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ABSTRACT

We present new 5 GHz Very Large Array observations of a sample of eight active intermediate-mass black holes with masses
10*° Mg < M < 10%! Mg, found in galaxies with stellar masses M, < 3 x 10° M. We detected five of the eight sources at high
significance. Of the detections, four were consistent with a point source, and one (SDSS J095418.15+471725.1, with black hole
mass M < 10° M) clearly shows extended emission that has a jet morphology. Combining our new radio data with the black
hole masses and literature X-ray measurements, we put the sources on the Fundamental Plane of black hole accretion. We find
that the extent to which the sources agree with the Fundamental Plane depends on their star-forming/composite/active galactic
nucleus (AGN) classification based on optical narrow emission-line ratios. The single star-forming source is inconsistent with
the Fundamental Plane. The three composite sources are consistent, and three of the four AGN sources are inconsistent with
the Fundamental Plane. We argue that this inconsistency is genuine and not a result of misattributing star formation to black
hole activity. Instead, we identify the sources in our sample that have AGN-like optical emission-line ratios as not following the
Fundamental Plane and thus caution the use of the Fundamental Plane to estimate masses without additional constraints, such

as radio spectral index, radiative efficiency, or the Eddington fraction.

Key words: galaxies: active —quasars: supermassive black holes —radio continuum: galaxies — X-rays: galaxies.

1 INTRODUCTION

Intermediate-mass black holes (IMBHs) are black holes with masses
in the range 10> < M/My < 10°. This mass range is above the
limit that can be produced from normal, isolated stellar evolution
(e.g. Remillard & McClintock 2006), and below the masses more
frequently found at the centres of galactic nuclei (e.g. Kormendy &
Ho 2013). Black holes have been found to exist just above the 10> M,
limit via gravitational wave detection and show that stellar-mass
black holes (often called stellar-origin black holes in the gravitational
wave community) can grow to intermediate masses (Abbott et al.
2020a, b). On the other end of the intermediate-mass range, many
IMBHs and IMBH candidates are seen at the centres of galactic nuclei
(Greene, Strader & Ho 2020), including dwarf galaxies (Reines
2022).

IMBHs as the smallest central black holes are interesting for our
understanding of the growth and evolution of all central black holes.
Since most black holes at the current epoch are much larger than the
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masses they started with, IMBHs may be closer to the initial masses
of all supermassive black holes (SMBHs; Fryer, Woosley & Heger
2001; Madau & Rees 2001). IMBHs merging with other IMBHs or
smaller objects will also emit gravitational wave at a frequency that
Laser Interferometer Space Antenna (LISA) will be most sensitive
to (Amaro-Seoane et al. 2017). The rates of such gravitational wave
events are poorly predicted because the number density of IMBHs is
poorly known (MacLeod et al. 2016). IMBHs may also play a role in
dense stellar clusters and are likely essential players in feedback
for the smallest galaxies (Schutte & Reines 2022) and possibly
the reionization of the early Universe (Miller & Hamilton 2002;
Giiltekin, Miller & Hamilton 2004, 2006; Madau & Haardt 2015;
Brooks & Christensen 2016; Dickey et al. 2019). IMBHs are also
sources of tidal disruption events, which are and will be identified
with time-domain surveys (Strubbe & Quataert 2009). See Greene
et al. (2020) for a recent review on IMBHs.

Merely finding IMBHs moves these fields forward, but finding
IMBHSs requires knowing their mass, and measuring black hole
masses is not trivial. Dynamical mass measurements of black holes
require good angular resolution in order to isolate the gravitational

£20z Aenuer 2z uo Jasn Aseiqi Alsiaaiun a1e1S eueluo Aq /€/2029/S219/7/91 S/a101de/seiuw/woo dno olwapese//:sdiy Woll papeojumoc]


http://orcid.org/0000-0002-1146-0198
http://orcid.org/0000-0003-1991-370X
http://orcid.org/0000-0001-7158-614X
http://orcid.org/0000-0002-5612-3427
http://orcid.org/0000-0002-8294-9281
http://orcid.org/0000-0003-4703-7276
mailto:kayhan@umich.edu

6124 K. Giiltekin et al.

effects of the black hole from the rest of the galaxy (e.g. Giiltekin
et al. 2009a). Smaller black holes have a smaller effect and thus
require better angular resolution and/or smaller distances to them
in order to measure their masses (e.g. Seth et al. 2010; den Brok
et al. 2015; Nguyen et al. 2017, 2018; Davis et al. 2020). So, most
IMBHs and IMBH candidates have been identified via active galactic
nucleus (AGN) line measurements (e.g. Reines, Greene & Geha
2013; Baldassare et al. 2015). These so-called single-epoch or virial
mass measurements are widely used for the more massive black
holes, but at low masses additional challenges are present (Ho & Kim
2014; Peterson 2014). For example, smaller black holes will have
lower-velocity-width broad lines, making them harder to distinguish
from e.g. a supernova without multiepoch observations (Baldassare
et al. 2016). Thus, there is reason to look for as much corroborating
evidence of an IMBH as possible.

One potential way to corroborate a black hole’s mass is to use the
Fundamental Plane of black hole accretion. This Fundamental Plane
is an empirical correlation between an accreting black hole’s mass
(M), radio luminosity (Lgr), and X-ray luminosity (Lx; Maccarone,
Gallo & Fender 2003; Merloni, Heinz & di Matteo 2003; Falcke,
Kording & Markoff 2004; Merloni et al. 2006; Wang, Wu & Kong
2006; Li, Wu & Wang 2008; Giiltekin et al. 2009b, 2014; Plotkin et al.
2012; Dong, Wu & Cao 2014; Fan & Bai 2016; Xie & Yuan 2017,
Qian et al. 2018; Tremou et al. 2018; Wrobel & Nyland 2020). There
is strong observational evidence that it holds for stellar-mass black
holes and central black holes across a wide range of Eddington ratios
(fgaa ~ 10~ to 10~2; Gallo, Fender & Pooley 2003; Gallo, Miller &
Fender 2012; Plotkin, Gallo & Jonker 2013; Giiltekin et al. 2019).
The physics of the Fundamental Plane is incompletely understood
but the fact that it applies to a wide range of black hole masses
suggests that radiatively inefficiently accreting black holes have a
common regulation of energy between X-ray emission (which is
produced either via syncrotron emission or through coronal emission
after inverse Compton scattering) and radio emission (which arises
directly from jet emission; Heinz & Sunyaev 2003). In contrast to the
radiatively inefficient accretion mechanisms thought to be operating
in the Fundamental Plane, radiatively efficient accretion can produce
X-rays directly from thermal thin disc emission.

Different physical interpretations of the empirical Fundamental
Plane lead to different predictions when extrapolating to Eddington
ratios or masses not well represented in the current observational
data. By adding data from these extreme Eddington ratios and/or
mass, we can test the physical interpretations. Thus, by studying
IMBHs with the Fundamental Plane, we can determine the limits of
the plane as an empirical correlation and therefore its usefulness as
an additional way to estimate a black hole’s mass. If the correlation
holds over the broadest set of black holes, then it can be used
e.g. to disambiguate between IMBHs and larger central black
holes.

In this paper, we study a sample of eight IMBHs with masses in
the range 10° < M/M;, < 10° based on single-epoch mass estimates
(Reines et al. 2013). Chandra X-ray Observatory observations
showed these sources all to have X-ray point sources at their centres
(Baldassare et al. 2017). In this paper, we present new 5 GHz
radio observations of these sources to test whether they lie on the
Fundamental Plane of black hole accretion. If they do lie on the
plane, then this gives confidence for the Fundamental Plane as an
identification technique for sources similar to them.

In Section 2, we describe selection of the sample and our new radio
observations of them. We put together archival data and our new data
to test the Fundamental Plane in Section 3, and we summarize our
findings in Section 5.
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2 SAMPLE AND DATA

To test whether IMBH AGNs are on the Fundamental Plane, we
need a sample of IMBH AGNs with X-ray and radio data. In this
section, we describe the creation of our sample of IMBH AGNS, the
literature X-ray observations of them, and our new radio observations
of them.

2.1 Sample creation and X-ray flux measurements

We constructed a sample based on the optical AGN emission-line
identification of IMBH AGNSs. These AGNs were identified by
Reines et al. (2013) based on Sloan Digital Sky Survey (SDSS)
data by looking at galaxies with stellar masses of M, <3 x 10° M.
They fit the SDSS spectra and examined standard narrow emission-
line ratios for indications of an AGN as the source of the ionization
— the Kewley et al. (2006) version of Baldwin, Phillips & Terlevich
(1981, BPT). Some of the sources identified as AGNs or as composite
AGN/star-forming also have broad H o emission from which black
hole masses were estimated, the vast majority of which were smaller
than 10° My, Further time-domain spectroscopic analysis showed
that broad Ha in BPT star-forming galaxies faded and was likely
due to transient stellar processes (e.g. supernovae) rather than AGNs
(Baldassare et al. 2016).

A follow-up study with the Chandra X-ray Observatory by
Baldassare et al. (2017) showed that eight of the broad H « galaxies
(four AGNs, three composites, one star-forming) had point-source X-
ray emission at the nucleus, a strong indication of black hole activity.
While all sources were detected in X-ray full band (0.3-7 keV), one
of them was undetected in the hard band (2-7 keV) used for Funda-
mental Plane analysis. We used these eight sources as the basis of
our sample for observation with the Karl G. Jansky Very Large Array
(VLA). The sources are listed in Table 1 along with their luminosity
distances.

2.2 New radio observations

We used the VLA to measure the radio continuum properties of our
sample at C band (4—8 GHz). The observations were taken between
2015 June 26 and 2015 July 30 during the VLA A configuration
(Project 15A-240; PI: K. Giiltekin), providing a typical angular
resolution of ~0.3 arcsec. Each source was observed for 3 h in one
scheduling block, except for SDSS J095418.15+471725.1, which
was observed for 4.5 h split evenly into two scheduling blocks. All
scheduling blocks began with observations of a flux calibrator and
then proceeded with iterating between observing a complex gain
calibrator and the target source. The iterations always started and
ended with a calibration integration with typical integration times of
1 min for calibrator and 5 min for target source. Typical total time
on source for the target source was 120 min.

The data were processed using the scripted VLA calibration
pipeline! for the Common Astronomy Software Applications pack-
age (McMullin et al. 2007) version 5.3.0. Imaging was performed
using the TCLEAN task in CASA with standard parameters appro-
priate for broad-band data with point-source emissison. We used
Briggs weighting with robust parameters between 0 and 1. Self-
calibration was implemented manually on an as-needed basis for
sufficiently bright sources with evidence for residual phase errors in

Uhttps://science.nrao.edu/facilities/vla/data- processing/pipeline/scripted- pi
peline
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Table 1. VLA source list and imaging results. In addition to the core radio flux noted below, SDSS J095418.15+471725.1 has
extended emission with a second, dimmer unresolved component with peak flux density 14.5 + 2.2 1Jy beam ™" and integrated flux
density 12.5 £ 3.5 uly.
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Source name Dy, Peak S, Integrated S, O rms Clean beam size Clean beam PA
Mpc)  (Wy beam™!) (WJy) (Wy) (arcsec x arcsec) (°E of N)

SDSS J024656.39—003304.8 206 - - 2.4 - -

SDSS J084029.914+470710.4 188 101 £2 142 +5 2.2 0.31 x 0.27 —16
SDSS J085125.81+393541.7 183 - - 2.1 - -

SDSS J090613.76+4561015.1 209 1451 £5 1444 £ 9 65 0.29 x 0.24 43
SDSS J095418.15+471725.1 145 27+2 35+5 3.0 0.43 x 0.31 -89
SDSS J144012.70+024743.5 132 546 + 10 540 + 18 1.0 0.34 x 0.30 —84
SDSS J152637.364+065941.6 171 15+£2 2345 2.1 0.38 x 0.33 23
SDSS J160531.84+174826.1 140 - - 2.3 - -

the image plane. The typical 1o rms noise level in our final images
is ~2 j1Jy beam~!. We list the radio map noise level in Table 1.

2.3 Radio flux density measurements

We required the source peak flux densities to be >50 s in order
to be considered detections. Of the eight sources we observed, we
detected five of them.

Source fluxes and shapes were measured using the IMFIT task in
CASA. IMFIT models the emission of a compact radio source as a
two-dimensional elliptical Gaussian. We note that one of our sources,
SDSS J095418.15+471725.1, has a complex radio morphology
requiring a two-component Gaussian model in IMFIT. The second
(dimmer) Gaussian component is located 0.5 arcsec to the East
(PA = 83°) and is unresolved within the 0.43 x 0.31 arcsec beam.
Futher deep, high-resolution multiband radio imaging is required to
fully ascertain the nature of the extended emission. The luminosity
and morphology of the radio emission in the available VLA data,
however, are consistent with an extended jet arising from the central
AGN. This source is among the lowest-mass AGNs known to have
an extended radio jet (Nyland et al. 2017; Mezcua, Suh & Civano
2019; Yang et al. 2020).

All other sources were unresolved or only marginally resolved
by IMFIT, and are thus consistent with compact radio morphologies.
The flux density errors include a standard 3 per cent uncertainty in the
absolute flux scale (Perley & Butler 2017) added in quadrature with
the errors reported by IMFIT. A summary of the source properties is
provided in Table 1 and image cut-outs of the detected sources are
shown in Fig. 1.

3 RESULTS AND ANALYSIS

For comparison with the Fundamental Plane, we combine our
new radio data with X-ray data from Baldassare et al. (2017)
and black hole mass estimates from Reines et al. (2013). For a
uniform analysis, we convert all values to our adopted luminosity
distances listed in Table 1. The conversion is much smaller than the
uncertainities in all of the quantities. We also convert the 90 per cent
uncertainties in X-ray flux measured by Baldassare et al. (2017)
to 68 per cent uncertainties. Table 2 lists the logarithmic black hole
mass (log (M/Mg,)), logarithmic 5 GHz radio luminosity (log L), and
logarithmic 2—-10 keV X-ray luminosity (Lyx) for each of our sources.
Note that Lg = vL, and Lx is a bandpass luminosity. We adopt an
uncertainty of 0.4 dex in mass as argued by Baldassare et al. (2017).

Compared to the expected trend from higher mass SMBHs and
stellar-mass black holes, the IMBHs are not in broad agreement. We

plot the values for the IMBHs against the edge-on view of the best-
fitting Fundamental Plane from Giiltekin et al. (2019) in Fig. 2 (top
left panel) along with the best fit and 1 dex intrinsic scatter. While
the black hole masses only span 1.2 dex, the abscissa of the edge-on
projection spans over 4 dex. Only four of the data points (including
all three radio upper limits) are consistent with the Fundamental
Plane and 1o scatter within the measurement uncertainties. We note
that the one galaxy with emission lines classified as coming from
star formation is also an X-ray upper limit and inconsistent with the
best-fitting Fundamental Plane.

Comparing the data to other fits to the Fundamental Plane shows
similar offsets, which we plot in the other panels of Fig. 2. For
example, Plotkin et al. (2012) used a sample of sub-Eddington black
holes (X-ray binaries and AGNs) with flat or inverted radio spectra,
including de-beamed BL Lac objects but excluding Fanaroff—Riley
type I galaxies. This sample results in a very tight relation with an
intrinsic scatter of only 0.07 in the Ly direction. Our data similarly
are discrepant for the AGN sources and the star-forming source while
plausibly consistent for the composite sources. Dong et al. (2014)
used a sample of radiatively efficient black holes (X-ray binaries and
AGNs) to fit a Fundamental Plane relation with an intrinsic scatter of
0.51 in the Ly direction. Merloni et al. (2003) used a sample of X-ray
binaries, Seyferts, and quasars. In all cases, the composite sources
are consistent but the AGN sources are off the best-fitting relation by
several orders of magnitude.

To better understand why the IMBHs are, overall, in disagreement
with the Fundamental Plane, we consider whether any one of the
measurements of M, Lx, or Lg could be deficient for our purposes.
We consider each of these in turn but ultimately find that the
measurements are sound.

3.1 Reliable black hole mass measurements

We find the black hole mass estimates not to be the reason for
discrepancy between our data and the Fundamental Plane even
though black hole mass estimation with single-epoch broad-line
measurements are always subject to relatively large systematic
uncertainties. Single-epoch measurements use the width of a broad
emission line as a measure of the velocity and the measurement of
the continuum luminosity and the R—L relation to estimate the size
of the broad line (Peterson 2014). The R-L relation comes from
reverberation mapping mass estimates of many AGNs and shows
that there is an empirical correlation between the size of the broad-
line region and the continuum luminosity (Bentz et al. 2006, 2009,
2013). The reverberation mapping masses are mostly calibrated to the
M-o relation of quiescent galaxies with dynamical estimates of the
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Figure 1. Radio maps of all five detected sources from our programme. For each panel, the name of each source is indicated in the top left, the synthesized
beam is shown in the bottom right, and a scale bar indicating 1 kpc at the distance of the source is shown in the bottom left. The colour scale is different for
each panel and is indicated by the colourbar at the right of each panel given in units of Jy. Contours are drawn for panel at levels of —1 (dashed), 2, 3, 5, 10, 20,
30, 50, and 80 times the map rms. All sources plotted are clearly detected at high significance and are consistent with a single point source except for SDSS

J0954+4717, which shows clearly extended emission.

black holes (e.g. Giiltekin et al. 2009a). This calibration is necessary
because most reverberation mapping masses do not have information
about the details of the kinematics and geometry (including viewing
angle) of the broad-line region. Modelling of the broad-line region
kinematics and geometry is, however, possible and efforts to do so
with as many AGNSs as possible is ongoing (e.g. Pancoast, Brewer &
Treu 2011, 2014; Bentz, Williams & Treu 2022). There is additional
potential for systematic uncertainty in that many of the host galaxies
of the reverberation mapping AGN are pseudo-bulges, which do not

MNRAS 516, 6123-6131 (2022)

follow the low-scatter M—o relation that classical bulges and elliptical
galaxies do (Kormendy & Kennicutt 2004; Greene, Ho & Barth 2008;
Fisher & Drory 2010, 2011; Kormendy & Ho 2013; Chen et al. 2020;
Luo et al. 2020; Yesuf et al. 2020). Finally, because only H o broad
lines are measured in our sources, an additional calibration has to be
done from the H o R—L relation to the H 8 R—L relation (Reines et al.
2013).

Despite the fact that there is the potential for large systematic
uncertainty in the mass estimates, we discount this as the primary
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Table 2. Fundamental plane data for analysis. Masses are from Reines et al.
(2013). Radio data are Lg = vL, at v = 5 GHz from this work. X-ray data
are 2—10 keV bandpass luminosities from Baldassare et al. (2017).

Source name logM log L log Lx
Mo)  (ergs™) (ergs™)

SDSS J024656.39—003304.8 5.7 <36.34 39.8 £0.6
SDSS J084029.91+470710.4 6.1 37.56 £ 0.02 <40.7
SDSS J085125.814-393541.7 6.1 <36.18 41.1+0.1
SDSS J090613.76+561015.1 5.6 38.66 £ 0.02 40.1 £ 04
SDSS J095418.15+471725.1 4.9 36.73 £ 0.06 40.1 £04
SDSS J144012.704+024743.5 52 37.83 £0.01 39.8 £0.6
SDSS J152637.36+065941.6 5.5 36.68 £0.10 41.84 +0.04
SDSS J160531.84+174826.1 52 <35.99 41.29 +0.08

— or even a significant — reason for the discrepancy between the
IMBH measurements and the Fundamental Plane. We discount this
possibility because it would require two sources to have black hole
masses of ~3 x 107-10'° M, despite the fact that the host galaxy
stellar masses are M, < 3 x 10" M.

3.2 Reliable X-ray luminosity measurements

The possibility of incorrect X-ray luminosity measurements is
similarly implausible. Because the data in Fig. 2 are systemati-
cally to the right of the best-fitting relation and because &) x =
—0.59 < 0, to account for the discrepancy the X-ray luminosities
would have to be underestimated. There are two possibilities in
which this could happen: inaccurate measurement of X-ray flux or
accurate measurement of X-ray flux but incomplete accounting of
absorption. In either case, the magnitude of the discrepancy makes
this implausible. The discrepant points are off by ~1-3 dex and
thus the X-ray luminosity would have to be underestimated by 1.5-5
dex. That amount of absorption is not seen in the X-ray spectral
analysis. SDSS J095418.154-471725.1 had enough X-ray counts
to model the total amount of absorption and was found to be a
column of Ny & 10?! cm? (Baldassare et al. 2017), which leads to a
factor of a few correction to the unabsorbed hard X-ray flux (which
we use in our analysis). SDSS J144012.704-024743.5 and SDSS
J090613.76+561015.1 have similar hardness ratios ((H — S)/(H +
S) ~ —0.7) and are inconsistent with typical Compton-thick AGN
spectrum. Thus, overall we find no reason for a significant defect in
the X-ray luminosity measurements.

3.3 Reliable radio luminosity measurements

We will also argue that our radio luminosity measurements are robust
measurements of emission from the central AGN of our sample. An
important thing to consider for radio observations of sources like
our sample is contamination in the radio data. Since the discrepant
points are to the right of the best-fitting relation, if non-AGN radio
emissions were included in the radio flux measurements, it would
cause them to move to the right in Fig. 2. The most likely potential
source of contamination is from star formation, but we can rule this
out based on (i) our experimental setup, (ii) star formation rates and
AGN activity based on optical line luminosities, and (iii) the BPT
classification of our sources.

3.3.1 Experimental setup

Our experimental setup was designed to exclude star formation to
the extent possible by using the most extended array possible with

IMBHs on the FP 6127
VLA at a relatively high frequency (C band, 4-8 GHz) for the
highest angular resolution possible with VLA (~0.3 arcsec). All
core radio emission is unresolved (except for the extension in SDSS
J0954+4717). At the distances of the sources, the core radio emission
is thus confined to 200-300 pc and therefore morphologically
consistent with only AGN emission and inconsistent with extended
star formation.

3.3.2 Optical-line estimates of star formation rates and AGN
activity

Our estimates of continuum radio emission resulting from star
formation-linked emission lines indicate that the radio emission
observed either mostly or entirely originates from AGN activity.
Baldassare et al. (2017) estimate conservative upper limits to the
star formation rates by assuming that all of the narrow line Ho
emission comes from star formation. These upper limits are sufficient
to show that the X-ray flux is still dominated by AGN emission
(with the notable exception of SDSS J084029.91+470710.4, the one
star-forming source in the sample). These upper limits to the star
formation, however, are too conservative to rule out radio emission
as arising from star formation as they predict a high amount of star
formation. A more detailed analysis of the relative contribution by
AGNSs and star formation to the H & narrow lines would be necessary
to estimate the star formation contamination in AGNs. Another
indication that our radio measurements are not contaminated by star
formation comes from the relation between [O111] luminosity and
AGN radio luminosity. This relation connects AGN narrow emission-
line luminosity with radio power. There is a considerable scatter in
such measured relations (e.g. Berton et al. 2016), but based on the
[O111] luminosities measured by Reines et al. (2013), the predicted
range of AGN radio luminosities is at or above what we observe,
even for radio-quiet AGNs. That is, there is no need to invoke star
formation to explain the radio, based on the [O111] flux. For small
galaxies like those in our sample, typical star formation-induced
radio luminosities are much lower than 10%7 ergs~' (Reines et al.
2020).

3.3.3 BPT classification

Finally, the fact that the most discrepant sources are AGNs by
BPT diagnostics suggests that star formation is only a minor
contributor to the total emission. The BPT diagnostics show that
the contribution by star formation to the optical emission lines is
subdominant to the contribution from AGNS. It is then reasonable to
assume that the contribution to radio continuum emission is similarly
dominated by AGNSs, but the time-scales of AGN activity and star
formation in these low-mass systems may complicate any inferences
here.

Thus based on the totality of the above arguments in this
subsection, we conclude that star formation contamination of the
radio emission cannot be a large part of the discrepancy. Nor can
a combination of effects of the different variables result in the
discrepancy of the AGN source, which systematically fall to the same
side of the plane. Of the three AGN sources with radio detections,
even if half of the radio emission came from star formation and the
masses were underestimated by 0.5 dex, they would be inconsistent
with the Fundamental Plane. They would lie more than the estimated
measurement uncertainty below the 1 dex intrinsic scatter of the
relation.
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Figure 2. IMBHs from our sample compared to several different fits of the Fundamental Plane of black hole accretion. Each source is plotted with a symbol
and colour based on the BPT line diagnostic classification due to Reines et al. (2013). Mass data come from Reines et al. (2013), and X-ray data come from
Baldassare et al. (2017) with 1o uncertainties shown. Radio upper limits of the AGN and composite sources are shown with an arrow at the 3o limit. The X-ray
upper limit of the star-forming source is also shown at the 3o value. The directions of the arrows for limits are determined by the choice of independent variable
and sign of the slopes of the dependent variables. In each panel, the black line shows the best fit of the given work, and the shaded area bounded by black dashed
lines is the 1o intrinsic scatter in the direction of the ordinate. We do not invert the plane to a common ordinate because the fitted intrinsic scatters only have
meaning in the directions given. Clockwise from top left, the fits are due to Giiltekin et al. (2019), Merloni et al. (2003), Dong et al. (2014), and Plotkin et al.
(2012). Regardless of which result is used, the composite sources are consistent with the Fundamental Plane. The star-forming source and three of the four AGN

sources are inconsistent with the Fundamental Plane.

4 DISCUSSION

The natural conclusion of our analysis is that the IMBHs with AGN-
like line ratios do not, in general, follow the Fundamental Plane of
black hole accretion. It is unexpected to find that these particular
sources do not follow the same relation when other, similar, sources
do (Giiltekin et al. 2014). As we have argued above in Sections 3.1—
3.3, we have robust measurements of M, Lx, and Lg. We now consider
potential reasons that our sample would not follow the Fundamental
Plane despite having accurate data.

4.1 Potentially optically thin radio emission

One potential explanation is that the radio emission we detect is not
optically thick emission expected to arise in the core of the jet but is
instead optically thin radio emission from jet lobes. Multiple interpre-
tations of the Fundamental Plane rely on the observed radio emission
to only be optically thick jet core emission, which would result in a
flat or inverted radio spectrum (Heinz & Sunyaev 2003; Falcke et al.
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2004; Fender, Belloni & Gallo 2004; Merloni & Heinz 2007; Plotkin
et al. 2012). The presence of optically thin lobe emission, which
would result in a steep spectrum radio source, is possible if the lobes
are small enough (<200 pc) to fit within the synthesized beam of our
observations. Alternatively, the radio emission we observe could be
the product of an earlier period of jet activity compared to the ob-
served X-ray emission. If the radio emission is actually relic emission
from earlier activity, the radio emission currently observed comes
from an aged population of electrons and will have a flatter spectral
index.

With our single band of radio coverage, we are not able to measure
the spectral index with sufficient precision to determine if the radio
emission is optically thick or thin. Observations at a higher and/or
lower frequency band would be necessary. If the only radio emission
seen is from an earlier epoch of activity, then the current epoch
of radio emission must be substantially lower and would bring the
discrepant AGN points closer to the relation.

A likely explanation for seeing current X-ray activity but no
or substantially lower core radio emission from the current epoch
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is that the jets have been quenched when the accretion is likely
radiatively efficient as is seen in X-ray binaries (Gallo et al. 2003)
and other low-mass AGNs (Greene, Ho & Ulvestad 2006; Greene &
Ho 2007). A necessary but not sufficient condition for radiatively
efficient emission is a high Eddington ratio. The Eddington ratios of
our sample cannot be fully determined without full SED modelling,
but we can put a limit on it by calculating the X-ray Eddington ratio
(Lx/Lgaq). Most of our sources have Lx/Lggq < 1073, but two of them
(SDSS J152637.36+065941.6 and SDSS J160531.844-174826.1)
have Lx/Lggq &~ 1072. Typical X-ray bolometric corrections are 10—
50 (Marconi et al. 2004; Vasudevan & Fabian 2007). Jet quenching
at high Eddington rates would not explain why the sources with line
ratios in the composite region of the BPT diagram are consistent with
the Fundamental Plane. It is possible that the composite AGNs in our
sample with only limits on their radio emission are also far off the
plane, but we would need substantially deeper radio measurements
to do so. For composite sources, it is difficult to separate out relative
contributions without spatially resolved spectroscopy, multiwave-
length constraints on variability and hard X-ray data (e.g. Molina
et al. 2021). Deeper high-resolution multiband radio imaging with
ngVLA would also allow for better inference (Nyland et al. 2018).

It is, however, worth noting that our sample was selected without
consideration as to whether or not the AGN had radio emission. In
our small sample, the IMBHs with line ratios in the AGN region of
the BPT diagram are, at face value, more likely to have detectable
radio emission; but the sample size is a factor of ~3 too small to
make any conclusive statements about even the sample statistics, let
alone the population of IMBHs.

Finally, we note that high-Eddington quasars are not always jet-
quenched. The reasons for why radio jets are present or absent are a
complicated question that involves jet-launching physics (including
black hole spin and, potentially, mass) as well as other factors that
influence the duty cycle and lifetime of the radio-loud phase. The
energy distribution of radiating particles in the jets of black holes
accreting at low rates may be thermal or dominated by a thermal
component, as is seen in X-ray binaries (Shahbaz et al. 2013) and
Sgr A* (Markoff et al. 2001; Romero et al. 2017). New radio surveys
(e.g. VLASS Nyland et al. 2020) and telescopes (DSA-2000 and
ngVLA; Carilli et al. 2015; Casey et al. 2015; McKinnon, Carilli &
Beasley 2016; Hallinan et al. 2019) will enable new tests of how jets
are triggered and launched under different conditions, as well as their
typical lifetimes.

4.2 Estimating black hole masses

It is clear from our results that an uncritical application of the
Fundamental Plane to radio and X-ray data to estimate black hole
masses will fail some of the time. It is necessary to understand
when it is appropriate to use the Fundamental Plane. The sources
for which the Fundamental Plane applies (at least as well as it does:
~1 dex scatter; Giiltekin et al. 2019) appear to be those that are
decidedly accreting at rates where radiatively inefficient accretion
flows (RIAFs) are expected to operate or, at the most, very low-level
Seyfert-like activity.

The preference for low accretion rates is expected based on models
of the Fundamental Plane as a result of sub-Eddington jet-dominated
emission (Falcke et al. 2004) and on other RIAF models that apply
for X-ray emission that is radiatively inefficient. In the jet-dominated
models, both the radio and X-ray emission originate in the jet. The
radio is synchrotron emission, and the X-ray is synchrotron self-
Compton emission. There is observational support for these models
to be correct based on analysis of best-fitting Fundamental Plane
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slopes using a sample of X-ray binaries, low-luminosity AGNs,
and BL Lac objects (Plotkin et al. 2012). In such a model, it
is straightforward to see why there is a correlation between the
three quantities. If low-luminosity Seyferts (such as NGC 4388,
NGC 4477, NGC 4501, NGC 4698, or NGC 4945; Giiltekin et al.
2019) are still jet-dominated in X-ray emission, then they would
naturally be described by such models. In RIAF models, the X-
ray emission is radiatively inefficient and can include synchrotron,
inverse Compton scattering of photons originating in the accretion
flow, and synchrotron self-Compton. By their very nature, RIAF
models do not operate when the accreting source has a luminosity
at a higher fraction of its Eddington luminosity. The Fundamental
Plane predicted by several RIAF models has been computed and also
compared to observations of a wide variety of sources (e.g. Gallo
et al. 2003; Heinz & Sunyaev 2003; Merloni et al. 2003; Plotkin
etal. 2012).

Seyferts accreting at high rates and quasars (possibly including
the IMBHs with AGN line ratios in this work) are likely to produce
X-ray emission predominantly through inverse Compton scattering
of ultraviolet photons originating from a thin or slim accretion disc.
Sources with observational properties that we normally associate
with radiatively efficient thin disc accretion such as broad emission
lines would not be expected to follow the Fundamental Plane if
either sub-Eddington jet models or RIAF models are the correct
model. High-accretion rate AGNs are, however, still likely to show
some correlation between radio luminosity, X-ray luminosity, and
black hole mass, even if the correlation is different (Zhu et al. 2020).
Additionally, Fischer et al. (2021) found that at Very Large Baseline
Array (VLBA) resolution radio emission associated with Seyfert
sources may be contaminated by jet-driven interactions with the
interstellar medium.

4.3 Need for an independent estimate of Eddington fraction

In order to use the Fundamental Plane to estimate black hole mass,
one therefore needs, at a minimum, an estimate of the Eddington
fraction to determine roughly whether a given accreting black hole
is accreting at fggg < 1072 Determining fgqq from just an X-ray
spectrum alone is not possible because the X-ray photon index—
Eddington fraction (I"—fgqq) relation is not monotonic (Shemmer
et al. 2008; Winter et al. 2009; Giiltekin et al. 2012; Trakhtenbrot
et al. 2017). The relation has negative slope at fzgq < 1072 and
positive slope at higher accretion rates and thus does not break the
ambiguity.

4.3.1 aox

One way to break the ambiguity would be by measuring aox, the
slope of the AGN SED between 2500 A and 2 keV. The value of Aox
correlates positively with Eddington fraction (Lusso et al. 2010) so
that large values would indicate an AGN likely accreting as a thin
disc and thus the Fundamental Plane should not be used to estimate
mass.

At low masses such as the sources in this study, opx has been
shown to be flatter than expected by extrapolations from higher
masses (Dong, Greene & Ho 2012). A low value of apx, however,
could indicate either low accretion rates — and thus an appropriate
venue for Fundamental Plane mass estimation — or significant
obscuration. Significant obscuration could be inferred from X-ray
spectral fitting. Baldassare et al. (2017) explored these objects in
terms of where they sit on the wox—fraa relation as well as on
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the relation between aox and the 2500 A luminosity (Lpsoo). They
found that fr4g was higher for the composite objects than for the
AGN objects. The composite objects also have higher values of aox.
Additionally and of most relevance, the composite objects (i.e. the
objects consistent with the Fundamental Plane) are also consistent
with the agx—Losoo relation that is found for more massive AGNSs.
The objects that are inconsistent with the ozox—Lasoo relation are also
inconsistent with the Fundamental Plane. The deviations from the
aox—Laso0 may be a result of intrinsically X-ray weak AGNs at high
Eddington rates as has been seen in a number of higher mass sources
(e.g. Leighly et al. 2007; Luo et al. 2015).

4.3.2 SED modelling

A related way to estimate Eddington fraction is full spectral energy
density (SED) modelling. Compared to single-band methods, SED
modelling is relatively resource intensive in that it requires as many
bands of obsservations as possible, but it can be used to infer
Eddington fraction (e.g. Ho 1999; Eracleous, Hwang & Flohic 2010;
Maitra et al. 2011; Marchese et al. 2012; Runnoe, Brotherton &
Shang 2012; Nemmen, Storchi-Bergmann & Eracleous 2014).

4.3.3 X-ray variability

Another potential possibility is to use X-ray variability, which
correlates with mass and fgqq (Vaughan et al. 2003; McHardy et al.
2006; Parker et al. 2020) along with the photon index of the X-ray
spectrum, which correlates with frgq (Shemmer et al. 2008; Winter
et al. 2009; Giiltekin et al. 2012; Trakhtenbrot et al. 2017). Both of
these relations have substantial intrinsic scatter such that they may
only be useful as a rough guide.

5 SUMMARY

In this work, we examined a sample of eight AGNs identified to
have low-mass black holes (log M < 6.1) based on H & single-epoch
estimates. Seven of these had been identified as AGNs and one
had been identified as a star-forming galaxy based on their optical
narrow emission-line ratios. Each source was observed for the first
time with VLA for 3-4.5 h at C band (4-8 GHz) in A configuration
with typical angular resolution of ~0.3 arcsec. Of the eight sources,
five were unambiguously detected at a minimum S/N of 5¢, and
three were undetected with typical map rms of 2.3 uJy. Four of the
detected sources were consistent with a point source, and one source
(SDSS J0954+4717) has clear extension that can be modelled as two
point sources while morphologically resembling a jet. With a black
hole mass estimate below 10° M, SDSS J0954+-4717 is one of the
smallest black holes to show evidence of an extended jet.
Combining our new radio observations with existing X-ray data
and the mass estimates, we compare the sample with the Fundamental
Plane of black hole accretion. The lone star-forming source (SDSS
J084029.914-470710.4), while detected in X-rays, is undetected in
the 2-10 keV band used for the Fundamental Plane and is thus
inconsistent with the Fundamental Plane, as would be expected for
a star-formation-powered source. All three sources with narrow line
ratios indicating composite star-forming/ AGN-powered narrow lines
are consistent with the Fundamental Plane, though two of them
are undetected in our radio observations. One of the four sources
with narrow line ratios indicating AGN-powered narrow lines are
consistent with the Fundamental Plane, but it is also undetected
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in our radio observations. The remaining three sources with AGN-
powered narrow lines are inconsistent with the Fundamental Plane,
despite its 1 dex scatter.

All three inconsistent sources are off the plane by a large amount
with values of Ly one to three orders of magnitude too large or with
values of Ly two to six orders of magnitude too small. We argue that
this inconsistency is not attributable to the misidentification of star
formation flux to AGN activity. Nor can the discrepancy be rectified
by appealing to larger black hole masses as it would require implausi-
bly large black hole masses. We thus conclude that the Fundamental
Plane of black hole accretion does not apply to these sources. To
ascertain what, specifically, about these sources makes them unfit for
the Fundamental Plane requires more observational investigation.
In particular, improvements could be made with multiband radio
observations to determine whether the radio spectrum is steep or
flat/inverted, deep VLBA observations to see whether any of the
emission is extended on scales smaller than 0.3 arcsec, or broad-
band SED modelling to infer the radiative efficiency of the IMBHs
in our sample. Regardless of the reason that the IMBHs do not lie on
the Fundamental Plane, the fact that they do not means that simple
and straightforward radio and X-ray observations to estimate mass
are not warranted. One needs, at a minimum, to know the Eddington
fraction of the source to determine whether the Fundamental Plane
is appropriate. One potential, though flawed, avenue for inferring
Eddington fraction is by using «ox.

Despite the implied difficulties in using the Fundamental Plane
as a mass estimator, the Fundamental Plane still provides interesting
and strong empirical data for understanding the energetics of low-
Eddington AGN. Future work to expand the Fundamental Plane to
include the largest SMBHs will improve the baseline in mass to better
constrain the Fundamental Plane parameters.
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