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ABSTRACT

Intermediate mass black holes (IMBHs) have masses between the 102 —10° M, and are key to our
understanding of the formation of massive black holes. The known population of IMBH remains small,
with a few hundred candidates and only a handful of them confirmed as bona-fide IMBHs. Until now,
the most widely used selection method is based on spectral analysis. Here we present a methodology to
select IMBH candidates via optical variability analysis of the nuclear region of local galaxies (z < 0.35).
Active IMBH accreting at low rates show small amplitude variability with time scales of hours, as it
is seen in one of the known IMBH NGC4395. We found a sample of ~ 500 galaxies evidencing fast
and small amplitude variation in their weekly based light curves. We estimate an average occupancy
fraction of 4% and a surface density of ~ 3 deg~2, which represent an increase by a factor of ~ 40
compared to previous searches. A large fraction (78%) of the candidates are in spiral galaxies. We
preliminary confirm the AGN nature of 22 sources via BPT diagrams using SDSS legacy spectra.
Further confirmation of these candidates will require multiwavelength observations, especially in X-ray

and radio bands.
Keywords: surveys — galaxies: statistics, active

1. INTRODUCTION

Black holes (BH) are present in the universe within
a range of masses. BHs with stellar mass (< 100 Mg)
have been detected via observation of BH-X-ray bina-
ries (Remillard & McClintock 2006) at the low mass
end. More recently, gravitational waves produced by BH
binary mergers have been detected by LIGO (e.g. Ab-
bott et al. 2016, 2017) with My < 50 Mg per-merger
and up to 80M, for the remnant. On the other side of
the mass spectrum, the existence of supermassive black
holes (SMBH, Mppy > 105 M) in the center of galax-
ies has been proven by many studies (e.g. Miyoshi et al.
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1995; Schodel et al. 2002). SMBH grow via accretion
of gas during their active phase, via coalescence during
galaxy mergers, and via tidal disruption events (Yu &
Tremaine 2002; Li et al. 2007; Yoo et al. 2007; Strubbe
& Quataert 2009). Nevertheless their formation mech-
anism still remains unclear. Observations of luminous
quasars at redshift z ~ 7 hosting SMBH with masses
up to ~ 1019Mg (Willott et al. 2007; Mortlock et al.
2011) impose some restrictions to the formation of this
SMBH and their seeds, however, they represent excep-
tional systems and very possibly not the norm. In the
SMBH formation scenario there are mainly three pos-
sible paths (Volonteri 2010; Reines & Comastri 2016;
Mezcua 2017): (i) BH seeds formed from the death
of first generation stars producing BHs with masses of
~10? Mg; (ii) via runaway collisions/mergers of stars
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in dense stellar cluster producing BH seeds of 102 —10*
Meg; or (iii) from the direct collapse of large and dense
cold gas in the early Universe forming BHs with masses
between 10° —10° My. These processes create a pop-
ulation of IMBHs with masses between 10% —10° Mg,
which are still largely undetected. Finding and study-
ing the current local population of IMBHs, that did not
evolve into SMBHs, will help to understand which seed
formation/s scenario/s is/are correct.

Using SDSS spectra, several authors have found hun-
dreds of IMBH candidates by looking for broad com-
ponents to the Balmer lines observed in galactic nuclei
(Greene & Ho 2004, 2007; Dong et al. 2012; Reines et al.
2013; Liu et al. 2018; Chilingarian et al. 2018). The
known scaling relations between the size of the region
that produces these broad lines and the optical contin-
uum luminosity of the active nucleus enable them to
determine the Viral BH mass from these Active Galac-
tic Nuclei (AGN) as ~ Rv?/G, where R is the size of
the emitting region, v is its orbital velocity (obtained
from the width of the broad lines) and G is the gravita-
tional constant. These ‘single-epoch’ mass estimations
are mainly found at the high end of the mass range of
IMBHSs and also at high Eddington ratio.

One of the most remarkable known IMBHs is the one
present in NGC4395. This BH was repeatedly observed
by Edri et al. (2012) in the optical wavelengths during
nine nights producing well sampled light curves with 15
min cadence. Their Figure 2 shows the typical vari-
ability of this IMBH with peak-to-peak amplitudes be-
low 0.2 magnitudes, clear structure within the photo-
metric uncertainties, and characteristic time scales of a
couple of hours. If optical variability from IMBHs is
due to reprocessing of a rapidly varying high-energy sig-
nal originating close to the BH (e.g. Dewangan et al.
2008; Kamizasa et al. 2012), the shortest optical vari-
ability time scales are expected to depend on the size of
the accretion disk. For example, assuming a Shakura-
Sunyaev (Shakura & Sunyaev 1973) accretion disk and
relating its temperature to a characteristic wavelength
using the Wien displacement law, we can estimate the
size of the accretion disk in NGC4395 as R ~ 5 x 102
light-seconds for a IMBH of ~10°> Mg,. This shows that
optical variability faster that 2 x R ~ 0.3 hours should
not be observed, which matches well the observations.
Following this, Kamizasa et al. (2012) selected a sample
of 15 IMBH candidates in the (1.1 —6.6) x 105 M mass
range by variability and spectral analysis in the X-rays.

It its well known that AGN are variable sources (e.g.,
Matthews & Sandage 1963; Peterson 2001), and this be-
haviour has been extensively used to select AGN can-
didates. Recently Baldassare et al. (2018) used SDSS

Stripe 82 data to identify 135 AGNs in low-mass galax-
ies via long-term optical variability. Because of the low-
mass of the hosts, it is expected that these sources har-
bour IMBHs. However, as shown by NGC4395, IMBHs
should show fast, intranight variability and hence, a high
cadence variability survey is necessary to efficiently find
these sources. Combining their characteristic variabil-
ity and expected time-scales for accreting IMBH, here
we present a search for IMBH via optical variability
using relatively high-cadence observations: the Search
for Intermediate-mass BLack-holes In Nearby Galaxies
(SIBLING) survey. Taking advantage of the High Ca-
dence Transient Survey (HiTS, Forster et al. 2016), a
remarkable survey that combines wide, deep and fast ca-
dence observations, enable us to perform a non-targeted
search for IMBH selected by short-term variability on
their light curves.

This article is structured as follows: in Section 2 we
present the data used for this study, sample selection
and photometric procedures; in Section 3 we present the
variability selection criteria and long-term analysis; Sec-
tion 4 presents properties of the variability selected cat-
alog; finally we give our conclusions and final thoughts
in Section 5.

2. DATA PROCESSING
2.1. HiTS data

The HiTS is an imaging survey, using the Dark En-
ergy Camera (DECam) at the 4m Blanco telescope on
Cerro Tololo Interamerican Observatory (CTIO). It con-
sist of three observational campaigns during 2013, 2014
and 2015. One week of relatively high cadence, large sky
coverage and high limiting magnitude observations were
conducted during each year. HiTS was designed to study
the early phases of supernova events (e.g. Forster et al.
2016, 2018). Its unique specifications enabled also to
search for distant RR-Lyrae (Medina et al. 2017, 2018),
asteroids (Pena et al. 2018), and Machine Learning clas-
sification (Cabrera-Vives et al. 2017; Martinez-Palomera
et al. 2018).

In this work, we have used data from the 2014 and
2015 campaigns. These consist of imaging data near
the equatorial plane (see Figure 4 in Forster et al. 2016)
mainly in the ¢ band. Observations during 2014 covered
120 deg? in 40 fields during five consecutive nights, with
exposure times of 160 seconds. Each field was observed
four times per night, giving an observing cadence of 2
hours. During 2015, observations covered 150 deg? in
50 fields during six nights, with exposure times of 86
seconds. Each field was observed five times per night,
giving a cadence of 1.6 hours. There is an overlap of
42 deg? (14 DECam fields) between both years. The
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typical limiting magnitude of HiTS is ~ 24.3 in the g
band (Martinez-Palomera et al. 2018).

Images were pre-processed by the DECam Community
Pipeline (Valdes et al. 2014) and delivered by the NOAO
archive.

2.2. Sample selection

In order to select a sample of nearby galaxies avail-
able in our dataset, we performed a cross-match be-
tween the catalog of detected sources in the HiTS sur-
vey (Martinez-Palomera et al. 2018) and the Sloan Dig-
ital Sky Survey Data Release 12 catalog (SDSS DR12,
Alam et al. 2015). The SDSS catalog contains a to-
tal of 2401 952 spectroscopically confirmed galaxies and
477161 quasars, distributed in an area of 9376 deg?. We
filtered all the sources with spectroscopic class (spCl)
equal to GALAXY. This gave us a sample of 6 703 and
7592 objects for 2014 and 2015, respectively. The SDSS
only covers down to —4 deg in declination, therefore the
overlap with HiTS 2014 and 2015 is not complete, with
26 HiTS fields available for 2014 and 30 fields available
in 2015. Thus, the efective search area is ~ 168 deg™2.
In what follows we refer to the galaxy sample from the
two years separately as the galaxy sample. The SDSS
catalog also contains two other classifications for the
GALAXY class: the first one is the source type, sp-
Type'; and the second one is the spectroscopic subclass
(e.s. BROADLINE, STARFORMING, STARBURST,
and AGN). The former is dominated by three groups of
sources due to the SDSS target selection: bright galax-
ies from the Main Galaxy Sample (Strauss et al. 2002),
which account for ~ 1/3 of the sample; Luminous Red
Galaxies (LRG, Eisenstein et al. 2001), which accounts
for ~ 2/3 of the sample; and a small fraction (~ 2%)
of low redshift quasars. We cleaned the galaxy sample
by removing all sources without spectroscopic redshifts
and kept only the magnitude range covered by HiTS
(15 < my < 25). This reduces our galaxy sample by less
than 0.5%.

2.3. Photometry and Light Curve Construction

To determine the nuclear light curves it is necessary to
measure the flux independently of the seeing conditions
of each observation, as seeing variations change in a dif-
ferent manner the amount of galaxy light (a resolved
sources) and light from an active nucleus (an unresolved
source) contained in a given aperture. To achieve this
two approaches are usually taken: 1) through convolu-
tion downgrade all images to a common seeing and use
a fixed aperture to measure the nuclear flux; 2) build

L http://cdsarc.u-strasbg.fr/ftp/cats/V /147 /type9.htx

a deep master frame using images obtained under good
seeing conditions, convolve it to match the seeing of each
individual observation, scale it in flux and match its as-
trometry, and finally subtract it from each image and
obtain forced photometry at the position of the galactic
nuclei. This last method takes advantage of the intrinsic
seeing condition of each observation, and therefore it de-
livers a deeper resulting photometry. The first method,
on the other hand, forces all observations to be down-
graded in seeing but it is more straightforward and hence
more robust. For this work we choose to use the first
described method.

For each year we selected all the observations with
measured seeing < 1.8 arcsec and observed airmass
< 2 to remove images with poor observation conditions.
This restriction removes 26% of the images from the
2014 campaign, and the light curves of sources observed
during this year have at most twenty observations. On
the other hand, due to bad observing conditions we
only kept data from the first three nights of observa-
tions in 2015. Hence, light curves calculated for sources
observed during this year have at most fifteen observa-
tions. Seeing filtering was not needed in this case due
to the excellent observing conditions of the remaining
three nights of the 2015 campaign. Afterwards, we ex-
tracted 51 x 51 pixel stamps for each galaxy selected
above. From the characterization of point-like sources
observed in the same field as our targeted galaxies, we se-
lected the stamp from the image with the largest seeing
and used it as reference epoch. The remaining stamps
were converted to match its seeing. The convolution
kernel was calculated following the method described in
Section 4.1 of Forster et al. (2016). Appendix Section
A show several examples of the original and convolved
images, as well as the convolution kernel for a selection
of galaxies.

After seeing matching we performed aperture photom-
etry at the centroid position of each galaxy nucleus.
Aperture radii were set as 0.5,0.75,1.0,1.25 and 1.5
times the seeing of the reference image. These gave us
typical apertures between 0.6 and 2.2 arcsec. Photomet-
ric calibrations were calculated following the same pro-
cedures described in Martinez-Palomera et al. (2018).
In particular, we used the zero points calculated against
PanSTARRS catalogs for every Field/CCD/epoch com-
bination, and photometric uncertainties were corrected
by an empirically determined pixel correlation.

The above procedures provided light curves for each
galaxy in the sample. We constructed light curves using
all the apertures described before. We tested our pho-
tometric procedure constructing light curves for a set of
non-variable stars taken from Martinez-Palomera et al.
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(2018). The typical standard deviation of these light
curves was 0.02 mags for the ¢ band, which is below
the typical photometric uncertainties. A light curve ex-
ample of a non-variable star is shown in Figure 2 panel
(a).

We analyzed two variability indicators, amplitude and
standard deviation, as a function of the photometric
aperture used to construct the light curves. Although
there is clear correlation between the measured flux and
the size of the aperture, we found (on average) no signif-
icant correlation between the variability indicators and
the aperture size (see Figure 1). A small number of
sources show dependency with the used aperture, these
correspond to sources with bad photometry, contamina-
tion from close sources, and/or kernel convolution prob-
lems. We also inspected the measured flux after convo-
lution as a function of the seeing before convolution for
a sample of non-variable sources. We found that there
is no residual correlation between these two quantities
for all different photometric apertures used. Therefore,
there is no preference for aperture choice regarding vari-
ability. We decided to use an aperture size equivalent to
the seeing at the reference image for each light curve to
avoid flux losses. This also helps to securely enclose the
core region of the wide variety of morphological classes
present in the sample. Figure 2 shows images of two
galaxies and the used aperture size.

3. VARIABILITY ANALYSIS
3.1. Selection Criteria

We calculate a set of variability features for each light
curve: Amplitude, FExcessVariance (02,,,), MedianAbs-
Dev, and MedianErr. We have used the excess variance
definition adopted by Sanchez et al. (2017):

NO s
2 1 -

rms m [(.’)31 - j)z - 02 ] (1)

a err,t
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and its uncertainty due to Poisson noise:
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where N, are the number of data points in the light
curve, T is the mean magnitude, and x; and o¢yy; are
the magnitude and its error at each epoch, respectively.
If the value (02,,, —err(a2,,,)) > 0, then the source has
detected variability.

First, we select intrinsically variable sources by filter-
ing all the light curves with FxzcessVariance > 0.001,
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Figure 1. Mean magnitude (top), standard deviation (mid-
dle), and amplitude (bottom) of a sample of light curves as
a function of time (blue lines). Blue lines show non-variable
galaxies, while in green lines are galaxies selected as vari-
ables, see Section 3. Red markers and error bars represent
the median and the median-absolute-deviation of the sample,
respectively, per bin of aperture.

a value similar to the standard deviation of all positive
values for this feature. Although a positive value is al-
ready a sign of intrinsic variability, we decided to narrow
down the selection in order to secure the level of vari-
ability. This reduces our galaxy sample from 6 703 and
7592 to 1445 and 1360 (~ 21% and ~ 18%) for 2014
and 2015, respectively. Since we also expect small am-
plitude variability, we filtered by Amplitude < 0.1. This
threshold is based on the characteristic amplitude found
for NGC4395, which is of the order of 0.2 peak-to-peak
magnitudes in the g band. Through visual inspection of
light curves, we found that this cut also helps to remove
sources with possible variability due to bad photometry
or kernel convolution problems which usually introduce
sharp, high-amplitude variations in the light curves.
This reduces our samples to 1346 and 1234, which rep-
resents ~20% and ~16% of the galaxy sample. In order
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to secure the significance of the detected variability we
filtered by the median photometric uncertainty of the
light curve to MedianErr < 0.05. This limit is slightly
larger than the median value of its distribution. This re-
duces our sample to 497 and 412 sources for each year.
Finally, to narrow down the selection further we filtered
by the median absolute deviation value of the magnitude
distribution to MedianAbsDev > 0.015. Again, the cut
was chosen as the median of its distribution. This leads
us to a sample of 302 and 229 sources for the 2014 and
2015 data, respectively, which are selected as variable
galaxy nuclei with rapid, significant variability on the
scale of hours.

Figure 2 shows two examples of galaxies with vari-
able nuclei from our selection as well as an example of a
non-variable star in the field. More light curve examples
of selected variable galaxies are shown in the Appendix
Section A. We inspect all light curves in our variable
selected sample and compared their variability against
non-variable galaxies (ExcessVariance < 0, shown in
Figure 2 with red dashed lines for 2 and 3 sigma inter-
vals) to ensure the significance of the detection.

3.2. Completness

Thanks to the overlap between the fields observed dur-
ing the 2014 and 2015 HiTS observational campaigns, we
have the chance to study the fraction of selected sources
after a one year lapse. We correlate the galaxies se-
lected as variable and non variable in both years. There
are 1986 SDSS galaxies available in the 14 overlapping
fields, from which 110 and 78 galaxies were selected as
variables in 2014 and 2015, respectively. 29 sources were
selected as variables in both years. 81 sources were
selected as variables in 2014 but not in 2015, and 49
sources were selected as variables in 2015 but not in
2014.

Figure 3 shows feature values of mean core magnitude
myg (panel a), and ExcessVariance (panel b), calculated
for galaxies with both 2014 and 2015 data. In black dots
we show those sources selected as variable both years
(30), with blue stars those variables on 2014 but not in
2015 (81), and with green triangles those for the opposite
case (49). It can be seen that the mean magnitude of the
galaxy nuclei during 2014 and 2015 are well correlated
for the three samples. Therefore, detections in one year
and non—detections in the other, are not due to severe
changes in source brightness. Instead, the amplitude of
the variability changes significantly as can be seen in
panel (b), possible due to actual changes in the variabil-
ity properties of these sources, which is still not known
for the IMBH regime. Moreover, all galaxies which show
variability during 2015 only have an excess variance

< 0.001 during 2014 and therefore were excluded af-
ter applying the variability filters. A few sources which
are only variable in 2014, on the other hand, have excess
variance > 0.001 in 2015. These sources are not picked
up as variables in 2015 data because they not surpass
the MedianAbsDev filter. Sources selected as variables
during both years are located in the middle of the two
samples in the ExcessVariance plot.

During 2014 we select as variables ~ 5% of the total
galaxies available (1986) in the 14 fields shared between
both years. This number drops to ~ 3% in 2015. If
we assume that all the selected variable galaxies during
both years are true variables and missing them is only
related to the quality of our data, namely the length of
the light curve or the image quality, we can estimate the
fraction of variables recovered each year as ~ 70% dur-
ing 2014, and ~ 50% during 2015. Thus, we conclude
that during 2014 we were more efficient recovering vari-
able galaxy nuclei. Then, having slightly longer light
curves (remembering that for 2014 we used the 5 days
of observations available giving us 20 data points, com-
pared to 15 epochs from the three first days in 2015)
and deeper observations (160 second of exposure time
during 2014 versus 86 seconds during 2015) improve the
number statistics, and therefore, the variability selec-
tion. This also shows that we are, at least ~ 50 — 70%
complete in our candidate selection to the typical depth
of our survey.

4. RESULTS

Combining both years gives a total of 502 unique
galaxies at z < 0.34. This translates into a fraction
of 502/12300 ~ 0.04 candidate IMBH per galaxy, with a
number density of 502/168 deg=2 ~ 3 candidate IMBH
per deg=2. Given the strict variability constraints im-
posed before, this should be regarded as a lower limit
to the number of IMBH candidates. Besides, comparing
the positive detections in those fields that where ob-
served during both 2014 and 2015 campaigns show that
about 25% of the nuclei were selected in one year but
not in the other due to a lower variability amplitude.

Liu et al. (2018) found over 500 low-mass black holes
in the (1 —20) x 10° M mass range by looking at broad
Balmer emission lines. Their host galaxies are domi-
nated by young stellar populations, with masses in the
range of 1038 — 101240, and with typical optical col-
ors consistent with spirals. When comparing our results
with those of Liu et al. (2018) we find that three (out of
8) of their IMBH candidates in the HiTS footprint were
selected by our search. Taking into account that these
are completely independent methods, it is found that
recovering three sources is significant, since the proba-
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Figure 2. Examples of DECam images (top row) and light curves (bottom row) produced by our analysis. Panel (a) is a

non-variable star in the field, while the panels (b) and (c)
are 40 arcseconds across and have superimposed the apert

are galaxies which meet our variability selection criteria. Images
ure used for the photometry, which is equal to the seeing of the

reference image. The bottom row shows the nuclear g band light curves. The black points are the observed magnitudes with

corresponding uncertainties. Red dashed lines represent the

2 and 3 sigma intervals for non-variable galaxies in the field, while

the gray shaded regions shows the 2 and 3 times the photometric uncertainties around the median magnitude.

bility of finding these three sources is less 0.8% for a
random draw of 502 objects from the complete pool of
available galaxies to both surveys (which corresponds
to the HiTS footprint, since Liu et al. (2018) cover the
whole SDSS).

4.1. Host Properties

The galaxies hosting candidate IMBHs have —22.65 <
M, < —15.7,7.7 < log(Mga /Me) < 12 (Maraston et al.
2009, 2), and are found out to redshift 0.34. The mean
host mass and absolute magnitude are 1.7 x 1019M
and -20.1 magnitudes, respectively. No variable nuclei
were associated to galaxies from the SDSS LRG sample.
Figure 4 presents the redshift, apparent and absolute
magnitude, and galaxy mass distributions of our sample
and those of Liu et al. (2018) (complemented with the
sample selected by Dong et al. (2012), leading to a total
of 513 candidates) and Chilingarian et al. (2018) (total
of 305 candidates). Galaxy masses were also obtained
from Maraston et al. (2009), having 100% cross-match
for Chilingarian et al. sample, and ~ 70% cross-match
for Liu et al. sample. The missing 30% in the latter
compromise the high-end of the luminosity distribution,
which translate in the under-representation of high-mass

2 https://www.sdss.org/dr14/spectro/galaxy_portsmouth/

systems, log(Mgq;/Me) > 10.5. This explains the mis-
match between our variability selected sample and Liu
et al. sample in the galaxy mass distribution, although
the redshift and luminosity distributions are in agree-
ment. Both authors used SDSS spectra to search for
IMBHs detected through the presence of weak, broad
components to the Balmer lines. The distribution of BH
masses derived from their samples using single-epoch
calibrations is also shown.

We combine morphological information from Galaxy
Zoo (GZ) catalogs and our own visual classification in
order to asses galaxy types for uncertain GZ classifica-
tions. From the 502 variable galaxy nuclei previously se-
lected 392 are spirals, 68 elliptics, 30 irregulars, 7 merg-
ers, 2 quasars, and 3 are undetermined from SDSS and
DECam images.

Figure 5 top panel shows the joint distribution of ap-
parent g band magnitude and redshift of the selected
sample. Markers represent the morphological classes.
There is a statistically significant (Anderson-Darling
statistic larger than 99% confidence value) evidence of
segregation in redshift for ellipticals and irregulars, with
the latter being founded at lower redshift. This is most
likely driven by the fainter nature of irregulars and the
difficulty to find them at large distances, and the spar-
sity of ellipticals in small surveyed volumes. The largest
number of candidates are spiral galaxies (~78%), which
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Black dots are sources selected as variable in both years.
Blue stars are galaxies selected as variables in 2014 only.
Green triangles are variables selected in 2015 only.

agrees with the fact that IMBHs are thought to be found
in less-evolved, lower-mass galaxies. The lower panel
shows the fraction of variable nuclei as a function of ab-
solute g band magnitude (green line) and galaxy mass
(blue line) for the full galaxy sample. Errors are due to
counting statistics. It can be seen that our results show
a clear correlation which suggest an increase in the frac-
tion of IMBH candidates towards smaller galaxies, being
statistically significant at least for M, < —18 (Kendall’s
7 = 0.89, p-value=0.0008), and log(Mga/Me) > 9.2
(Kendall’s 7 = —0.65, p-value=0.0095).

4.2. X-Ray and Radio Counterparts

We searched for X-ray and radio counterparts using
the Chandra COSMOS Survey III (Civano et al. 2012),
the XMM-Newton Serendipitous Source Catalog Data
Release 8 (3XMM, Rosen et al. 2016), and the VLA-
FIRST (Becker et al. 1994) catalogs.

A well-established relation between the X-ray emis-
sion, radio emission and the mass of accreting BHs
has been proven for a wide range of BH masses, from
the stellar regime up to supermassive systems. These
three quantities appear to be strongly correlated, form-
ing what is known as the fundamental plane of black
hole activity (FP, Merloni et al. 2003; Falcke et al. 2004;
Plotkin et al. 2012), which take the following form:

log Lr = {rx log Lx + {rnmlog My +br,  (4)

were Lp is the radio Luminosity typically in the 5 GHz
band, Lx the X-ray luminosity in the 2-10 keV band,
and £rx, Ern and bg are the fitted coefficients that typ-
ically take values 0.60, 0.78 and 7.33, respectively (Mer-
loni et al. 2003). The FP suggests that, at low accretion
rates, the physical processes regulating the conversion
of an accretion flow into radiative energy could be uni-
versal across the entire black hole mass scale. The FP
is a natural consequence if black hole accretion and rel-
ativistic jet physics are scale invariants. Thus, the BH
mass can be inferred from X-ray and radio luminosities.
Since the FP has been populated at the low and high—
end mass regime, it can be used to estimate masses for
IMBH candidates. Yet the relation still suffers from very
high intrinsic scatter.

21 galaxies have detected counterparts in the VLA-
FIRST catalog within a 5 arcsec search radius. Most
of these sources are found in hosts brighter than M, =
—20, and have a mean value of (M,) ~ —20.4. Four of
them are already labeled as AGNs by the SDSS spec-
tral classification, while 3 were labeled as BROADLINE
sources in the SDSS subclass, but our spectral anal-
ysis did not detect significant broad line components
(see next subsection). Nearly half of the sources (9/21)
exhibit similar peak and integrated surface brightness,
suggesting that the 1.4 GHz emission is coming from a
compact region in the center of the galaxy.

Seven sources were found in the Chandra-COSMOS
catalog, and four in the 3XMM catalog. The hardness
ratio (HR) provides a first, approximate indication of
the shape of the X-ray spectra. HR is defined as HR =
(H — S)/(H + S), where H is the number of counts in
the hard band and S is the number of counts in the soft
band. Most of the sources with Chandra counterparts
are X-ray unobscured systems with (HR) < —0.2, and
only one object can be classified as obscured in X-rays.
No HR information is available for the 3XMM sources.

The lack of a larger number of counterparts to our
IMBH candidates is not surprising. For example, assum-
ing a BH mass of 10° Mg accreting at Lx = 102 Lgqa,
and using the Merloni et al. (2003) FP, we expect a X-
ray luminosity of Lx ~ 1040 ergs s™! in the 2-10 keV
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Figure 4. Distribution of redshift, apparent and absolute g magnitude, and mass of candidate IMBH host galaxies from this
work (red). The value distribution from Liu et al. (2018) and Chilingarian et al. (2018) are shown in blue and green lines for
comparison. The BH mass distribution from these two works are also shown in the right panel.
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Figure 5. Top: apparent g magnitude versus redshift of
the galaxy host color coded by morphological classification:
spirals (S), elliptical (E), irregulars (Irr), mergers, and un-
certain. Lower: fraction of variable nuclei versus absolute g
magnitude (green line) and galaxy mass (blue line). Errors
are due to Poisson statistics.

band and Lr ~ 2 x 103 ergs s™! at 5 GHz. Given
the distance to our candidates, typically further than
100 Mpc, the expected flux densities are 8.3 x 10~1°
ergs cm~2 s~! and 0.003 mJy bm~! in X-ray and ra-
dio, respectively. The VLA-FIRST detection limit of
1 mJy is far above the expected radio flux density of
our candidates, and the typical Chandra exposure time
of 50 ks in the COSMOS field yields to a flux limit of
2x 10715 ergs cm =2 s71, where most of our sources were
detected. Then, dedicated X-ray and radio observations
are needed to prove our population of IMBH.

4.3. BPT Diagram

We assess the possibility of the selected sample to
be AGN sources by building a Baldwin, Phillips, and
Terlevich diagrams (BPT, Baldwin et al. 1981). SDSS
DR14 spectra were used for this analysis. We checked
that the spectroscopic fibers were centered within 1” to
the centroid of the nuclear region. Therefore, the BPT
diagrams match the region where variability was de-
tected. Each spectrum was taken to the rest frame and
corrected for Galactic dust reddening using the IRSA
Dust Extinction Service. Spectral stellar continuum
emission and absorption lines were modeled and sub-
tracted using the STARLIGHT software (Cid Fernandes
et al. 2005). The emission lines (namely, HB (A4862),
OIIT (A5008), OI (A6302), Ha (A6564), NII (A6585), and
SIT (A6718, A6732)) were modeled using a Gaussian fit in
order to calculate the observed flux. The final BPT di-
agrams are presented in Figure 6. The different regions
in the diagrams are delimited by the relations found by
Kewley et al. (2006), which define the following regions:
AGN/Seyfert, LINER/Composite, and HII regions.

From the 502 galaxies in our sample, 492 spectra were
usable, while the rest were too noisy for spectral analy-
sis. 22 galaxies were found in the AGN/Seyfert region
of all three diagrams, and one in the LINER/Composite
region. 38, 31 and 28 AGN are found by the NII, SIT and
OI diagrams alone, respectively. Of the 22 BPT secure
sources, 9 were already labeled as AGN by SDSS. We se-
lect further 13 new secure AGNs. Combining both, our
BPT diagram selection and 6 SDSS AGNs that were not
simultaneously classified as AGN/Seyfert by our three
BPT diagrams, 28 of our IMBH candidates can be con-
firmed as AGNs. Then, a ~ 5.7% are AGNs among
the variable galaxies (28/492), which is a larger fraction
than the number of SDSS confirmed AGNs present in
the variable sample ~ 3% (15/502), and the fraction of
AGNs in the parent galaxy sample ~ 1.6% (197/12300).

4.4. Ha Broad Component Analysis
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Figure 6. BPT diagrams for all usable SDSS spectra using NII, SII, and OI in the left, central, and right panels. Blue dots
represent star forming regions, yellow dots are LINER/Composite, and green dots are AGN/Seyfert nuclei.

We tested the existence of a broad component in the
Ha emission line in the 28 candidates confirmed as
AGNs. We fitted a multi-component Gaussian profile
to first the doublet SIT (A6718, A6732), and then to the
NIT (A6549, A6585)-Hor (A6564) complex allowing for
both narrow and broad components to Ha. Detection
of a broad component with 50 or higher confidence were
found in 3 AGNs, while the rest show no significant de-
tection or no broad component at all. Figure 7 shows
the three spectral fittings. We derive BH mass estima-
tions following the empirical correlations between broad
Ha luminosity and continuum luminosity Lsigg, and the
line-widths (FWHM) of Ha: and HB (Reines et al. 2013):

M
log( AZ{) = loge +6.57
LHa
FWHMy,
+2.061 —_—
o8 (103 km s_l)

where € is a scale factor typically having values be-
tween ~0.75—1.4, Ly, is the measured luminosity of the
Ha broad component, and FWHMg,, is its full-width-
half-maximum. Here we adopt € = 1.

Of the three AGNs, the first is a known quasar
(J094920.994014303.1, log(Mpr/Mg) = 6.20 £ 0.02),

the second is a SDSS confirmed AGN (J092907.78+002637.2,

log(Mpr/Mg) = 6.47£0.04), while the third is a newly
classified AGN (J101627.33-000714.5, log(Mpr /Mg) =
6.40 4 0.04). These three BHs sit just above the mass
rage of IMBH and their light curves are not the most
variables of our candidate sample. J101627.33-000714.5
was also selected as IMBH candidate by Liu et al. (2018),
our mass estimation is in agree with their estimation,
log(Mpr/Mg) = 6.1 £0.3. Our spectral analysis was
not as sensitive as those of Liu et al. and Chilingarian

et al., and therefore it was expected that we might not
recovered their objects.

5. CONCLUSIONS

We have introduced the SIBLING survey which se-
lects candidate IMBH by searching for rapid variability
in the nuclear region of nearby galaxies using HiTS ob-
servations. This, for the first time, used an optical, high-
cadence variability selection method over a non-target
dataset that covers a reasonable sky area (168 deg?) to
search for IMBHs. We have selected a sample of 502
variable galaxy nuclei over a parent sample of ~ 12300
galaxies. This sample contains local galaxies at z < 0.35
and covering a range of —16 > M, > —22. When com-
paring with another systematic search of IMBH that
used single-epoch spectral analysis such as that of Liu
et al. (2018), our selection method increases the galaxy
occupancy fraction of proposed IMBH by a factor of 50
(0.04/0.0008) and the number density by a factor of 30
(3 deg=2/ 0.1 deg—2).
of IMBHs in a large fraction of these candidates will
dramatically increase the IMBH population. However,
comparing the host properties of our candidates against
the sample found in Liu et al. (2018) and Chilingarian
et al. (2018) (Figure 4) a significant fraction (30%) re-
sides in smaller hosts (below 101°M), which seems to
suggest that the same fraction of our candidates reside
in the high end of the IMBH mass range, as the can-
didates found by Chilingarian et al. (2018) Lower mass
candidates would require a faster cadence search than
that offered by HiTS. This is supported by the esti-
mated characteristic time scale of the variability for a
~10% Mg BH, of ~0.3 hours.

A large fraction of the candidates resides in spiral
galaxies, which appears to agree with the expectation
that IMBHs should be found in both less-evolve and low-
mass galaxies (Mezcua 2017). The later is supported
by our results as the fraction of galaxies hosting can-

Thus, confirming the presence
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Figure 7. Spectra, in solid black line, of the three candidates with AGN confirmation from the BPT diagrams analysis. Spectral
fitting shows in solid blue line the multi-components gaussians for SII (A6718, A6732), NII (A6549, A6585), and Ha (A6564)
having narrow and broad components. Solid red line represent the addition of all components. Vertical dashed lines show the
position of each components. Black solid lines at the bottom show the residuals.

didate IMBHs increases towards smaller galaxies. We
found a small fraction of our candidates with FIRST and
Chandra detections. This is not surprising since IMBHs
are supposed to be systems accreting at low rates (Ko-
rmendy & Ho 2013) as the case of NGC 4395 with an
accretion rate Lyo1/Lgaq ~ (20 — 2) x 1073 (Filippenko
& Ho 2003), which together with their low mass BHs,
predicts radio and X-ray fluxes of the order or below the
typical detection limits of the mentioned surveys.
Combining the BPT diagram analysis and SDSS spec-
tral galaxy classification, 28 of our candidates are clas-
sified as AGN. Three of them having detectable Ha
broad component, which lead to BH mass estimations
of ~10°M¢,. The lack of a positive classification in the
remaining sources might be due to contamination from
nearby, bright star-forming regions, stellar dilution, or
to changes in the line ratios in the IMBH regime, as
predicted by Trump et al. (2015). In fact, optical spec-
troscopic diagnostics such as the BPT diagrams are ex-
pected to fail for low-mass BHs (Cann et al. 2019).
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APPENDIX
A. EXAMPLES OF LIGHT CURVES AND IMAGE SEQUENCES

The following figures present image sequences and g band light curves of a sample of variable galaxies. Top panels
show the image sequences where the first row are original unconvolved images, in the second row are convolved images
as well as the adopted photometric aperture (red outer circle), and in the third row are the convolution kernels used
for PSF matching. Yellow numbers are MJD of each stamp. Note that for reference epoch, the first two rows match
while the last row shows the modeled PSF. Bottom panels show the light curve of the source. Black points are the
observed magnitudes with corresponding uncertainties. Red dashed lines represent the 2 and 3 sigma intervals for
non-variable galaxies in the field, while the gray shaded regions shows the 2 and 3 times the photometric uncertainties
around the median magnitude.
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