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ABSTRACT

Aims. This work is the first stage of a campaign to search for intermediate-mass black holes (IMBHs) in low-luminosity active galactic
nuclei (LLAGN) and dwarf galaxies. An additional and equally important aim of this pilot study is to investigate the consistency
between the predictions of several popular black hole scaling relations and the fundamental plane (FP) of black-hole activity (FP-BH).
Methods. We used well established X-ray and radio luminosity relations in accreting black holes, along with the latest scaling relations
between the mass of the central black hole (Mgy) and the properties of its host spheroid, to predict Mgy in seven LLAGN, that were
previously reported to be in the IMBH regime. Namely, we used the recently re-evaluated Mgy — M, (Mgpn: spheroid absolute
magnitude at 3.6 um) scaling relation for spiral galaxies, the Mgy — ngpn (ngn: major axis Sérsic index of the spheroid component)
relation, the Mgy — PA (PA: spiral pitch angle) relation, and a recently re-calibrated version of the FP-BH for weakly accreting BHs,
to independently estimate Mpy in all seven galaxies.

Results. We find that all LLAGN in our list have low-mass central black holes with log Mgy /M, ~ 6.5 on average, but that they
are, most likely, not IMBHs. All four methods used predicted consistent BH masses in the 10~ range. Furthermore, we report that, in
contrast to previous classification, galaxy NGC 4470 is bulge-less, and we also cast doubts on the AGN classification of NGC 3507.
Conclusions. We find that our latest, state-of-the-art techniques for bulge magnitude & Sérsic index computations and the most
recent updates of the Mgy — Lgn, Mpu — ngpn, and Mpy — PA relations and the FP-BH produce consistent results in the low-mass
regime. We thus establish a multiple-method approach for predicting BH masses in the regime where their spheres of gravitational
influence cannot be spatially resolved. Our approach mitigates against outliers from any one relation and provides a more robust

average prediction. We will use our new method to revisit more IMBH candidates in LLAGN.

Key words. X-rays: galaxies — galaxies: nuclei — galaxies: dwarf — galaxies: jets — galaxies: bulges — galaxies: photometry

1. Introduction

The existence of stellar-mass (<10? M) black holes (BHs) and
supermassive (>10° M,) BHs (SMBHs) has been firmly estab-
lished by numerous observations of BH X-ray binaries (e.g.,
Remillard & McClintock 2006; Casares & Jonker 2014, and ref-
erences therein), recent gravitational wave detections of BH
mergers (Abbott et al. 2016a,b), and abundant observational evi-
dence in favor of active galactic nuclei (AGN) being powered by
SMBHs (evidence from X-ray emission, e.g., Tanaka et al. 1995;
Nandra et al. 1997; Yaqoob & Padmanabhan 2004 or H, O maser
emission, e.g., Miyoshi et al. 1995; Greenhill et al. 2003), which
are most likely present in the center of most massive galaxies
(indications of weakly accreting SMBHs in most nearby galax-
ies, e.g., Hoetal. 1997; Roberts & Warwick 2000; Liu 2011
or direct mass measurements of the SMBH in the Milky Way
and nearby galaxies e.g., Schodel et al. 2002; Ghez et al. 2005;
Gillessen et al. 2009 and Barth et al. 2001; Kuo et al. 2011, re-
spectively). Nevertheless, there is a conspicuous scarcity of BHs
in the mass regime between these two boundaries (namely,
10?~10° M,). The objects expected to occupy this gap in the BH

Article published by EDP Sciences

mass range are known as intermediate-mass BHs (IMBHs). The
search for IMBHs is important, not only because their existence
is predicted by a variety of plausible scenarios (evolution of
Population III stars: e.g., Madau & Rees 2001; Schneider et al.
2002; Ryuetal. 2016, repeated mergers onto massive stars
in young massive clusters Portegies Zwart & McMillan 2002;
Portegies Zwart et al. 2004; Giirkan et al. 2004; Freitag et al.
2006, or BH mergers in dense clusters: e.g., Lee 1987,
Quinlan & Shapiro 1990; Lee 1995; Mouri & Taniguchi 2002;
Miller & Hamilton 2002a,b), but also because they are proposed
to be seeds for SMBHs (Haiman & Loeb 2001; Ebisuzaki et al.
2001; Miller & Colbert 2004). Discovering IMBHs and study-
ing their radiative properties will also advance our under-
standing of the effects of heating and radiation pressure
on their surrounding gas, ultimately elucidating the mecha-
nisms of early galaxy formation (Milosavljevi¢ et al. 2009a,b;
Ryu et al. 2016). At the same time, discovering active IMBHs
in the center of low-mass galaxies, will further our insight
into BH feedback and galaxy formation in different mass
regimes (Reines et al. 2013; Graham et al. 2016, and references
therein).
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One of the methods used in the search for IMBHs involves
observing accreting BHs and exploiting the limits imposed by
physical laws on their accretion rate (and therefore luminos-
ity), that is, the Eddington limit. Namely, ultra-luminous (Ly >
10% erg s™!) X-ray sources (ULXs) had been initially considered
as IMBH candidates (see review by Feng & Soria 2011), how-
ever, later studies (e.g., Sutton et al. 2013; Bachetti et al. 2013,
and references therein) have demonstrated that super-Eddington
accretion onto stellar BHs may account for most ULXs with lu-
minosities of up to ~10*" ergs~!. Furthermore, Bachetti et al.
(2014) showed that luminosities of up to ~10%* ergs™' can
be achieved by super-Eddington accretion onto a neutron star
(NS). Nevertheless, there is a small group of hyper-luminous
X-ray sources (HLXs) with luminosities exceeding ~10*! ergs!
that are hard to explain, even when invoking super-Eddington
accretion and/or beaming of the X-ray emission. HLXs are
strong IMBH candidates, with a particular source, known as
ESO 243-49 HLX-1 (henceforth HLX-1), considered as the best
IMBH candidate found so far. Serendipitously discovered by
Farrell et al. (2009) in the 2XMM catalog (Watson et al. 2009),
HLX-1 was apparently associated with the galaxy ESO 243-
49 at a distance of 95 Mpc. The optical counterpart located by
Soria et al. (2010), using the excellent X-ray position derived
from Chandra data (Webb et al. 2010), shows an H, emission
line with a redshift similar to the redshift of ESO 243-49, thus
confirming the association with ESO 243-49 (Wiersema et al.
2010). Taking the maximum unabsorbed X-ray luminosity of
1.1 x 10* ergs™' (0.2-10.0keV) and assuming that this value
exceeds the Eddington limit by at most a factor of ten, implies a
minimum mass of 500 M, (Farrell et al. 2009), making HLX-1
a prime IMBH candidate.

In addition to the search for HLXs, IMBHs can, in principle,
be discovered in the center of low-luminosity AGN (LLAGN)),
and “dwarf” galaxies. These low-mass galaxies are expected
to have undergone quiet merger histories and are, therefore,
more likely to host lower-mass central black holes, a frac-
tion of which is expected to lie in the IMBH range. In con-
trast to HLXs, LLAGN are accreting at rates well below the
Eddington limit. Nevertheless, the mass of their accreting BH
can be measured using X-ray and radio observations and em-
ploying the “fundamental plane of black hole activity” (FP-
BH, Merloni et al. 2003; Falcke et al. 2004). Accretion disks
in active BHs during episodes of low-luminosity advection-
dominated accretion (also known as a hard state) are usually ac-
companied by a relativistic jet (e.g., Gallo et al. 2003; Narayan
2005; Fender et al. 2009) and produce emission that ranges from
the radio to the X-ray band. The radio emission is associated
with the jet and is most likely the result of synchrotron emis-
sion (e.g., Blandford & Znajek 1977; Blandford & Payne 1982;
Begelman et al. 1984) and non-thermal X-ray radiation is ex-
pected to originate from a corona of hot thermal electrons in
the vicinity of the compact object. However, the entire broad-
band emission can also be dominated by the jet itself, during this
state, especially at relatively high accretion rates (~0.01Mgqq,
e.g. Falckeetal. 2004). An additional, less prominent ther-
mal component originating from the truncated accretion disk
(Shakura & Sunyaev 1973) may also be registered along with
the primary hard X-ray emission. Since the production of the
jet is thought to be linked directly to the accretion process, it
can be shown that the luminosities of the radio and X-ray emis-
sion are correlated and the disk-jet mechanism is scale-invariant
with respect to the BH mass (Heinz & Sunyaev 2003). Based on
these theoretical predictions, Merloni et al. (2003) investigated a
large sample of Galactic BHs and SMBHs and found a strong
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correlation between the radio luminosity (L., 5 GHz), the X-ray
luminosity (Lg, 0.5-10keV), and the BH mass (Mpy), known as
the FP-BH. In the case of HLX-1, Webb et al. (2012) used this
relation to place an upper limit of less than 10> M, for the mass
of the BH in the system. This was in agreement with the estima-
tion of a mass of ~10* My by Godet et al. (2012), Davis et al.
(2011), and Straub et al. (2014) using accretion disk modeling.

Another approach in the search for IMBHs draws on the
correlations between large-scale properties of galaxies and
the mass of their central SMBH. These involve the well-
known scaling relations between BH mass and stellar bulge
velocity dispersion (Mpy—o: e.g., Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Grahametal. 2011; McConnell & Ma
2013; Savorgnan & Graham 2015) and BH mass and bulge
luminosity (Mpg—L: e.g., Dressler 1989; Kormendy 1993;
Magorrian et al. 1998; Marconi & Hunt 2003; Graham & Scott
2013; Savorgnan et al. 2016). Studying low-mass galaxies us-
ing the Mpy—o, Mpy—L relations may reveal new IMBH can-
didates. Indeed, applying the Mpy—o relation to samples of low-
mass galaxies has led to the identification of multiple (tentative)
IMBH candidates (e.g., Greene & Ho 2004; Barth et al. 2008;
Dong et al. 2012). However, these samples, suffer from lumi-
nosity bias and large uncertainties that are partially due to the
precarious application of the Mpy—o relation in the low-mass
regime (e.g., see discussion in Greene & Ho 2007; Moran et al.
2014). Additionally, the application of the Mgy—L relation in
low-luminosity/low-mass galaxies to the search for IMBHs has
also been problematic, since most galactic samples with di-
rectly measured SMBH masses, and thus the scaling relations,
were dominated by luminous spheroids (e.g., Marconi & Hunt
2003; Graham 2007). However, Graham (2012) dramatically
revised the well-known, near-linear relationship relating the
SMBH mass and the host galaxy spheroid mass, demonstrating
that it is approximately quadratic for the low- and intermediate-
mass spheroids. Graham & Scott (2013, henceforth GS13) and
Scott et al. (2013) built on the new Mpy—spheroid mass relation,
and by including many more low-mass spheroids with directly
measured SMBH masses, they showed that the Mpy—L relation
is better described by two power-laws (see also Graham & Scott
2015). Using this improved scaling relation, GS13 identified 40
lower luminosity spheroids that contain AGN according to the
spheroid magnitudes reported by Dong & De Robertis (2006,
henceforth D&DO06) and appear to have a mass of the central
black hole that falls in the IMBH range. Recently, the scaling
relation of GS13 was refined by Savorgnan et al. (2016) using
a sample of 66 nearby galaxies with a dynamically measured
BH mass.

Graham & Driver (2007), Savorgnanetal. (2013), and
Savorgnan et al. (2016) revisited the previously reported
(Graham et al. 2001, 2003) correlation between the mass of a
galaxy’s central BH and its bulge concentration and constructed
a relation between Mpy and the galactic Sérsic index (which
is a measure of bulge concentration). Furthermore, Seigar et al.
(2008) discovered a correlation between the morphology of the
spiral arms and the mass of the central BH in disk galaxies (see
also Davis et al. 2012). This, was formulated as a relation be-
tween Mpy and the spiral pitch angle (a measure of the tightness
of spiral arms). These methods benefit from the fact that they
do not require spectroscopy and are independent of the source
distance.

Motivated by the promising findings of GS13, we are ini-
tiating an extensive search for IMBH candidates in LLAGN
using a multiple method approach. Namely, we use radio, in-
frared (IR), and X-ray observations of low luminosity spheroids
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with AGN and employ the FP-BH, together with the most up
to date BH scaling relations with spheroid properties and with
spiral arm pitch angle (henceforth PA), to determine the mass
of the central BH. More specifically, we make use of the FP-
BH re-calibrated by Plotkin et al. (2012b) to account for weakly
accreting, low-luminosity BHs, the latest Mgy — Mopn (Mph:
spheroid absolute magnitude at 3.6 um) scaling relation for spi-
ral galaxies by (Savorgnan et al. 2016), the Mgy — igph (75ph: Ma-
jor axis Sérsic indices of the spheroid components) relation re-
ported in Savorgnan (2016) and the recently revisited My — PA
relation by Davis et al. (2017). Furthermore, for the measure-
ment of the bulge luminosity, we make use of the isofit task
that was recently developed and implemented in the IRAF soft-
ware package by Ciambur (2015). isofit has dramatically en-
hanced (e.g., Ciambur & Graham 2016) the accuracy of galactic
isophotal modeling, and therefore, it substantially increases the
accuracy of our calculations. The use of four methods that are
largely independent (FP-BH, the Mgy — Mph, MpH — hspn and
the Mgy — PA relations) to estimate the BH mass provides an
invaluable consistency check.

The primary goal of this paper, and of our campaign in gen-
eral, is to discover (or note the absence of) IMBHs in the cen-
ter of dwarf galaxies with LLAGN. This first part of our cam-
paign has the additional objective of examining the consistency
between known Mpy in terms of galactic properties, scaling re-
lations and the FP-BH, in the low mass regime. This is a par-
ticularly crucial step, since all scaling relations and the FP-BH
have been calibrated primarily in the high-mass regime. For this
pilot study, we selected seven LLAGN (based on the detection
of strong Ha emission lines Ho et al. 1997) that have been pro-
posed as hosts of a central IMBH by GS13. For our analysis,
we used proprietary radio observations carried out with VLA
between June and September, 2015, archival X-ray and IR ob-
servations made with XMM-Newton, Chandra, HST and Spitzer
telescope, archival FUV and NUV observations by the GALEX
telescope, archival optical observations from the Vatican Ad-
vanced Technology Telescope (Vatt), the Sloan Digital Sky Sur-
vey (SDSS), the Kitt Peak National Observatory (KPNO) 2.1 m
telescope, and the 1.0 m Jacobus Kapteyn Telescope (JKT). In
Sects. 2 and 3, we present the details of our data analysis and our
results, followed by discussion and our conclusions in Sects. 4
and 5.

2. Observations and data analysis
2.1. Radio data

Between June 21st and September 7th, 2015, we conducted
seven radio observations, one for each of our targets, using the
Karl G. Jansky Very Large Array (VLA). Throughout this pe-
riod, the array was in its most extended A-configuration. We ob-
served in C-band using two 1024-MHz sub-bands, each made
up of 512 channels of width 2 MHz, centered at 5.25 GHz and
7.45 GHz.

Flagging, calibration, and imaging were carried out
with the Common Astronomy Software Application (CASA;
McMullin et al. 2007), using standard procedures (including
self-calibration when necessary and possible). Unless otherwise
stated in the source-specific comments below, we produced im-
ages using Briggs (1995) weighting with a robust parameter of
0.5 as a trade-off between sensitivity, angular resolution, and
side-lobe suppression.

2.2. X-ray data

We analyzed all available Chandra and XMM-Newton obser-
vations for our source list (see Table 1). Analysis of the
XMM-Newton data was done using XMM-Newton data analysis
software SAS version 14.0.0. and using the calibration files re-
leased' on December 1st, 2015. All observations were filtered
for high background flaring activity. Following the standard pro-
cedure, we extracted high-energy light curves (E > 10keV for
MOS and 10 < E < 12keV for pn) with a 100s bin size.
Time intervals affected by high particle background were fil-
tered out by placing the appropriate threshold count rates for
the high-energy photons. Spectra were extracted from a circu-
lar region centered at the core of each galaxy. In order to achieve
the maximum encircled energy fraction® within the extraction re-
gion and also minimize contamination from extra-nuclear emis-
sion, we selected an extraction radius of 30”. This was reduced
to 25” in observations 0112552001 and 0200130101 to avoid
including a chip gap and to 20” in observation 0112550101
in order to avoid contamination by adjacent ULX candidate
2XMM J110022.2+285817. The filtering and extraction process
followed the standard guidelines provided by the XMM-Newton
Science Operations Centre (SOC?). Namely, spectral extraction
was done with SAS task evselect, using the standard filter-
ing flags (#XMMEA_EP && PATTERN<=4 for pn and #XMMEA_EM
&& PATTERN<=12 for MOS) and SAS tasks rmfgen and arfgen
were respectively used to create the redistribution matrix and an-
cillary file. In order to achieve the best statistics possible, spec-
tra from all three XMM-Newton CCD detectors (MOS1, MOS2
and pn) were fitted simultaneously for each observation. All de-
tectors, during all observations, were operated in Imaging, Full
Frame Mode. With the exception of the pn detector in ObsID
0112552001, where the “Thick” filter was used, and all detec-
tors in ObsID 0201690301 where the “Medium” filter was used,;
all other XMM-Newton observations used the “Thin” filter.

Spectra from the Chandra observations were extracted us-
ing the standard tools* provided by the latest CIAO software
(vers. 4.8.0). All observations were performed either with the
Advanced CCD Imaging Spectrometer I-array (ACIS-I) or the
S-array (ACIS-S) in imaging mode. Starting with the level-2
event files provided by the CXC and CIAO 4.8, we extracted
source and background spectra using the CIAO task dmextract.
For the Chandra data, spectra were extracted from 3" circular
area at the center of each galaxy. Background spectra were ex-
tracted from multiple, source-free regions surrounding the cen-
tral source. Using the CIAO tasks mkacisrmf and mkarf, we
created the redistribution matrix file (RMF) and the ancillary re-
sponse file (ARF), respectively. To this end, we also employed
dmstat to locate the centroids of source and background re-
gions in chip coordinates (information on centroid position is
necessary for the RMF and ARF calculation since the calibra-
tion varies across the chips) and asphist to create the aspect
histogram. The latter is a description of the aspect motion dur-
ing the observation, which is needed to calculate the ARF.

' XMM-Newton CCF Release Note: XMM-CCF-REL-331.

2 See XMM-Newton Users Handbook Sect. 3.2.1.1 http:
//xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/onaxisxraypsf.html

3 http://www.cosmos.esa.int/web/xmm-newton/
sas-threads

4 http://cxc.harvard.edu/ciao/threads/pointlike/
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Table 1. Best fit parameters for the Chandra and XMM-Newton observations.

Source ObsID Date Exposure time nH r Flux“ x?/d.o.f.
[ks] [x10%' cm?] [10~ % erg/cm?/s]
NGC 628
Chandra 2057 2001-06-19 46.4 0.46" 1.68+038 217193 0.61/76
Chandra 2058 2001-10-19 46.2 - 165703 16619 0.94/83
XMM-Newton 0154350101 2002-02-01 34.4/36.7/36.7 - 2.22%02 2.61%081 0.95/475
XMM-Newton 0154350201  2003-01-07 23.1/24.7/24.7 - 2.03*032 2517032 0.84/393
Chandra 16000 2013-09-21 39.5 - 1.81+0%¢ 1.48+080 0.66/38
Chandra 16002 2013-11-14 37.6 - 1.54+04 1.79+0.76 0.80/41
Chandra 16003 2013-12-15 40.4 - 1.52+049 1.80*0¢2 0.80/57
NGC 3185
XMM-Newton 0112552001  2001-05-07 9.4/14.0/14.0 0.21° 2.08+024 4.97+0.78 1.01/277
Chandra 2760 2002-03-14 19.8 - 1.86%062 4.09%13 0.98/33
NGC 3198
Chandra 9551 2009-02-07 61.6 5621338 1957038 2751048 1.03/88
NGC 3486
XMM-Newton 0112550101 2001-05-09 10.0/9.0/8.9 0.19 2.06%934 5.64+2:2 0.76/262
NGC 3507¢
Chandra 3149 2002-03-08 39.3 0.15" 2.0670<1 1.11%04¢ 1.25/79
NGC 43144
Chandra 2062 2001-04-10 16.1 0.57° 1.54729 1.86%17 1.01/64
Chandra 2063 2001-07-31 16.0 - 2.1240% 1.92+0:%8 0.92/56
XMM-Newton 0201690301  2004-06-20 30.0/31.7/31.7 - 1.87+0.28 7.054102 0.89/237
NGC 4470
Chandra 321 2000-06-12 39.6 0.17° 1754034 3.89*11¢ 1.05/88
XMM-Newton 0200130101 2004-01-02 91.9/94.5/94.5 - 2.34192¢ 3.3970% 0.93/578
Chandra 12978 2010-11-20 19.8 - 1997058 3.6311%3 0.90/57
Chandra 12888 2011-02-21 159.3 - 1927048 378 1.02/67
Chandra 15756 2014-04-18 32.1 - 2.09%0% 3.324120 0.91/35
Chandra 15760 2014-04-26 29.4 - 2.2807¢ 3.35412 1.06/24
Chandra 16260 2014-08-04 247 - 2.36703 2117078 0.78/39
Chandra 16261 2015-02-24 22.8 - 2.15%04 2.174074 0.82/51

Notes. All errors are in the 90% confidence range. ® Unabsorbed, 0.5-10keV.  Parameter frozen at total galactic HI column density
(Dickey & Lockman 1990). ©» With an additional emission component from hot diffuse gas, modeled using the XSPEC model mekal for a
plasma temperature of 0.57*30 keV.  With an additional emission component from hot diffuse gas, modeled using the XSPEC model mekal for
a plasma temperature of 0.3372%3 keV for the Chandra 2062 and XMM-Newton observations and 0.45*%13 keV for Chandra 2063.

-0.02

2.3. X-ray spectral analysis

All spectra were regrouped to have at least one count per bin and
analysis was performed using the xspec spectral fitting package,
version 12.9.0 (Arnaud 1996), employing Cash statistics (Cash
1979). An absorbed power law model was used in the analysis
of all observations. Further, spectra were fitted with the xspec
model tbnew*po, where tbnew is the latest improved version
of the tbabs X-ray absorption model (Wilms et al. 2011). In
two cases, the central core spectra were contaminated by galac-
tic diffuse emission, which was fitted using a single temper-
ature mekal model (Mewe et al. 1985, 1986; Kaastra 1992;
Liedahl et al. 1995). We only considered galactic interstellar
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absorption in the direction of each source (Dickey & Lockman
1990), with the exception of NGC 3198, for which we obtained
strong indications of intrinsic absorption. The results of our anal-
ysis are tabulated in Table 1 and specifics of each source are
briefly presented in Sect. 2.4.

2.4. Source specific comments — X-ray and radio

NGC 628 is located at a distance (distances for all sources are
presented in Table 2) of ~10.2Mpc (Jang & Lee 2014). The
source has been observed multiple times by both Chandra and
XMM-Newton between 2001 and 2013. Due to its proximity
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Table 2. Mass of the central black hole, using Mgy-spheroid relations by Graham & Scott (2013), Savorgnan (2016) and Savorgnan et al. (2016), the Mgy — PA relation by Davis et al. (2017) and

the FP-BH by Plotkin et al. (2012b).
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NS and small inclination (Shostak & van der Kruit 1984), NGC 628
“- o % S8 has proven to be an ideal backdrop for the discovery of multi-
S cSo| TF e = ple extragalactic X-ray sources, in addition to its central engine
HaoH e85 (e.g., Soria & Kong 2002). For this work, we analyzed the spec-
Now | 858 2 tra of the five longest Chandra observations and the two avail-
5 ?E’S 8 able XMM-Newton observations. Spectra from all observations
o S$E20 2 were fitted with an absorbed power law model. The best fit value
S o oS for the photon index ranged between 1.52*049 and 2.22*0.%,
H :rl =3 = throughout the different observations. Obviously, there is a no-
S o %’ 5 § 8 ticeable variation in the central value of the photon index. Nev-
R < ertheless, this is due to the low number of total registered pho-
g ug g I:: tons, rather than an actual modification of the state of the source.
pOE =55 < Namely, the small number of counts yields moderately high un-
P = .. . .
HH 1| 80 o certainties for all best fit values. Indeed, despite this apparent
:- @ = 3 Efb variation, all fit values are consistent within the 90% confidence
; g5 range. The source flux does not appear to vary significantly
E E‘ = :; (again all values are consistent within 90% errors) between the
2 22| =c 8:2 different observations. The mean unabsorbed luminosity of the
IoH oA FE T central source in the 0.5-10keV range is ~2.49 x 103 ergs!.
o2 3 s § [ é No radio source was detected at the position of NGC 628 in
T 5 § at any of the sub-bands using Briggs (1995) weighting down to a
= O . .
— Al root mean square (RMS) noise level of 8.4 uJy. To improve sen-
L= .. . . .
‘]r‘l 22 < E = sitivity, we combined both bands to produce a naturally weighted
n VOV g g 2 g image, which did not reveal any radio source but provided a more
%" £58 constraining RMS noise level of 5.5uJy and a corresponding
© w | = ; = 30 upper limit of 16.5 pJy. The corresponding radio luminosity
O O 4 ISR E - . . . ”
S5 2248 (Lr), along with all values or upper limits for the luminosities of
HomH A;,?l 2 S all sources in our sample, are presented in Col. 6 of Table 2.
o g E‘%g g %‘) NGC 3185 is located at 25.8 Mpc (Theureau et al. 2007).
22 = CcE There are two observations of the source in the X-ray band.
2 BITE % Spectra extracted from both observations were fitted with an ab-
ﬁ 8 2 g = g = sorbed power law model, with a photon index ranging between
VAR gv[\i 3 % 1.9 and 2.1 (best fit value for Chandra and XMM-Newton re-
N o (ID At spectively). The mean unabsorbed source luminosity is ~3.61 X
° o2 10 ergs!.
AL R £58= We detect a faint radio source, coincident with the optical nu-
BRI s o s pucal nu
H \fl Gl Z'z L cleus of NGC 3185, in both sub-bands. The source is unresolved
na el £ §§ s to a beam size of 0.48 x 0.24 arcsec at 7.45 GHz. We measure
T T3 the following flux densities by fitting a Gaussian model to the
! S8x w source in the image plane: 64.7 + 6.1 uJy and 46.0 = 5.4 uJy at
== m .S .
Qo Soa g 5.25 GHz and 7.45 GHz, respectively.
ﬁ i 7 f‘ =8 NGC 3198 1is located at a distance of 13.8Mpc
oo || » _g = E (Freedman et al. 2001). Its spectrum is modeled with an
a2 g g 22 absorbed power law, with the column density as a free param-
a9 g ER g eter. The fit reveals a column density that is approximately 55
ERO times higher than what is expected from Galactic absorption
v 0 SOL s g p p
RERRS =5 i@ and can only be attributed to intrinsic obscuration. This finding
HoH o iﬁf 2 is in agreement with previous classification of NGC 3198 as
§ § §°E = an obscured AGN (Grier et al. 2011). The 0.5-10keV source
=857 unabsorbed luminosity is ~6.27 x 10°8 ergs~!.
S x| § (2 S Z A radio point source (beam size of 0.28 x 0.26 at 7.45 GHz)
" i \J‘j é % = z is detected in both frequency bands. The position of the radio
o = | 2z m?\: source is consistent with the optical nucleus of NGC 3198. We
RS %o § z measure the following flux densities: 11812 pJy and 1169 uly
< S g at 5.25 GHz and 7.45 GHz, respectively.
o = g Eog NGC 3486 is found at a distance of 16.7 Mpc (Theureau et al.
2L % —=2&® 2007). Again the source spectrum was fitted with an absorbed
S 23» & § 2 £ power law. The source unabsorbed luminosity was ~1.01 X
g5 T 10% ergs~! in the 0.5-10keV range.
~ <+ o| 5& i B A marginal 40 detection is obtained for the radio counterpart
2o 5| =z8= of NGC 3486 by combining the two frequency bands and using
o<t < < S 2 . . . . h .. .
OV Ul 458S natural weighting. The source is point-like and coincident with
(ZD % % £ g z g the optical core of the galaxy. We measure a flux density of 26.6+
Z 8 a3 6.4 uly.
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Fig. 1. NGC 3507: registered counts per keV vs. energy and data-vs-
model ratio plot, for the tbnew* (mekal+po) model. The continuum
emission is clearly not described by a power law spectrum, resulting in
strong residuals above 3 keV.

NGC 3507 is located at a distance of ~16.3 Mpc. We ex-
tracted the spectrum from the central core and modeled it using
an absorbed power law. The resulting fit is unacceptable with a
reduced y?> > 3. Adding an emission component originating in
hot diffuse gas using the xspec model mekal with a plasma tem-
perature of ~0.57 keV improves the fit, yielding a reduced y? of
1.25 for 79 d.o.f. However, the fit is still unacceptable and there
are strong residuals above 3 keV (see Fig. 1). It appears that the
X-ray continuum is not well described by a power law. This issue
is examined further in the discussion section. The 0.5-10keV
unabsorbed luminosity of the central region (based on the power
law component for the above fit) is ~3.53 x 103 ergs™! (total
source luminosity including a diffuse, extra-nuclear component
~1.07 x 10* ergs™).

We detect a radio counterpart to the optical nucleus of
NGC 3507 in both sub-bands. Gaussian fitting in the image plane
indicates that the source is marginally resolved. We indeed no-
tice a slight extension of the emission to the south that can be
distinguished more easily at 7.45 GHz due to the better angular
resolution. We measure the following flux densities: 203+13 uJy
and 132 + 14 uJy at 5.25 GHz and 7.45 GHz, respectively. How-
ever, since the structure of the source suggests a possible con-
tamination by emission components other than the jets, our mea-
sured jet flux densities are likely overestimated.

NGC 4314 is located at a distance of 13.1Mpc
(Benedict et al. 2002). The spectra of all three available observa-
tions were fitted by an absorbed power law with a photon index
of approximately two plus a diffuse X-ray emission component
from ionized gas, modeled using a single temperature mekal
model, with T ~ 0.4keV. The 0.5-10keV mean value for the
source unabsorbed luminosity — calculated for the 3" extraction
region from the Chandra observations, and only for the power
law component — is ~3.88 x 10°%ergs™'; total 0.5-10keV
source luminosity for the entire 30" region (for all Chandra and
XMM-Newton observations), is ~1.38 X 10% erg s7L.

As already mentioned by Garcia-Barreto et al. (1991), a ring
of radio emission is (marginally) detected around the position of
the galaxy nucleus. However, we do not detect radio emission at
a position coincident with the optical core (also in agreement
with Garcia-Barreto et al. 1991). Combining our two spectral
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bands and using natural weighting, we obtain a RMS noise level
of 7.6 uJy leading to a 30~ upper limit of 23 uJy.

NGC 4470 has been observed multiple times by both Chan-
dra and XMM-Newton. Here we analyze one XMM-Newton and
two Chandra observations that provided a sufficient number
of counts for a reliable fit. The observation dates range from
2000 to 2015. In all observations the spectrum was fitted with
an absorbed power law. The best fit value of the power law
photon index ranged between 1.75f8'§‘1‘ to 2.36f8'gf through-
out the observations, with all values'being consistent, in the
90% range. The source unabsorbed luminosity (0.5-10keV) var-
ied moderately between different observations, ranging between
3.04:1):23 ergs~! in 2014 and 5.57f%8 ergs~! in 2000, for a dis-
tance of ~34.7 Mpc (Theureau et al. 2007). Again, the different
luminosity estimates are consistent within the 90% confidence
range.

No radio source was detected at the position of NGC 4470
on a naturally weighted image using the full spectral range. We
obtain a 30 upper limit of 21 uJy.

2.5. Optical and IR data

Due to the non-trivial morphologies of these late-type galax-
ies, with many displaying features such as bars, rings and spi-
ral arms, we preferred high-angular-resolution imaging so as to
ensure that all the structural components (particularly the small-
scale spheroids hosting the central BHs) are well resolved and
readily separable from the other galactic components in the ra-
dial surface brightness profiles. We therefore opted for archival
Hubble Space Telescope (HST) data® taken with the WFPC2 or
ACS/WEFC cameras, for the galaxies NGC 628, NGC 3185, and
NGC 3486. We used images taken with the near infrared (NIR)
filter F814W in order to minimise obscuration from dust.

The remaining galaxies in our sample, however, either dis-
played significant dust in this band (often crossing the bulge
photometric center), or their radial extent exceded the HST de-
tector’s field-of-view (and consequently had over-subtracted sky
background via the data reduction pipeline that provided these
images), or both. Therefore, for these galaxies (NGC 3198,
NGC 3507, NGC 4314 and NGC 4470) we used longer wave-
length and wider field-of-view imaging retrieved from the
Spitzer Survey of Stellar Structure in Galaxies (S*G) archive®,
taken with the IRAC 1 instrument, at 3.6 um.

The optical data used for measuring pitch angles were ob-
tained from the NASA/IPAC Extragalactic Database (NED). We
used the R-band imaging data taken from various sources. When
given the option, the imaging with the best resolution was used,
specifically NGC 628 from the Vatt, NGC 3507 from the Palo-
mar 48-inch Schmidt, NGC 4470 from the SDSS, NGC 3198
from the KPNO, NGC 3486 from the Bok Telescope, and
NGC 3185 and NGC 4314 from the JKT.

2.6. IR imaging analysis

For each galaxy image, we masked out the contaminating
sources, such as globular clusters, foreground stars, background
galaxies and, where applicable, dust. We further characterized
the instrumental point spread function (PSF) of each image by
fitting Moffat profiles to several bright, unsaturated stars, with
the IRAF task imexamine.

> http://hla.stsci.edu
¢ http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
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The diffuse galaxy light was modeled by fitting quasi-
elliptical isophotes as a function of increasing semi-major axis,
with the IRAF task isofit. This yielded the major axis sur-
face brightness profile, p(Rp;j), which was decomposed with the
software profiler (Ciambur 2016). In short, profiler con-
structs a model radial profile using pre-defined analytical func-
tions (Sérsic, Gaussian, exponential, etc.) that describe particu-
lar photometric components (e.g., disc, bulge, bar, point-source).
All the chosen components are added together and the result
is convolved with the PSF, and this is iterated by varying the
parameters of each component until the best-fitting solution is
found.

We further mapped the major axis profiles onto the ge-
ometric mean (or “equivalent”) axis, Req, defined as Req =
Rumaj /1 — €(Rmaj), With e(Ry,j) being the isophote ellipticity at
each radius. This mapping “circularizes” each isophote such
that the enclosed surface area is conserved (see the appendix in
Ciambur 2015 for further details). Decomposing p(R.q) allows
for an analytical calculation of each component’s total magni-
tude.

An example decomposition is shown in Fig. 2, for NGC 628.
For each galaxy, the spheroid major axis Sérsic index (nspn) and
absolute magnitude at 3.6 um (Mpy,) resulting from the analysis,
are listed in Table 2. Full decompositions for all seven galaxies
are presented in Ciambur et al. (in prep.), which provides an in-
depth analysis of the IMBH candidate galaxies from GS13 that
host AGN but have low bulge luminosities.

2.7. Source specific comments — IR

NGC 4470: we find that NGC 4470 is a bulgeless spiral galaxy.
Therefore, we can not estimate the Mpy from the BH — bulge
scaling relations. There is a point source very close (~0.5 arc-
sec) to the disc’s photometric centre; possibly the emission com-
ing from the LLAGN in the IR. The profile is well modeled
by only an exponential disc and a bar component (the latter
probably being previously mistaken as the bulge by D&DO06,
who report a Sérsic index of 0.7, that is, consistent with a bar
profile).

2.8. Spiral arms analysis

We use the two-dimensional fast Fourier transform (2DFFT),
which is a widely used method to obtain pitch angles of spiral
arms (Saraiva Schroeder et al. 1994; Gonzalez & Graham 1996;
Seigar etal. 2008; Davisetal. 2012; Martinez-Garcia et al.
2014). It allows for decomposition of spiral arms into sums of
logarithmic spirals of varying pitches. The method described in
Saraiva Schroeder et al. (1994) measures both the strength and
the PA of the various modes between a given inner radius and a
given outer radius on a deprojected image. The extension to this
method in Davis et al. (2012) eliminates the user defined inner
radius and allows the user to quantitatively investigate how log-
arithmic the spiral arms are. This provides a systematic way of
excluding barred nuclei from the pitch angle measurement an-
nulus. We therefore opted for the method of Davis et al. (2012),
which outputs the PA as a function of inner radius.

The images were first deprojected to face-on by assuming
that the disk galaxy, when face-on, will have circular isophotes.
The galaxy axis ratios were determined using SExtractor (Source
Extractor; Bertin & Arnouts 1996). Then, we seek a harmonic
mode in which we find the largest range of inner radii over which
the PA stays approximately constant. The PA is measured by

averaging over this stable region, with the error being determined
by considering the size of the stable radius segment relative to
the galaxy radius, as well as the degree to which the stable seg-
ment is logarithmic. Errors in the determination of the galaxy
center or galaxy axial ratio in the deprojection process are not
critical to the measurement of the PA (see Davis et al. 2012, for
more detail).

An example deprojection and measurement of the spiral PA
for NGC 628 is shown in Fig. 3. The source was measured to
have a position angle of —40.5 deg and elongation of 1.103 us-
ing SEXTRAXTOR. The image was deprojected after a Gaus-
sian star subtraction was performed to reduce the noise from the
foreground stars. Although star subtraction is a helpful step, the
presence of foreground stars does not affect the value of the PA
in general (Davis et al. 2012). The plot shows the output of the
2DFFT code, which is the PA as a function of inner radius for
the deprojected image. A stable mean PA is determined for the
m = 2 harmonic mode from a minimum inner radius of 30 pixels
(12"") to a maximum inner radius of 200 pixels (80"), with an
outer radius of 440 pixels (176”). Equation (7) in (Davis et al.
2012) describes the final error in PA measurement: Ey = ((8 *
a/)* + (en)*)1/?, where E, is the total PA error, &y is the quan-
tized error for the dominant harmonic mode, o is the standard
deviation about the mean PA, 3 is the distance in pixels from the
innermost stable spiral structure to 90% of the selected outer ra-
dius of the galaxy (0.9 * ry.x), and A is the length of the stable
range of radii over which the PA is averaged. For NGC 628, the
equation yields Eg = 2.23 deg with A = 170 pixels, 8 = 366 pix-
els, o = 0.95 deg, and €, = 0.88 deg. The final determination
of PA is therefore —15.07 + 2.23. We also checked our measure-
ment with the Spirality code of Shields et al. (2015), which
uses template fitting rather than Fourier decomposition to mea-
sure PA. The results from these two independent methods agree
well within the uncertainties. Finally, we generated an overlay
image to double check our measurement by visualizing the spi-
ral on top of the galaxy and confirming the result by eye (see
Fig. 3). The same procedure was used for all seven galaxies
in our sample. The PA estimations are presented in Col. 5 of
Table 2

3. Results
3.1. BH — Spheroid scaling relations

Our first estimate of the BH masses is based on the Mgy — Mpp
scaling relation for spiral galaxies in Savorgnan et al. (2016),
where M, is the spheroid absolute magnitude at 3.6 um. The
I-band spheroid magnitudes of the three galaxies observed with
HST (F814W) were converted to 3.6 um using a colour of
(F814W — 3.6 um) = 3.53 £ 0.03 (see Ciambur et al., in prep.)

Shankar et al. (2016) have shown that the Mpy — Ly rela-
tion for massive early-type galaxies is biased, such that it over-
estimates the BH mass in galaxies for which no direct BH mass
measurement is available. The bias arose from the need to spa-
tially resolve the BH’s sphere of influence when constructing
samples with directly measured BH masses. If such a bias exists
among the late-type galaxies, then it would be necessary to re-
duce the predicted masses in Col. 11 of Table 2, perhaps by a
factor of 3 to 5.

We calculated a second estimate of the central black hole
masses from the major axis Sérsic indices of the spheroid com-
ponents, ng,p, based on the Mpy — ngp, relation for all galaxies,
reported in Savorgnan (2016). The author does provide separate
Mgy — ngpy relations for spiral and early-type galaxies, but due
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Fig. 2. Top panels: decomposed surface brightness profile of NGC 628 along the major (left) and equivalent (right) axis. The data is represented
as red circles while the model is the black curve. This galaxy has a central point source (green, dotted line), a Sérsic spheroid (red, dash-dotted
line) and an exponential disc (blue, dashed line). Inset in the upper left are the best-fit spheroid parameters. Below the decomposition panels are

the residual (Au) profiles.
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Fig. 3. Left: NGC 628 R-band PA as a function of inner radius for deprojected image. A stable mean PA is determined for the m = 2 harmonic
mode (black solid line) from a minimum inner radius of 30 pixels (12”) to a maximum inner radius of 200 pixels (80”), with an outer radius of
440 pixels (176”). The pitch angle can be seen to decrease dramatically with increasing radius beyond approximately 50% of the outermost radius
and becoming chaotic near the edge; this is due to a shrinking annulus of measurement reducing the viability of pitch angle measurement in the
outer regions of the galaxy. Right: an overlay image of a 14.98 deg pitch angle spiral on top of NGC 628.

to the small difference she prefers a single, better constrained
relation obtained from the entire sample of galaxies.

3.2. BH — PA scaling relation

We use the latest Mgy — PA relation, derived by Davis et al.
(2017) using a sample of 43 directly measured SMBH masses

in spiral galaxies. The linear fit is:
log(Mpu/Ms) = (9.01 + 0.08) — (0.130 + 0.006)[PA|, @))
0.04

with intrinsic scatter € = 0.227 < dex in log(Mpu/Mo) and a
total absolute scatter of 0.44 dex. The quality of the fit can be
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described with a correlation coefficient of —0.85 and a p-value
of 7.73 x 10713, For each galaxy, the PA and its corresponding
BH mass estimation are listed in Table 2 (Cols. 5 and 12 respec-
tively).

3.3. Fundamental plane of black hole activity

We use the FP-BH by Plotkin et al. (2012b) to estimate the
mass of the central BHs of all sources in our list. The FP-
BH is described by the following regression: logLx = (1.45 +
0.04)logLg — (0.88 + 0.06)logMpy — 6.07 + 1.10, where Lg and


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201630061&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201630061&pdf_id=3

F. Koliopanos et al.: Searching for IMBHs in low luminosity AGN

Lx have units of erg/s and Mpy is in solar masses. Intrinsic
scatter in the FP-BH is smallest when including AGN in ac-
cretion states that are similar to hard-state (a state character-
ized by sub-Eddington accretion and hard, power-law-shaped
spectral energy distributions) X-ray binaries (XRBs; e.g., Meier
2001; Maccarone et al. 2003; Kording et al. 2006). There is a
well observed global radio/X-ray correlation in XRBs, in the
low-accretion, non-thermal regime (e.g., Gallo et al. 2003), and
the FP-BH, is, in essence, an expansion of this correlation in the
higher mass regime. Indeed, the study of unobscured AGN sug-
gests an accretion state division that is similar to XRBs (e.g.,
Jackson & Wall 1999; Nicastro 2000; Ghisellini & Celotti 2001;
Bottcher & Dermer 2002; Hardcastle et al. 2009; Trump et al.
2011; Plotkin et al. 2012a) All sources in our sample are accret-
ing at sub-Eddington rates, and with the exception of NGC 3507
display the characteristic power law spectra, usually associ-
ated with advection-dominated accretion flows. We can, there-
fore, consider their AGN as more massive analogs to hard-state
XRBs, and use the FP-BH to estimate the mass of their central
BH. We also use the FP-BH to calculate the mass of the central
BH in NGC 3507, the spectrum of which cannot be modeled us-
ing a power law. We point out the caveats of this estimation in
Sect. 4. All mass estimates are presented in Table 2 along with
the radio and X-ray luminosities of each source and the mass
estimates derived using the Mgy — L, and Mpy — ngp, scaling
relations. In sources with multiple X-ray observations, and since
all fit parameters (and flux estimations) were consistent in the
90% confidence range, the mean value of the luminosity of each
source was used. In the case of NGC 4314, we only considered
the Chandra derived luminosities, taking advantage of the high
imaging resolution of Chandra, in order to avoid contamination
from the obvious, extended, extra-nuclear X-ray emission (see
details for NGC 4314 in Sect. 4). In sources for which radio
emission was not detected, a 1o upper limit for the mass of the
central BH is estimated.

Mass estimations from the My — ngpn, Mpn — PA scaling re-
lations and the FP-BH, are plotted in Fig. 4, against the spheroid
stellar mass (Mygpn). Included in the plot are the data points used
by Savorgnan et al. (2016), along with their regressions.

4. Discussion

We have combined the latest Mgy — Lgpn, MBH — Rgph, and
Mgy — PA scaling relations and used the most recent, state-of-
the-art tools in IR imaging analysis, to estimate the mass of the
central BH in seven LLAGN. We find that, while all the galaxies
in our sample harbor lower-mass-range BHs (log Mgy /My =~ 6.5
on average), their mass is significantly higher than for IMBHs
(<10° My,). This result is supported by all four methods used and
applies to all sources. All mass estimations from all methods are
consistent within the 10 error bars.

The Mpy estimations in this work, derived using the
Savorgnan et al. Mgy — Lgpn relation, are significantly and con-
sistently higher than in GS13. This is due to several factors that
make our analysis different to that of GS13.

GS13 estimated the BH masses based on the bulge magni-
tudes computed by D&DO06, after correcting for dust absorption
and the (newly discovered at the time) “near-quadratic” scaling
relation for Sérsic galaxies. However, D&DO06 obtained these
magnitudes from simple bulge/disc decompositions of ground-
based (2MASS) imaging. As we have noted in 2.5, most of our

galaxies (NGC 31857, 3198%, 2486°, 3507'°, 4314'") are not,
in fact, simple bulge/disc systems, but are clearly barred. This
is reflected in their morphological classification (see Table 2),
and is easily discernible in their images and surface brightness
profiles. Furthermore, the presence of AGN is usually associ-
ated with a point source component at the center (i.e., a compo-
nent shaped like the PSF in the surface brightness profile; see the
green component in Fig. 2, for example). The surface brightness
profile is a superposition of all these components, and in order
to correctly extract the properties of the Sérsic spheroid, each
component needs to be modeled. As such, in the present work
we analyzed superior, space-based, higher-resolution data (HST
and Spitzer), and performed much more detailed decompositions
than D&DO06. Our spheroid magnitudes are consequently more
accurate than those obtained in D&DO06, and used in GS13.
Furthermore, GS13 divided their galaxy sample into core-
Sérsic galaxies, which follow a near-linear (Mpy — Lgpn) scaling
relation, and Sérsic galaxies, where the relation becomes near-
quadratic. They estimated the BH masses from the latter, specif-
ically from the symmetric relation, that is, the bisector between
a regression along the y-axis (Mpy) and a regression along the
x-axis (bulge luminosity). On the other hand, Savorgnan et al.
(whose scaling relations are employed in the present work) di-
vided their galaxy sample into early-type galaxies, which fol-
low a near-linear scaling relation, and spiral galaxies, which
follow a near-quadratic relation. The symmetric, near-quadratic
relation of Savorgnan et al. (2016), though an updated version
from GS13, nevertheless agrees very well with the latter (see
Graham et al. 2016, their Fig. 1). However, in predicting the BH
masses, we did not employ the symmetric relation but rather that
obtained by regressing along the Mgy axis (y on x, or Y|X regres-
sion), because this minimizes the uncertainties in the predicted
quantity of interest (see Sect. V in Isobe et al. 1990). Due to the
considerable scatter and relatively low number of data points for
spiral galaxies, the Y|X regression is noticeably shallower than
the symmetric relation'?, and this accounts in part for the sys-
tematically higher BH masses we obtain, compared to GS13.
For the FP-BH calculations, we used proprietary radio obser-
vations and archival X-ray observations. The obvious caveat of
this scheme is the fact that the radio and X-ray observations were
not contemporaneous. All radio observations were carried out
in 2015 and as a result, their chronological separation from the
archival X-ray observations ranges from several months to more
than a decade. This time gap may increase the risk of comparing
X-ray and radio luminosities of a given source during different
AGN “states”, and thus over- or under-estimating the mass of
the central BH. However, while the launching and quenching of
radio jets and the transition between soft, accretion-dominated
and hard, non-thermal states in XRBs takes place in a human
timescale of months or years, in AGN, similar episodes are ex-
pected to scale up with the mass of their central BH, bringing
their expected transition timescales to 10° yr or higher (e.g.,
Tchekhovskoy 2015, and references therein). The relative stabil-
ity of AGN luminosity, and particularly of LLAGN, is strongly
supported by observations (e.g., Gonzalez-Martin & Vaughan
2012). It is also hinted at by our own analysis of multiple X-ray
observations of NGC 628 and NGC 4470, spanning more than a

7 Erwin & Debattista (2013).

8 Hernandez et al. (2005).

9 Zhou et al. (2015).

10 Erwin & Debattista (2013).

1 Benedict et al. (1992).

12 See the solid and dashed grey lines in Fig. 4, for the (Mpy — M spn)
relation.
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Fig. 4. Mass estimates of the central BH of seven LLAGN (colored points), using our multiple method approach vs. spheroid stellar mass
(M 4spn). Our plot points have been plotted on top of the scaling relations from Savorgnan et al. (2016) (solid lines: Y on X-axis regression, dashed
lines: symmetric regression), the data that the authors used to obtain them as triangles with error bars (black/gray for ellipticals/spirals), the
empty diamonds are two other IMBH candidates (LEDA87300: e.g., Baldassare et al. 2015; Graham et al. 2016 and Pox52: e.g., Barth et al. 2004;
Thornton et al. 2008; Ciambur 2016), and the colored data points are our results. The green stars come from the Sérsic index, the blue squares
from pitch angle and the red circles from the FP-BH. The BH masses derived from the bulge luminosity were not plotted, so as not to overcrowd
the plot and since the spheroid luminosity (L) is more or less directly related to the spheroid stellar mass (M p,) via the mass-to-light ratio.

decade, during which their spectral shape and X-ray flux remain
consistent.

An apparent increase (of a factor of ~4) in the X-ray flux of
NGC 4314, between Chandra and XMM-Newton observations,
is the result of contamination of the nuclear X-ray emission in
the XMM-Newton observation by an apparently extended X-ray
source with a radius of ~a few kpc, centered around the galactic
center. The estimated source flux from the XMM-Newton obser-
vation, where we extracted a spectrum from a 30" circle (instead
of 3” in Chandra), is ~3.6 times higher than the source flux in
the Chandra observation. Indeed, when extracting a spectrum
from a 30" circle in the Chandra observation, the source flux
is the same as in the XMM-Newton observation. While the ex-
tended emission contributes significantly to the AGN emission,
it does not rule out its presence. Most of the X-ray emission ap-
pears to originate from the central engine. This is why a hundred-
fold increase in the extraction area only results in a less than
four times increase of the total flux. The seemingly diffuse com-
ponent could be unresolved emission from a fairly large popu-
lation of HMXBs. This hypothesis is further supported by the
detection of a ring-like, circumnuclear radio emission. Also de-
tected by Garcia-Barreto et al. (1991), this emission is thought
to originate from HII regions, ionized by the presence of mas-
sive stars, together with non-thermal emission from relativistic
particles produced during explosions of these massive stars.

Most sources in our sample appear to be in a state that
is equivalent to the XRB hard state. Namely, they show no
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evidence of thermal emission and their spectra are well described
by power-law distributions. As discussed in Sect. 3.3, using hard
state sources and the FP-BH to estimate their Mpy strengthens
the validity of our results. However, NGC 3507 does not fol-
low this pattern. The source emission is consistent with ionized
plasma emission and 98% of registered photons have energies
below 3keV. The X-ray continuum does not follow a power-
law distribution. What appears as nuclear X-ray emission could
be due to a fairly large concentration of supernova remnants
(SNRs) in a starburst galaxy. Starburst galaxies are known to
host large groups of SNRs (e.g., Chevalier & Fransson 2001)
whose unresolved emission would be more consistent with the
observed soft X-ray emission than the emission from a popula-
tion of HMXBs, which would be considerably harder. Indeed,
the presence of a young stellar population in the central region
of NGC 3507 (Gonzélez Delgado et al. 2004) increases the like-
lihood of the starburst hypothesis. On the other hand, O/Ha
and Ny /He ratios (van den Bosch et al. 2015) place NGC 3507
in the AGN region of the BPT diagram and we cannot rule out an
active nucleus. However, we have serious doubts over this clas-
sification. Therefore, our FP-BH-based estimation of the Mgy in
this source, the largest mass estimate in our sample using this
method, should be considered with caution.

In sources NGC 628, 4314, and 4470 we did not detect a ra-
dio counterpart. In these cases, we calculated a 1o~ upper limit
on the mass of the central BH. The value of the upper limit is de-
termined by the uncertainties in the FP-BH coefficients, which
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result in substantially large error bars for the mass estimates
(d(logMgy//Ms) ~ 2). It is important to stress that mass esti-
mations using the FP-BH suffer from a relatively large uncer-
tainty, regardless of the accuracy of the flux and distance esti-
mations. Consequently, upper limits derived from the FP-BH are
considerably large. Nevertheless, longer radio observations may
achieve detection of the radio counterpart and therefore provide a
mass estimation. Providing an FP-BH derived upper limit for the
Mgy implies an underlying assumption that these three sources
have central BHs that are accreting material and are also pro-
ducing relativistic jets, whose radio emission was not detected
due to the short exposure of our proprietary observations. Nev-
ertheless, there are strong indications supporting this assump-
tion. All three sources are known LLAGN, exhibiting significant
Ha (Hoetal. 1997) and compact X-ray emission (this work)
from their nuclear region. Furthermore, NGC 628 and 4314 have
both been detected in the radio in the NRAO VLA Sky Survey
(NVSS, Condon et al. 1998). However, the NVSS is a relatively
low-resolution survey, and, as such, the registered radio emission
cannot be traced back to a potential relativistic jet.

It is evident that, when using the FP-BH to determine the
BH mass in LLAGN, the highest angular resolution in X-ray
and radio observations is desired, as well as adequate observ-
ing time. It is important to stress the fact that our proprietary
radio observations had short durations and the archival X-ray
observations were often short and the source of interest was con-
siderably off-axis. Future, proprietary, contemporaneous Chan-
dra and VLA or VLBA observations with sufficiently long du-
ration will provide far superior results. Particularly, adequately
long VLBA observations will not only increase the chance of de-
tection, but also reduce extra-nuclear contamination of the AGN
emission, thanks to its high angular resolution. To this end, next
generation X-ray telescopes such as Athena (Nandra et al. 2013;
Barret et al. 2013) will offer the necessary combination of an-
gular resolution and flux sensitivity, to not only further improve
mass estimations, but help to better constrain the FP-BH itself,
reducing the uncertainties of its coefficients.

The combination of the FP-BH calculations with the results
of the BH-(galactic properties) relations provides an invaluable
consistency check, since the four methods are largely indepen-
dent. Our results demonstrate that the FP-BH upholds the results
of the Mpy scaling relations. More than that, all four relations
used in our calculations produced consistent results. This con-
sistency verification, which was one of the two main objectives
of this study, is a reassuring result that not only increases the
robustness of our estimations, but also the validity of the em-
ployed methods. Furthermore, our approach does not require the
use of velocity dispersions, and, as such, avoids the issue of off-
set barred-galaxies/pseudobulges (most galaxies in our sample
are barred and have strong indications of pseudobulges) in the
Mgy—o diagram, discovered by Graham (2008) and Hu (2008).
Nevertheless, we intend to use our multiple method approach
to address the issue of the applicability of the Mygy—o relation
in the low mass regime and in barred/pseudobulge galaxies (see
also discussion in Kormendy & Ho 2013; Graham 2016), in a
separate publication.

Due to their (relatively) low mass, the gravitational sphere
of influence of IMBHs cannot be spatially resolved with cur-
rently available observatories. The use of indirect methods in
the form of known scaling relations is required in order to
probe the low-mass regime. However, since all scaling relations
and the FP-BH have been primarily calibrated using high-mass
BHs, for which direct measurements were available, a consis-
tency test in the low-mass regime was an important step of

our campaign. To our knowledge, this is the first time four dif-
ferent methods have been used to simultaneously estimate the
mass of the same BHs. Our multiple-method approach helps to
ensure the validity of future findings, in case of outliers from
any one relation. Nevertheless, despite these initial encouraging
results, we must stress that this is a pilot study that involved
only seven sources. Furthermore, all relations used have weak
points, such as the large intrinsic scatter of the FP-BH, the dif-
ferent regression slopes of the Mgy — Lgpn relation (a conse-
quence of the relatively small available galaxy sample in the
low-mass end), and the lack of a robust physical interpretation
of the Mgy — PA relation. Additionally, the Mgy — PA estima-
tions may suffer from wavelength-dependent estimations of the
pitch angle (see e.g., Grosbol & Patsis 1998; Martinez-Garcia
2012; Martinez-Garcia et al. 2014, but also Seigar et al. 2008;
Davis et al. 2012).

Encouraged by the favorable results of this study, we aim
to use our multi-relation approach to add many more low-
mass/low-luminosity candidates to this sample. Furthermore, as
this project evolves, we will use the methodology presented here
to re-estimate the mass of stronger LLAGN-IMBH candidates
in the GS13 list. It is important to note that the sources in our
sample were on the high-mass end of the GS13 list. The sources
analyzed in this work were chosen primarily because they had
relatively high X-ray luminosities (however, still in the LLAGN
regime), and had all been detected in archival X-ray observa-
tions. There are thirteen sources in the GS13 sample that have
estimated'® masses of less than ~10* M, and, when using the
Dong & De Robertis (2006) bulge magnitudes and taking into
account our new robust Mgy—L relation (Savorgnan et al. 2016)
and our improved imaging analysis techniques, are still expected
to lie within the IMBH range. For the following steps of this
campaign, we intend to obtain X-ray and radio proprietary ob-
servations of all thirteen candidates, and with the addition of
already available archival IR and optical observations, we will
employ our multiple-method approach to re-calculate the mass
of their central BH.

5. Conclusion

We have used the FP-BH (re-calibrated by Plotkin et al. 2012b),
the recently revised Mpy-spheroid relations by Savorgnan
(2016) and Savorgnan et al. (2016), and the Mgy — PA rela-
tion by Davis et al. (2017), to re-estimate the masses of seven
LLAGN, which previous calculations placed in the intermedi-
ate mass regime. We find that although the central BHs in all
seven galaxies have relatively low masses, they are not IMBHs.
Furthermore, we demonstrate that the combination of radio and
X-ray observations and the FP-BH, with IR and optical observa-
tions and the latest Mpy-(galactic properties) relations produces
consistent and robust results. This is the first time that the con-
sistency of Mpy-spheroid relations and the FP-BH have been in-
vestigated in the low-mass regime. The consistency between our
predictions strengthens our confidence in the legitimacy of this
approach and the techniques it involves. Nevertheless, to ensure
optimal future results, the highest angular resolution is desired in
all wavelengths, along with sufficient radio and X-ray observing
times to ensure source detection. The present work is the start of
an ongoing project in search of IMBH candidates in LLAGN.
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