ricci et al. 2017), a large, ongoing
collaborative multiwavelength effort to obtain spectra and imaging
of the BAT AGN.

In Section 2, we present the sample selection and analysis of the
JVLA radio data and the supplementary parameter measurements
from the BASS. In Section 3, we describe the radio morphologies in
our survey. Section 4 incorporates the black hole masses, accretion
rates, spectral indices, and luminosities in a comparative analysis.
In Section 5, we discuss the correlation between radio and X-ray
luminosities in our sample; in Section 6 we expand this into a
discussion of how our sample compares to the fundamental plane
of black hole activity. The results of the preceding sections are
discussed with scientific context in Section 7. Conclusions are
presented and summarized in Section 8.

Throughout the paper we assume a cosmology of Hy = 69.6 km
s~ Mpc~!, Q4 = 0.286, and Q, = 0.714.

2 SAMPLE SELECTION AND DATA
REDUCTION

2.1 Selection and properties of the JVLA 22 GHz sample

The sample presented in this paper was observed in two main stages
motivated by different science goals. The spatially resolved core
radio emission, the subject of this paper, was an incidental product
of the high-resolution imaging required for those goals. In order to
clarify the nature of the sample, we describe here the motivations
and target selection of the VLA campaigns that yielded the present
sample.

Our targets are from the Swift-BAT All Sky Survey, conducted
in the ultra-hard 14—195 keV band (Baumgartner et al. 2013). This
band is immune to the majority of biases that affect AGN selection
in the optical, infrared, and radio, and is sensitive to even highly
obscured AGN with column densities as high as ~10** cm™2; see
fig. 2 in Koss et al. (2016) for a comparison to other X-ray surveys.
Our original parent sample is the 58-month version of the survey,
consisting of all 313 X-ray sources identified with low-redshift
(z < 0.05), non-blazar AGN. The sample is composed mainly of
Seyfert galaxies with moderate bolometric luminosities 104 < Ly
< 10 erg s~!, but also includes a few much rarer luminous quasars.
The star formation properties of this sample were studied in the FIR
with Herschel by Mushotzky et al. (2014), Meléndez et al. (2014),
and Shimizu et al. (2015, 2016).

Our initial goal was to study circumnuclear star formation
potentially being impacted by the AGN. For this reason, in the first
phase of the radio survey we selected objects that were unresolved or
only partially resolved in the Herschel images. With the declination
cut required for JVLA observations, this resulted in 70 objects.
The sample was observed at 22 GHz with 1 arcsec spatial resolution
using the JVLA in C configuration, as described in Smith et al.
(2016).

One intriguing result derived in Smith et al. (2016) was the
discovery of a preponderance of objects with jet-like 22 GHz
morphologies in AGN that lay below the ‘main-sequence of star
formation’ (i.e. with suppressed IR-measured star formation rates
compared to normal star forming galaxies for a given total stellar
mass). Indeed, Shimizu et al. (2015) had already found that the
Herschel-observed parent sample lay systematically below the star
forming main sequence, in the so-called ‘green valley’ between
star forming galaxies and quiescent ellipticals. Motivated by the
possibility that kiloparsec-scale jets might be responsible for star
formation suppression, we selected 36 additional AGN from the
original parent sample that were at least 1o below the star forming
main sequence to see if the jet preponderance remained. This
analysis is described in a upcoming publication. Note that this
sample had no cuts made based on whether the Herschel images
were unresolved.

Together, the total JVLA 22 GHz sample consists of 100 objects
after discarding six for persistent radio frequency interference
(RFI) and including four non-detections (Mrk 653, Mrk 595,
2MASX J0107-1139, and Mrk 352). The total redshift range for
the observed sample is 0.003 < z < 0.049, corresponding to
spatial beam extents of 62—965 parsecs. Radio flux densities, X-ray
luminosities, and redshifts are given in Table 1.

The redshift and Herschel-resolution cuts removed all radio-loud
quasars (including FR I and FR II sources) from our sample. This
is unsurprising, as such objects are intrinsically rare and tend to
be higher redshift; for example, Gupta et al. (2018) found that
51/509 (10 per cent) of the overall BAT AGN sample are radio-loud.
The large majority of our remaining sources are therefore radio-
quiet Seyferts. However, the boundary between radio-loud and
radio-quiet is not well-defined and is also wavelength dependent.
To roughly quantify the radio-quietness of our sample we use
the Kellermann et al. (1989) quantity Rp = S, 56u./Ss. We use
archival values of the optical B magnitudes or, in the absence of a B
value, a g magnitude and convert to flux. To determine the proper
radio value, we interpolate between our 22 GHz measurement and
archival 1.4 GHz fluxes from the FIRST survey, where they exist.
In the absence of a FIRST detection, we assume a radio spectral
index of « = —0.7 (Kellermann, Pauliny-Toth & Davis 1968;
Amirkhanian 1985), where the flux density S, ~ v*. Traditionally,
Ro ~ 10 is considered the boundary between radio-loud and
radio-quiet objects. Four objects in our sample are near or above
this threshold: Arp 102B (Rp = 44), NGC 5506 (Rp = 13),
Mrk 477 (Rp = 10), and NGC 1052 (Rp = 9). Two of these,
Arp 102B and NGC 1052, have small radio jets at low frequen-
cies (Wrobel 1984; Helmboldt et al. 2007). They are interesting
in this context as comparison objects, and are denoted in the
figures.

The optical magnitude of Type 2 AGN will be dominated by host
galaxy starlight; in these objects the nuclear optical luminosity is
obscured and unknown. Although the radio-loudness R parameter is
still often used as a rough estimator, we supplement it here with the
X-ray radio loudness criterion from Terashima & Wilson (2003):
Rx = VL, s6nz/La—1okev. There is no bimodality associated with



Table 1. Measured parameters of the 22 GHz BAT AGN sample.

Name z Sy Su,1 Sy.6" Morph.  log Lux,obs ~ 10g Lux, it~ 10g Lunx,obs  10g Lunx,im  Log My L/Lgaa
Type mly mly 22GHz  (ergs™!) (ergs™") (ergs™h) (ergs™h) My

2MASX J0025 + 6821 0.012 2 1.18 117 C 4135 43.14 42.77 43.06 7.87t01  0.005
2MASX J0353 + 3714* 0.019 2 0.28 0.80 E 42.45 42.53 43.06 43.06 7090 0.047
2MASX J0423 + 0408 0.046 2 0.58 6.99 J 42,9 43.82 44.04 44.22 - -

2MASX J0444 + 2813 0.01 2 3.05 3.20 C 42.55 42.67 43.18 43.12 7794067 0015
2MASX J0505-2351 0.036 2 1.72 2.18 C 43.33 43.48 44.23 44.21 7970 0.181
2MASX J1200 + 0648 0.036 2 0.84 1.10 E 43.18 43.38 43.79 43.79 827709 0.021
2MASX J1546 + 6929 0.038 2 0.27 1.48 J 42.52 43.08 43.66 43.72 8.57700;  0.008
2MASX J1937-0613 0.01 15 5.16 8.40 E 42.74 42.75 42.74 42.76 6.6409 0.080
2MASX J2010 + 4800 0.025 2 0.16 0.25 C 422 42.42 43.28 43.28 772409 0.023
2MFGC 02280 0.015 2 0.40 1.67 E 41.41 43.02 43.15 43.42 7.3501% 0.039
ARK 347+ 0.023 2 0.42 0.30 E 42.43 42.9 43.52 43.56 8.197003  0.013
ARP 102B 0.024 2 219.02  226.64 LJ 42.81 42.82 43.38 43.36 778501, 0.025
ARP 151 0021 12 0.52 0.55 C 43.01 43.02 43.29 43.28 6.670% 0265
CGCG 122-055 0022 15 1.79 2.03 C 42.41 42.43 43.15 43.08 713190 0.066
CGCG 229-015 0.027 1 0.20 0.41 C - - - - - -

CGCG 300-062 0.033 2 0.24 0.47 C - - - - - -

CGCG 312-012 0.026 2 0.70 0.99 C 42.13 42.38 43.13 43.08 8.21%09  0.005
CGCG 420-015 * 0.03 2 0.83 1.17 C 42.38 44 43.75 43.99 8.74197 0.006
CGCG 493-002 0.024 15 1.18 1.43 E - - - - - -

ESO 511-G030 0.023 1 12.24 12.04 C 43.34 43.47 43.66 43.66 7.23100 0171
ESO 548-G081 0.014 1 0.46 2.60 E 43.01 43.01 43.32 43.33 7.941002 0015
ESO 549- G 049 0.026 1.9 0.77 2.71 E 42.92 43.01 43.6 43.58 8.07100  0.022
IC 0486 0027 19 0.77 1.80 E 42.8 42.81 43.72 43.69 8.07190+  0.028
IC 2461 0.008 2 0.46 0.57 C 41.63 4178 42.39 42.39 7.26101  0.008
IC 2637 0.029 15 2.01 5.32 E 42.7 42.7 43.38 43.32 8411035 0.006
IGR 123308 + 7120* 0.037 2 0.11 0.51 C 42.65 42.88 43.55 435 7.681018 0.047
IRAS 05589 + 2828* 0033 12 2.46 2.79 C 43.67 43.68 44.21 44.19 8.691072  0.021
LEDA 214543 0.032 2 1.33 1.34 C 42.95 43.07 43.76 4373 807G 0.030
MCG -01-13-025 0016 15 10.83 10.67 C 42.84 42.84 43.25 43.23 - -

MCG -01-24-012 0.02 2 4.81 5.12 L 43.05 43.24 43.55 43.55 7.6919%  0.046
MCG-01-30-041 0018 1.8 0.37 1.48 E - - - - - -

MCG -01-40-001 0023 1.9 12.73 23.00 J 43.07 43.24 43.58 43.58 9.2019%  0.001
MCG -02-08-014 0.017 2 0.74 1.19 J 42.55 42.83 43.22 43.24 7.861095  0.014
MCG -02-12-050 0036 1.2 0.64 1.52 C 43.32 43.39 43.77 43.74 8.231014  0.022
MCG -05-23-016 0.008 1.9 3.47 3.62 C 43.15 432 43.51 435 - -

MCG + 02-57-002 0.03 1.9 0.38 0.53 E 42.64 42.6 43.43 43.39 7.38500: 0071
MCG + 04-22-042 0.033 12 1.03 1.73 J 43.45 43.45 43.98 43.97 7.59700¢ 0156
MCG + 04-48-002 0.014 2 0.44 8.97 E 42.05 43.13 43.52 43.44 7765006 0.036
MCG + 06-16-028 0016 1.9 2.24 3.41 E 41.22 43.07 42.97 43.38 - -

MCG -+ 08-11-011 0.02 L5 13.84 15.85 J 43.62 43.79 44.1 44.1 7817003 0.124
MCG + 11-11-032 0.036 2 0.13 0.14 C 42.98 43.44 43.72 43.76 8.28100¢  0.017
Mrk 10 0029 15 0.32 0.56 C 43.12 43.12 43.46 43.46 7.25M00, 0.103
Mrk 1392 0.036 15 0.45 1.56 E 43.11 43.11 43.75 43.72 7.86T001  0.049
Mrk 18 0011 1.9 345 5.13 E 41.58 41.82 42.52 42.52 7.69100%  0.004
Mrk 198* 0.024 2 0.96 1.45 E 42.81 42.98 43.47 43.48 7.86%00: 0026
Mrk 279 0.03 1.5 3.03 3.08 C 43.41 43.41 43.92 4391 743709 0.194
Mrk 359 0017 15 0.53 0.80 C 42.69 427 42.96 42.94 - -

Mrk 477 0038 1.9 5.45 6.11 C 42.69 43.26 43.68 43.56 - -

Mrk 50 0.024 1 0.37 0.31 C 43.1 43.1 43.45 43.45 7420000 0.068
Mrk 590 0027 15 2.02 274 C 427 427 43.42 43.39 7.561005  0.045
Mrk 728 0.036 15 1.32 1.30 C 43.03 43.02 43.6 43.55 7767001 0.044
Mrk 739E 0.03 1 0.31 1.36 E 43.16 43.18 43.43 43.43 6.997005  0.175
Mrk 766 0.013 1.5 4.60 4.84 C 42.69 42.71 4291 429 6.827008  0.078
Mrk 79 0.022 15 1.45 2.39 E 42.93 43.11 43.72 43.7 7617002 0.081
Mrk 817 0.031 1.2 1.94 2.10 C 43.49 43.49 43.77 43.77 7.58+092 0.097
Mrk 885 0.025 15 0.23 0.30 C - - - - - -

Mrk 926 0.047 1.5 8.62 9.77 C 44.18 44.18 44.77 44.75 7.997005 0383



Table 1 - continued

Name z Sy Sy N Morph.  log Lux.obs  10g Lux ine  10g Lunx obs  10g Lunx,ie ~ Log Mpy  L/Lgdd
Type mly mly 22GHz  (ergs™!) (ergs™") (ergs™") (ergs™h) My

Mrk 975 0.049 12 1.26 1.55 C 433 43.56 43.98 43.97 7757904 0.108
NGC 1052 0.004 1.9 101050 1083.00 L 41.46 41.62 4221 42.18 8.48%00%  33e4
NGC 1106 0.014 2 1115 11.62 C - - - - - -
NGC 1125 0.011 2 6.14 6.42 C 41.03 42.74 42.67 42.96 7494067 0.010
NGC 1194 0.014 2 1.08 1.26 C 41.62 43.69 43.18 43.68 7.831000  0.014
NGC 2110 0.007 2 42.17 66.10 J 42.52 42.69 43.63 43.63 9.371097  0.001
NGC 235A 0022 19 3.28 4.33 E 42.65 43221 43.72 43.76 8.441003  0.012
NGC 2655 0.005 2 12.51 12.28 C 40.73 4136 41.82 41.87 8.19101,  2.6e-4
NGC 2992 0.008 1.9 1249 2927 E 41.98 42 42.55 42.52 8.32%01 0.001
NGC 3081 0.008 2 1.21 1.62 C 41.55 42.72 43.07 43.29 773406 0.014
NGC 3227 0003 15 4.13 6.95 E 42.09 42.1 42.57 42.55 6.77095  0.040
NGC 3431 0.017 2 0.69 0.97 C 42.22 42.39 43.19 43.13 773709 0.018
NGC 3516 0009 1.2 3.70 5.28 J 42.67 42.72 4331 43.29 7.39+060 0.052
NGC 3718 0.003 19 17.99 18.63 LJ 40.58 40.61 41.46 41.47 814101 1.3e-4
NGC 3786 0.009 1.9 0.72 2.06 E 42.06 42.11 425 42.45 7471018 0.007
NGC 4235 0.008 12 12.33 12.60 C 41.6 41.6 42.66 42.64 - -
NGC 4388 0.008 2 3.26 12.71 E 425 43.05 43.64 437 6.941013 0315
NGC 513* 0.019 2 0.87 0.68 E 4252 42.66 4324 4322 7.537013  0.032
NGC 5231 0.022 2 0.64 111 C 42.81 42.89 43.22 43.16 8.0019%  0.011
NGC 5273 0.004 15 0.55 0.68 C 41.22 41.26 41.57 41.48 6.657013  0.005
NGC 5290 0.009 2 6.99 8.08 C 4191 41.93 425 42.46 7787506 0.003
NGC 5506 0006 1.9 4853 48.61 C 42.9 42,99 4331 433 - -
NGC 5548 0017 15 1.44 4.52 J 43.1 43.14 43.72 437 771400 0.064
NGC 5683 0037 12 0.39 0.49 C 43.1 43.07 43.57 43.55 7.69100)  0.048
NGC 5728 0.01 1.9 4.08 7.88 J 41.43 42.86 43.23 43.36 7997007 0.011
NGC 6552 0.026 2 4.76 535 C - - - - - -
NGC 7679 0.017 2 0.46 7.22 E - - - - - -
NGC 788 0.014 2 0.61 1.07 E 42.12 43.02 43.52 43.66 77791 0.036
NGC 931 0016 15 0.93 1.24 C 43.25 43.41 43.58 43.58 741700 0.094
NGC 985 0.043 L5 1.01 1.41 E 43.78 43.78 44.14 44.12 7.98T005  0.092
SBS 1301 + 540 0.03 L5 0.88 1.05 C 43.72 43.73 43.82 43.8 7.557902 0118
UGC 03478 0012 12 0.97 1.38 C - - - - - -
UGC 03601* 0017 1.9 1.26 1.58 E 42.66 42.67 43.14 43.14 - -
UGC 07064 0025 1.9 0.61 1.15 E 42.53 42.58 43.27 43.15 7.59+005 0,030
UGC 08327 NED02 0.035 2 2.57 2.96 C 43.34 43.57 43.72 43.73 8.647007  0.008
UGC 11185 NED02 0.041 2 6.82 8.17 J 43.28 43.35 43.88 43.83 8.32%01 0.023
UGC 12282 0.017 2 0.44 0.55 C 41.76 42.62 43.09 43.23 8.65T001  0.002
UGC 12741* 0.017 2 031 0.70 C 41.87 42.94 43.13 43.31 7485013 0.028
UM 614 0033 15 0.23 0.27 C 43.18 43.19 43.6 43.61 716500 0.175

Note. Properties of the 22 GHz Swift-BAT AGN sample. Columns are (1) object name, (2) redshift, (3) 22 GHz flux density in the 1 arcsec core, (4) 22 GHz flux density
including extended emission, (5) morphology of the 22 GHz emission where C means compact, J means jet-like, E means extended but non-linear, and LJ means the
object has a known radio jet at lower frequencies in the literature but is compact in our sample, (6) 2—10keV luminosity as observed, (7) intrinsic 2—10keV luminosity
corrected for absorption, (8) 14—195keV luminosity as observed, (9) intrinsic 14—195 keV luminosity corrected for absorption, (10) black hole mass, and (11) Eddington
ratio. Objects without values in some X-ray luminosity columns are not yet included in BASS (see Section 2.2) and so do not have absorption correction; all objects have
observed 14—195keV luminosities from the Swift-BAT survey itself (Baumgartner et al. 2013). Entries with X-ray luminosity values but without black hole masses or
Eddington ratio do not have confirmed black hole mass measurements in BASS. Objects with asterisks following their names were observed for approximately twice as
long in our campaign to uncover very low surface-brightness star formation as described in Section 2.3.

this criterion, which correlates roughly with Ry. The optical
diagnostic log Rp ~ 1 corresponds to a log Ry value of —4.5,
the value that they define as the radio-loud boundary; more than
half of our objects are classified as radio-loud by this criterion. This
is not unusual; Ulvestad et al. (2005) found that their entire sample
of radio-quiet quasars were defined as radio-loud by the Ry criterion
and many Seyferts and optically selected quasars in Terashima &
Wilson (2003) itself are above it.

2.2 The BAT AGN spectroscopic survey

Much of the analysis done in this paper makes use of physical
parameter estimates from the BAT AGN Spectroscopic Survey
(BASS; Koss et al. 2017), a large effort to collect optical spectra for
the Swift-BAT AGN with the goal of leveraging this unbiased sample
for black hole mass, accretion rate, and luminosity estimation. In
addition to the optical spectroscopic work, the BASS includes
careful multifacility determination of the intrinsic X-ray spectral



energy distribution (Riccietal. 2017). Of the 100 AGN in our survey,
91 are included in the second data release of the spectroscopic
survey, of which 82 have black hole mass and Eddington ratio
estimates; the black hole mass calculations are discussed in detail
in Section 4.2. At the time of submission of this paper only Data
Release 1 is publicly available; the Data Release 2 products we use
here are internal but will shortly be published.

The optical spectra were obtained from a large variety of
telescopes, and can all be viewed at the BASS website.! Although
the previous sample of 70 BAT AGN analysed by Smith et al. (2016)
comprises the majority of the targets here and our previous analysis
includes many of the same tests presented in that work, the inclusion
of the BASS data represents a significant improvement on the tests
requiring black hole mass and accretion rate estimates. In Smith
et al. (2016), mass measurements were available for only 16 objects
from the literature. The fundamental plane tests especially are far
more robust in this experiment due to the additional masses. BASS
measurements of black hole mass and accretion rate are provided
in Table 1.

2.3 Radio data reduction and image processing

We conducted our observations in the K-band with the JVLA in
the C-array configuration, resulting in 1 arcsec spatial resolution.
The K-band is centred at 22 GHz with a wide 8 GHz bandwidth.
Observing blocks with 1 h duration were shared among 2-3 targets,
with each block beginning with X- and K-band attenuation scans
and flux and bandpass calibrations with 3C 48, 3C 138, 3C 286, or
3C 147 depending on sky position and antenna wraps. Each science
observation included between 3 and 10 min on-source integration
time, based on time constraints from calibration overhead, and was
preceded and followed by a gain calibration scan of a nearby source.
The typical 1o sensitivity in these observations is ~16 wJy per
beam. In addition to these initial observations, our most recent
proposal round included deeper observations of 11 targets from
the first campaign that we suspected had extended radio emission
from star formation below our previous sensitivity limits (Smith
et al. 2016); these images typically have 1o sensitivities of ~8 ply.
These 11 targets are denoted by asterisks in Table 1, and have the
same observing setup except that each object had between 13 and
20 min of on-source time. Four of these showed significant extended
emission in the deeper images, all star formation-like. Since this
analysis focuses on the origin of the core radio emission and the
nature of the nuclear source, the results and implications for star
formation are being analysed for another paper in preparation.

The reduction techniques are identical to those described in
detail in Smith et al. (2016) for the initial sample. After collection,
the raw data were passed through the standard JVLA reduction
pipeline at the National Radio Astronomy Observatory (NRAO).
We then processed the data using the Common Astronomy Software
Applications package (v. 4.5, CASA; McMullin et al. 2007). Each
individual object was split from the parent measurement set and
averaged over all 64 channels within each spectral window in order
to reduce processing time without compromising image quality.
Each image was cleaned to a 0.03 mJy threshold using the CASA
clean task with Briggs weighting, and then assessed for signs
of pervasive and persistent RFI. In some cases, RFI affected only
isolated spectral windows and could be corrected by flagging and
removing the affected window. In other cases (those enumerated in
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Section 2.1), the RFI was too widespread for effective removal and
objects were discarded. If an image was bright enough (peak flux >
1 mJy), we performed phase self-calibration of the visibility data.

2.4 Core and extended radio flux measurements

For compact sources and the cores of extended sources, we use
the CASA command imfit to fit each compact Stokes I image
component with an elliptical Gaussian. All of the compact cores
and unresolved sources were well-fit by this technique. To explore
the possibility of low surface-brightness emission, images were
also made with 3 and 6 arcsec beam tapers. To measure the total
extended emission in each object, we re-cleaned each image with a
6 arcsec beam taper. We then use imfit on this larger scale image.
For structures extending beyond the 6 arcsec beam, we measure
the total flux manually in CASA viewer by using imstat ona
custom elliptical region drawn around the emission; such a fit was
required for 10 objects.

It is important to note that even though the core is compact in
our 1 arcsec resolution images, there still may be star formation or
jet structure within the beam, convolved with the true AGN core
component.

3 RADIO MORPHOLOGIES

We divide our images into four broad morphological categories:
unresolved, resolved emission indicative of star formation (i.e.
extended but non-linear), jet-like resolved emission (i.e. extended
and linear), and objects that are compact at 22 GHz but have resolved
jets at lower frequencies in archival observations. An unresolved
core is present in all 96 radio-detected objects, including those
with extended star formation. The total numbers of each type are
55/96 compact (four of which have jets at lower frequencies), 30/96
star formation, and 11/96 jets. Resolved objects from the original
sample of 70 are shown in Smith et al. (2016); objects with non-
compact morphologies from the new sample are shown in Fig. 1
(star formation) and Fig. 2 (jets). Note that NGC 3227 is quite
compact, however, we classify it as star formation-like due to the
asymmetry of the resolved emission.

To determine how much of the unresolved emission is due to
star formation, we can compare the radio emission from only the
extended star formation, subtracting the unresolved core, to the
far-infrared emission from star formation. If they match, then the
subtracted core emission must be AGN related. Shimizu et al. (2017)
presented far-IR spectral decomposition of the full Herschel sample,
quantifying the amount of FIR emission due to star formation and
AGN, respectively. With the SF-related infrared emission in hand,
we can use the Lgr/Lg relation (Condon 1992) to calculate the
expected radio emission from star formation. We then compare
this expectation to the extended, core-subtracted radio emission in
Fig. 3. The lower panel of the figure shows a histogram of the
offsets of the measured extended fluxes from the star formation
prediction. After core subtraction, the objects with extended star
formation emission tend to match the star formation prediction
from the infrared quite well, implying that the core emission is
mainly AGN-related and the extended emission is indeed from star
formation. As can be seen in the lower panel histogram, the extended
flux in objects with star formation morphologies match the predicted
values with low dispersion, o = 0.25. Objects with jet morphologies
remain systematically above the expectation for star formation after
core subtraction, as expected if the extended radio emission is due
primarily to jet synchrotron emission.
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Figure 1. 22 GHz images of the BAT AGN with non jet-like morphologies likely due to star formation. Contours occur at 3o, 60, and 90 above the
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Note that many of the compact sources fall well below the
star-formation expectation after core subtraction. This is possibly
because some radio-emitting star formation is unresolved in the
core. Star formation at all scales contributes to the infrared emission,
and therefore the expected radio flux derived from it. However,
any radio emission from star formation unresolved at 1 arcsec is
removed by the radio core subtraction, causing the core-subtracted
flux to fall below the FIR/radio expectation. The errors are large

for these core-subtracted compact sources, since the majority of the
flux has been removed in the subtraction.

Finally, we note that the morphologies of the jet-like objects
are not sufficient by themselves to indicate a jet instead of star
formation. As in Smith et al. (2016), we also consider the ratio
of the total observed radio emission to that predicted from the
FIR-measured star formation rate, based on the Lgr/Lg relation
(Condon 1992). All of the jet-like objects except NGC 5728 exhibit
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radio emission a factor of 10—20 times stronger than expected
from the star-formation related infrared emission in our Herschel
observations, indicating the presence of an AGN-related jet. After
subtracting the AGN core, NGC 5728 moves below the predicted
line and NGC 3516 falls almost directly upon it (Fig. 3). This would
be sufficient reasoning to reclassify these targets as likely to be star
formation dominated, except that their radio emission has been
well-studied and established as jet-like in the case of NGC 3516
(e.g. Wrobel & Heeschen 1988; Veilleux, Tully & Bland-Hawthorn

1993) and a combination of a radio jet and a star formation ring
(Durré & Mould 2018) in NGC 5728, a structure also apparent
in our image (Fig. 2). Because our conclusions focus on the core
emission and whether it differs in objects with or without jets, not
whether there is or isn’t circumnuclear star formation, we leave this
combination object as a jet in our figures and analyses.
Concerning the objects with compact 22 GHz morphologies but
low-frequency jets: two of these sources were observed at higher
resolutions than our survey, and the elongated structures are small
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enough to lie within our 1 arcsec beam: MCG-01-24-012 (Schmitt
et al. 2001) and Arp 102B (Helmboldt et al. 2007). The other two
had linear structures considerably larger: ~37 kpc for NGC 3718
(Condon 1987) and 2.8 kpc for NGC 1052 (Wrobel 1984). They
may have been missed by us because optically thin synchrotron
emission in jets are typically steep-spectrum, and so are not easily
seen at 22 GHz, or because energy losses may steepen the spectrum
sufficiently above 1.4 GHz to prevent detection at our flux limit.
Since we have checked for structure with multiple beam tapers
out to 6 arcsec, it is unlikely that the jets are simply ‘resolved out’,
although we may still be insensitive to larger structures seen in much
lower resolution surveys like NVSS. Since not all of our targets had
sufficiently high-resolution archival observations, we do not know
whether radio jets exist at lower frequencies for all of our compact
sources — for this reason, we refer to these objects as ‘Literature Jets’
and give these four objects a distinct symbol in the plots and tables
so that the reader may treat them separately or consider them with
the compact sources. Two of these are radio-loud objects Arp 102B
and NGC 1052.

4 LUMINOSITY, BLACK HOLE MASS, AND
ACCRETION RATE

In this section we compare the X-ray luminosities, 22 GHz radio
core luminosities, radio spectral indices, black hole mass estimates,
and Eddington ratios for our morphological classes.

4.1 X-ray luminosities

The observed X-ray luminosities provided in this paper were first
reported by Baumgartner et al. (2013), and were obtained by fitting
a simple power law to the eight channels of the BAT instrument
without accounting for obscuration. A more detailed treatment of the
X-ray spectral properties of the BASS AGN is given by Ricci et al.
(2017). The X-ray spectra were fit with a large number of different
models accounting for all components commonly observed in AGN,
including photoelectric absorption and Compton scattering, which
enables measurement of the absorption-corrected AGN flux. For
the most obscured, Compton-thick (Ny > 10**cm™2) AGN we
used a physical torus model to correctly constrain the line-of-



sight column density and the intrinsic flux (Ricci et al. 2015). The
result is a confident estimate of the hard (2—10keV) and ultra-hard
(14—195keV) intrinsic X-ray luminosities. The dominant source
of measurement error depends on the obscuration of the source;
for highly obscured sources, errors on the intrinsic luminosity arise
primarily from uncertainties in the fitting of the spectral absorption.
For the majority of sources with low or moderate obscuration (Ny <
10%* cm™2), the errors come from simple errors in the BAT spectra
from which the fitted band luminosities were derived.

Due to the nature of the more complex models used by Ricci et al.
(2017),in a few unobscured sources the reported intrinsic flux values
are very slightly above the ‘observed’ values. This is a reflection of
an intrinsic uncertainty in the fluxes determined from a simple fit to
the BAT data alone, as done by Baumgartner et al. (2013) to obtain
the observed values: the median uncertainty in the X-ray photon
index is A" = 0.15 for the full BAT AGN sample. Sometimes,
therefore, the ‘observed’ values in Table 1 will be slightly above
the ‘intrinsic’ values derived from higher S/N joint fit of the whole
X-ray spectral range including absorption, scattering, and a cutoff.

4.2 Black hole masses

The BASS survey DR2 has black hole mass estimates for 82
of our 100 surveyed AGN, using four different black hole mass
measurement methods. Black hole mass estimates in AGN are
subject to many uncertainties; by far the most reliable method is
dynamical measurement of gas or stars under the direct gravitational
influence of the black hole. However, this is impossible for all but
the nearest AGN, none of which belong to our sample. Water maser
emission is perhaps the next most reliable method, followed by
reverberation mapping; both methods require fortuitous alignment
and/or extensive monitoring campaigns, and so are still relatively
rare (e.g. Kormendy & Ho 2013). In our sample, two objects have
maser mass estimates and 11 have been reverberation-mapped; note
that reverberation mapping estimates are biased towards lower mass
black holes, since the relevant time-scales are shorter and easier to
capture. The next best method uses the width of the broad emission
lines to estimate the Doppler broadening due to motion of the gas
within the gravitational influence of the black hole. In our sample,
22 masses were estimated from the width of the broad H 8 emission
line via the relation in Trakhtenbrot & Netzer (2012). Finally, in the
absence of broad emission lines one can use the stellar bulge velocity
dispersion, o, as a mass proxy through the Mgy — o, relation via
Kormendy & Ho (2013), which was required for 47 of our objects.
Mass estimates and associated errors are given in Table 1.

We note that the reliability of Mpy—o, mass estimates in AGN
remains disputed: AGN may follow a different Mgy —o . relation
than normal galaxies. The degree to which AGN adhere to Mgy—o
may depend on AGN properties: Dasyra et al. (2007) find that
bright QSOs lie along a different relation than the generic Seyfert
population, and Sheinis & Lépez-Sanchez (2017) find that radio-
loud quasars follow a different relation than quiescent galaxies and
radio-quiet AGN. However, Woo et al. (2013) and Shankar et al.
(2019) find consistency between AGN and quiescent galaxies after
accounting for selection effects. In any case, the Mgy —o , relation
is the only way to evaluate black hole mass or Eddington ratio for a
sample that includes obscured AGN, and is more fundamental than
the scaling relation between black hole mass and bulge luminosity
(Bernardi et al. 2007).

At the time that Smith et al. (2016) was published, BASS data
were not yet available. A few targets had o, measurements in
the literature, typically from the 1990s (e.g. Nelson & Whittle

1996); these were excluded from the analysis given there. Since
then, careful spectral measurements have become available from
BASS with extensive comparison to the literature using improved
spectral modelling codes with much better stellar templates (Chen
et al. 2014). The measurements have benefitted from the inclusion
of new spectra with much higher spectral resolution and better
signal-to-noise ratios (Koss et al. 2017, fig. 18). The new spectra
also have increased wavelength coverage and include additional
stellar features that can be used to check and refine estimates of o ..
As a result, the scatter in o ,-derived mass estimates has reduced
considerably within the BASS sample, and we are confident in
the accuracy of those presented here. Note, however, that there is
significant intrinsic scatter (0.3-0.5 dex) in the Mpy—o, relation
(Giiltekin et al. 2009a). This source of error in Mgy is more
significant than any measurement errors of o .

In Fig. 4, we provide several histograms to assess the impact
of various black hole mass estimate methods and their associated
errors on the results presented later in this work. First, note that each
measurement method has differing associated systematics; in our
sample, masses measured using velocity dispersion tend to be higher
than the other three methods. This results in Type 2 AGN, for which
the velocity dispersion method is most common, having slightly
higher black hole masses than Type 1 AGN in our sample (Fig. 4,
bottom right). A two-sided Kolmogorov—Smirnov test results in a
2.6 per cent chance that the distributions were drawn from the same
sample. Note, however, that it is not yet established that Type 1 and
Type 2 AGNSs have identical Mgy distributions, so offsets may be a
combination of measurement methodology variations and intrinsic
differences. Furthermore, the intrinsic scatter in Mgy—o, (0.3—
0.5 dex) is sufficient to render the offset between Type 1 and Type 2
AGN:s in Fig. 4 statistically insignificant.

Many of the plots later in this work compare quantities, some of
which include Mgy in their calculation, between morphological
subtypes. It is therefore important to know whether there are
systematic differences in the measurement errors that could have
arisen from, for example, a particular Mgy estimation method being
more prevalent among objects in one of the radio morphological
subtypes. No such systematic offsets are found after comparing
lognormal fits of the subsample distributions (Fig. 4, bottom left).

For 18 of our objects, there are currently no black hole mass
estimates, either because the object is not yet included in BASS,
because the object was a pure Type 2 Seyfert with insufficient
stellar absorption lines to estimate o ., or because the spectral region
surrounding the H § line was too noisy for a reliable broad-line fit.

4.3 Eddington ratios

We use Lj4.195kev and a bolometric correction factor to calculate the
Eddington ratio, Lyo/Lggq- Vasudevan et al. (2009) found that for
the BAT AGN sample, Lyo/Li4-195 ev ~ 8 as a median bolometric
correction factor, which we adopt here; see also section 3 of
Koss et al. (2017). We calculate the Eddington luminosity via
Lggq = 1.26 x 10 (Mpy/Mg) erg s7', as for all objects in BASS
Data Release 1 (Koss et al. 2017).

4.4 Radio spectral indices

To compute the radio spectral index «, we use archival 1.4 GHz
fluxes from the FIRST survey (Becker, White & Helfand 1995),
which includes 41 of our targets (mainly due to declination limits).
Note when reviewing the spectral indices that the resolution of
FIRST is ~5 arcsec, compared to 1 arcsec for our radio cores. For



Z2 o«
121 Em HB

EEE RM
101 / KX4 Maser

=
6.5 7.0 7.5 8.0 8.5 9.0 9.5
log Mg (Mg)
[ Compact
81 [0 Extended
I Jet
[ Literature Jet
6
=

000 005 010 015 020 025 030 035 0.40
Logarithmic Error in Mgy (Mo )

pa

cye

6.5 7.0 7.5 8.0 8.5 9.0 9.5
log Mgy (M)

141 1 Sy1-19

3 Sy?2
12 4

10 A

o
N

Ay
4 XA

0.00 005 010 015 020 025 030 035 040
Logarithmic Error in Mgy (M)
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this reason, we calculate the spectral index using the 6 arcsec fluxes
(Section 2.4), which is a closer match to the FIRST beam. Therefore,
by necessity, some non-AGN emission is included in the spectral
index measurement for objects with extended circumnuclear star
formation. The 5 arcsec resolution is the primary reason behind
choosing FIRST over the more complete NVSS (Condon et al.
1998), which has a much larger beam of ~45 arcsec. Although
approximately 1/3 of our sample has 5 GHz flux measurements
from various sources in the literature, the beam size and sensi-
tivity vary enormously, so we do not include these values in our
calculation.

Histograms of all the physical parameters for our sample com-
pared by 22 GHz morphology are shown in Fig. 5.

S Lg/Lxy CORRELATION

We here investigate the relationship of the X-ray and radio emission
in two ways. First, we determine whether or not the total radio
luminosity (including extended emission) versus X-ray luminosity
can be used to distinguish the dominant radio morphology. Second,
we focus on the X-ray and radio properties of only the unresolved
core to test whether any core properties are more likely to give rise
to the observed extended morphologies.

Fig. 6 compares the total 22 GHz radio luminosity (combined
core and extended components), to the hard and ultra-hard X-ray

luminosities for the different 22 GHz morphologies in our sample.
There is no combination of luminosities above which jets are more
likely to dominate the morphology, or below which one finds
prominent nuclear star formation.

In Fig. 7, we plot the relationship between the core 22 GHz
radio and ultra-hard X-ray luminosities and fluxes. Recall that all
targets have an unresolved radio core, regardless of the extended
morphology; it is the emission from the core only that is plotted
here. To control for the hidden mutual dependence on redshift, we
calculate the partial Kendall’s-t correlation coefficient using the
method of Akritas & Siebert (1996). Table 2 shows the results of the
partial correlation analysis for the full sample and the morphological
subsamples. After the redshift is accounted for, the full sample and
the compact sample separately still exhibit a significant correlation
between radio and X-ray luminosity; objects with extended and jet
morphology do not have significant Lg/Ly correlations after distance
considerations. Although the correlation coefficient is significant in
some cases, the errors in the intrinsic X-ray luminosities, which
are largely due to uncertainties in accounting for obscuration in
the spectral fitting (Section 4.1), preclude a determination of a
precise correlation in our sample. We note, however, that these
X-ray fits are state-of-the-art for obscured sources, especially given
that the obscured BAT sample represent the brightest obscured
AGN on the sky (Ricci et al. 2017). So, these errors reflect our
current best ability to measure the true nuclear X-ray luminosity in
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the presence of significant intrinsic obscuration. Characterizing the
Lg/Ly relationship for obscured AGN remains a work in progress.
We overplot the Lg/Ly relation for stellar coronae from Guedel &
Benz (1993), and find that our objects are broadly consistent with
this expectation, just as Laor & Behar (2008) found for their
sample of radio-quiet AGN. Predictably, the only significant outliers

are the objects with known radio jets seen in the literature at
lower frequencies, which are almost certain to have a significant
contribution to their unresolved core flux from jet components.

We note that the Guedel & Benz (1993) relationship was es-
tablished using X-ray data from a number of different telescopes at
varying energy ranges, and that the Laor & Behar (2008) application
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Table 2. Results of partial correlation analysis for X-ray luminosity, radio
luminosity, redshift, and black hole mass. The first three columns list the
independent (X), dependent (Y), and third influencing (Z) variable. The
remaining columns are (4) N, the total number of objects in the sample
or subsample, (5) the partial Kendall’s 7 coefficient calculated using the
method of Akritas & Siebert (1996), (6) o, the square root of the variance
of 7, and (7) the probability P, of accepting the null hypothesis that X and
Y are uncorrelated once the influence of Z is accounted for.

Full sample

X Y z N T o Phun

Ly Lg z 96 0.219 0.0643 6.59 x 107*
Lx Lg Mgy 87 0.298 0.0698 1.96 x 1073
Lg Mpgu Lx 87 0.2 0.0769 0.0091
Lx Mgy Lg 87 0.128 0.0765 0.0935

Compact

X Y VA N T o Prun

Ly Lg b4 49 0.248 0.0832 0.0029
Ly Lg Mgy 37 0.33 0.0985 8.07 x 1074
Lg Mgy Ly 37 0.0356  0.105 0.735
Ly Mgy Lg 37 0.147 0.122 0.228

Extended

X Y VA N T o Prun

Ly Lg z 31 0.0906  0.134 0.499

Lx Lg Mgy 26 0.171 0.148 0.25

Ly Mgy Ly 26 0.461 0.151 2.26 x 1073
Ly Mgu Lg 26 0.204 0.138 0.139

Jet

X Y Z N T o Prun

Lx Lg Z 11 0.202 0.15 0.178
Ly Lg Mgy 10 0.338 0.114 3.02 x 1073
Ly Mgu Lx 10 0.126 0.166 0.448
Lx Mgy Lg 10 —0.0632  0.192 0.742

to AGN was performed at 5 GHz and 0.2-20 keV. Because research
into the expectations for pure coronal emission in AGN at high radio
frequencies and ultra-hard X-rays is still nascent, we refrain from
attempting to predict how Lg/Ly may change. Very recent work
by Behar et al. (2018) has established that the empirical relation
is Lg/Lx ~ 107*2 for very high radio frequencies in the mm-band
(100 GHz) and at the BAT energies (14-195 keV), so there is some
evidence for flattening at very high frequencies, but we do not know
if this sets in as early as 22 GHz, and if the flattening is linear the
effect at 22 GHz would be minimal, resulting in an expected value
very near Lg/Ly ~ 107,

Note that the four objects without radio detections, shown as
upper limits (grey arrows) in the luminosity panel of Fig. 7, are not
anomalously faint in the radio given their X-ray luminosities; it is
therefore quite possible that they have radio cores within the normal
range and slightly below our sensitivity limits.

Some of the scatter in the relationship is possibly due to the lack
of simultaneity of our observations. Soldi et al. (2014) analysed
the Swift-BAT light curves of AGN and found that Seyfert galaxies
exhibited significant variability on time-scales of months to years,
although the fact that our luminosities are given as averages over
many years of observations should mitigate the variability effect.
At 22 GHz the variations are far slower, on the order of several
years (Hovatta et al. 2007); however, these values are for radio-
loud AGN and blazars, which are known to be much more variable
than Seyferts in other wavebands. Baldi et al. (2015) found that the
radio-quiet AGN in NGC 7469 varied by ~30 percent over 70d
at 95 GHz, and Mundell et al. (2009) found evidence for 8.4 GHz
variability across many years in eleven Seyfert galaxies. In general,
though, little is known about the variability of radio-quiet AGN at
high frequencies.

The large scatter in the luminosity relation may also indicate
that in order to understand the true relationship between these
two quantities, additional parameters need to be considered. One
quantity that is very likely to contribute to both luminosities is the
black hole mass, which leads us to the fundamental plane.

6 THE FUNDAMENTAL PLANE OF BLACK
HOLE ACTIVITY

Since X-ray luminosity is frequently used as a proxy for accretion
rate and radio luminosity as a proxy for jet power, it is perhaps
natural to assume that each of these quantities would be related to
the black hole mass, and that these three quantities together might
be related by a scale-invariant structure for the resulting object:
an accreting supermassive black hole, efficiently transforming the
potential energy of its fuel into hard X-ray emission and producing
a radio-emitting jet. Merloni et al. (2003) tested this hypothesis by
constructing a ‘fundamental plane of black hole activity’ spanning
from stellar mass galactic black holes in various different accretion
states to supermassive black holes in a wide variety of AGN types.
The plane takes the form:

log Lr = &rx log Lx + &rv log M + K. (D

Merloni et al. (2003) found values of &rx = 0.60, &gy = 0.78,
and K = 7.33 for the coefficients and constant. In order to test
the fundamental plane for only AGN targets, excluding stellar
mass black holes, Bonchi et al. (2013) compiled a sample of
hard (2—10keV) X-ray selected AGN of both optical Seyfert types
with 1.4 GHz radio observations at 1 arcsec resolution, intentionally
excluding the extended radio emission as we do. This sample is
therefore quite similar to ours in many ways. The coefficients that



they found for the fundamental plane (equation 1) are égx = 0.39,
Erv = 0.68, and K = 16.61.

To determine whether black hole mass is significantly correlated
to the X-ray or radio luminosity once the Lg/Ly dependence is
removed, we perform the same partial correlation analysis as for
the luminosities and distances, and provide the results in Table 2.
When considering the full sample, we find that the radio luminosity
and black hole mass are likely to be correlated after the removal
of the influence of Ly, but that the X-ray luminosity is not related
to the black hole mass. The same result was found in the partial
correlation analysis by Merloni et al. (2003).

Since the ultra-hard X-rays and high radio frequencies in our
sample are potentially well-suited for studying the AGN core
properties (see Section 7.4), a fundamental plane constructed from
these parameters may offer new insight.

Using the black hole mass estimates from the BASS survey as
described in Section 4, we compare our targets’ measurements to
the fundamental planes found by Merloni et al. (2003) and the more
similar sample of Bonchi et al. (2013). In the discussion (Section 7),
we consider the different selection criteria that can lead to discrepant
results.

None of the existing fundamental planes have been built using
high-frequency radio observations, mainly because they tended to
take advantage of existing large 1.4 and 5GHz surveys. Addi-
tionally, the X-rays used in these samples are in the 2—10keV
rather than 14—195 keV range of Swift-BAT. We do have 2—10keV
measurements for our targets from a variety of X-ray telescopes
(for details see Ricci et al. 2017), both absorption-corrected and
uncorrected. In all fundamental plane plots, we use the 22 GHz
emission from the unresolved core as the observed radio quantity.
The physical arguments underlying the fundamental plane do not
indicate that star formation should be related to the X-ray emission
or black hole mass, however there maybe other mechanisms which
could cause a correlation between these parameters. It is important
to note, however, that despite our small spatial beam extents of a few
hundred parsecs it is still possible that the unresolved component
includes some star formation emission.

Fig. 8 shows how our objects compare to the Merloni et al.
(2003) original plane and the Bonchi et al. (2013) plane, which is
more similar to our sample. Our targets lie systematically below the
Merloni et al. (2003) fundamental plane (i.e. having less observed
radio emission than predicted), just as the initial small sample did
in Smith et al. (2016). This remains true even when we transform
the observed 22 GHz luminosities into inferred 5 GHz luminosities,
the original quantity used by Merloni et al. (2003). We do this in
one of two ways: if the object has a 1.4 GHz detection in the FIRST
survey, we interpolate between this value and our 22 GHz point; if
not, we assume a radio spectral index of « = —0.7. Our sample is
much better matched to the Bonchi et al. (2013) fundamental plane.
Because the validity of including objects into the fundamental plane
may depend on accretion rate (see discussion in Section 7), we also
include in Fig. 8 the same relations, but colour-coded by Eddington
ratio.

The dominant source of error in our measurements come from
the black hole mass estimates, as shown by the typical error bars
in the figures. Due to the vagaries of measuring black hole masses
(see Section 4), these are not atypical error bars for fundamental
planes. Referring back to Fig. 4, we note that there is no system-
atic difference in the magnitude of the errors between the radio
morphological subtypes, so any differentiation in proximity to the
planes by subtype is not due to a particular measurement method
being more prevalent for that type. We note also that Giiltekin et al.

(2009b) constructed a fundamental plane using only high-quality,
dynamically measured masses with low error, but their sample is
at much lower luminosity (and redshift) than ours, with very low
accretion rates, and so is not especially comparable.

We also compare our observations using both X-ray absorption
corrections and ultra-hard X-ray luminosities to the fundamental
plane, and find that there is significant scatter and that objects
lie well below the plane, regardless of nuclear radio morphol-
ogy. This same conclusion was reached by Smith et al. (2016)
with respect to the Merloni et al. (2003) fundamental plane;
although that smaller sample had only 16 objects with mass
measurements.

Our sample is more closely aligned to the Bonchi et al. (2013)
fundamental plane, but the objects with star formation 22 GHz
morphologies fall somewhat below that relation as well.

If we broaden the picture to include stellar mass black holes our
sample aligns well with predictions despite the scatter. Plotkin et al.
(2012) considered a number of previous samples and reviewed the
statistical difficulties in each one regarding the use of the planar
coefficients to determine the X-ray emission mechanism. They
created their fundamental plane using Bayesian regression and
including stellar mass black holes, Sagittarius A*, low-luminosity
AGN, and BL Lacs. We show the Plotkin et al. (2012) fundamental
plane along with our own sample in Fig. 9. The BAT AGN lie
along the relation, but with greater scatter: the standard deviation
of the distance between the observed points and the best-fitting
fundamental plane are 0.68 for our BAT AGN sample, 0.48 for the
low-luminosity AGN from Plotkin, and 0.26 for the X-ray binaries
from Plotkin.

7 DISCUSSION

7.1 Radio detection fraction

Of our sample of 100 ultra-hard X-ray selected AGN, only four
sources were undetected at 22 GHz with the JVLA at our sensitivity
level. The 96 per cent radio detection fraction for this ultra-hard
X-ray selected sample with —4 < log L/Lgqq < 0.5 is a strong
argument against the existence of radio-silent AGN. In our sample,
even when significant star formation emission is detected, there is
always an unresolved radio core.

We note that this is a much higher detection fraction of BAT-
selected AGN than found by Burlon et al. (2013) using 20 GHz data
from the AT20G survey; however, their limiting flux density was
40 mlJy, higher than all but four of our detections. Our detection
fraction also contrasts with the results at 1.6-2.2 GHz by Roy et al.
(1998), who found that most of their sample of radio-quiet Seyfert
galaxies lacked radio cores at a 5o sensitivity limit of 8 and 3 mJy
for each frequency, respectively. Either 22 GHz observations are
more likely to recover radio cores in radio-quiet AGN despite being
generally fainter than lower frequency observations, or previous
samples suffered from inadequate sensitivity or selection effects
geared towards non-detections. The Roy et al. (1998) observations
had a sensitivity limit of ~3mly, but at a higher resolution of
0.1 arcsec. Our much higher detection fraction at lower sensitivity
thresholds supports the hypothesis that sufficiently sensitive obser-
vations will recover radio cores in all radio-quiet AGN.

However, attempts to detect radio cores in radio-quiet AGN using
VLBA observations at 1.4 GHz with very high sensitivities do not
find radio cores at anywhere near our observed occupation fraction.
Maini et al. (2016) find that only two out of four radio-quiet AGN
had a VLBI core, and Herrera Ruiz et al. (2016) found that only 3/18





















