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Abstract

We conduct an analysis of over 60,000 dwarf galaxies (7 < log My/M; < 10) in search of photometric variability
indicative of active galactic nuclei (AGNs). Using data from the Young Supernova Experiment, a time domain
survey on the Pan-STARRS telescopes, we construct light curves for each galaxy in up to four bands (griz) where
available. We select objects with AGN-like variability by fitting each light curve with a damped random walk
(DRW) model. After quality cuts and removing transient contaminants, we identify 1100 variability-selected AGN
candidates (representing 2.4% of the available sample). We analyze their spectra to measure various emission lines
and calculate black hole (BH) masses, finding general agreement with previously found mass scaling relations and
nine potential intermediate-mass BH candidates. Furthermore, we reanalyze the light curves of our candidates to
calculate the dampening timescale Tprw associated with the DRW and see a similar correlation between this value
and the BH mass. Finally, we estimate the active fraction as a function of stellar mass and see evidence that the

active fraction increases with host mass.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Dwarf galaxies (416); Time domain

astronomy (2109); Light curves (918)

Materials only available in the online version of record: machine-readable tables

1. Introduction

The center of massive galaxies (M, 2> 10" M) are now
understood to contain a supermassive black hole (SMBH) that
can be roughly millions to tens of billions of times the mass of
the Sun. However, we do not yet understand how these black
holes (BHs) grew to their incredible sizes. Astronomers have
narrowed down the formation of these massive compact objects
to a few potential pathways summarized in J. E. Greene
et al. (2020).

1. Gravitational runaway. A series of mergers, accretion,
and gravitational collapse events within dense stellar
clusters (J. N. Bahcall & J. P. Ostriker 1975;
M. C. Begelman & M. J. Rees 1978; G. D. Quinlan &
S. L. Shapiro 1990; M. H. Lee 1993).

2. Population III stars. A theoretical population of stars in
the early Universe, where conditions would have allowed
stars to become more massive prior to collapse
(J. R. Bond et al. 1984; P. Madau & M. J. Rees 2001).

3. Direct collapse. The collapse of a massive gas cloud
directly into a BH without undergoing all of the phases
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of stellar evolution (M. G. Haehnelt & M. J. Rees 1993;
A. Loeb & F. A. Rasio 1994; S. M. Koushiappas
et al. 2004).

These models differ in a number of ways; for instance,
Population III stars and direct collapse are thought to only be
possible at high redshift (z 2 10), while gravitational runaway
should be possible at any cosmic time. The models predict
different BH mass functions (the number of BHs as a function
of BH mass), occupation fractions (the fraction of galaxies
containing BHs as a function of host mass), and BH mass
scaling relations, particularly for low-mass galaxies and BHs
(M. Volonteri et al. 2008; M. Volonteri & P. Natarajan 2009;
S. van Wassenhove et al. 2010). This low-mass regime
currently remains unconstrained as such objects are simply
more difficult to detect or study directlgl; the gravitational
sphere of influence of a BH around 10° M, is only large
enough to be resolved within about 5 Mpc and therefore largely
unresolvable outside the Local Group. Simultaneously, if
galaxies in this low-mass regime harbor central massive BHs,
they are expected to fall in the elusive intermediate-mass
range (2 < log Man/Mo, S 6).

As such, scientists have had to rely on alternative methods of
detecting these BHs, usually via their interactions with
surrounding matter. These systems include active galactic nuclei
(AGNSs), central massive BHs surrounded by a disk of accreting
gas and dust (R. Antonucci 1993). Due to observation effects
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and the complex geometry of AGNs, a “z00” of AGN classes
with different properties has arisen. For some AGNSs, the light
can vary stochastically over time and across the electromagnetic
spectrum (M.-H. Ulrich et al. 1997; M. Geha et al. 2003). This
photometric variability is well modeled by a damped random
walk (DRW; K. B. Schmidt et al. 2010), giving researchers a
tool for AGN detection that has been used extensively over the
past few decades. More recently, variability searches have been
used to identify AGNs in low-mass galaxies (V. F. Baldassare
et al. 2018, 2020; C. J. Burke et al. 2021a), a population that can
be missed by other detection methods such as Baldwin—Phillips—
Terlevich (BPT) diagnostics (J. A. Baldwin et al. 1981;
B. A. Groves et al. 2006; L. J. Kewley et al. 2006;
J. M. Cann et al. 2019). This is because [N II], the numerator
in the horizontal axis of the BPT diagram, is a robust indicator of
metallicity and trends with galaxy mass, so low-mass or low-
metallicity systems will shift toward the left on the diagram.
Simultaneously, low BH mass will also decrease the value of
both axes since hardening of the spectral energy distribution
(SED) would change the ionization structure of the system.

This method of AGN detection is particularly applicable to
large-scale time domain surveys like the Palomar Transient
Factory, Zwicky Transient Factory, and the upcoming Legacy
Survey of Space and Time (LSST). The Young Supernova
Experiment (YSE) is another such survey (D. O. Jones et al.
2021; D. A. Coulter et al. 2022, 2023). Using data from the
Pan-STARRS telescope, it observes 1500 deg? of sky with a 3
day cadence in four bands, which are ideal conditions for
finding supernovae (as intended) but also photometrically
variable AGNs. We compile a large list of low-mass galaxies
within YSE fields with the goal of identifying low-mass AGNSs.

This paper is organized as follows: In Section 2, we describe
the galaxies used in our study, their sources, their properties,
and how they were derived. In Section 3, we discuss the steps
we took to collect, clean, and analyze the data from the YSE, as
well as our AGN selection criteria. Next, in Section 4, we
download and analyze the spectra of the resulting AGN
candidates, calculating BH mass where possible, as well as
reanalyzing the variable light curves for DRW parameters.
Finally, we discuss the results of these analyses and compare
them with previously found relations in Section 5. We also
calculate the active fraction, conduct a BPT analysis on the
data, compare our findings to known AGNSs, and investigate the
difference in our results across filters.

Herein, all quoted uncertainties are reported to lo unless
otherwise stated.

2. Target Selection

All of the galaxies in our target sample are taken from the
Galaxy And Mass Assembly (GAMA), the Sloan Digital Sky
Survey (SDSS), or the NASA Sloan Atlas (NSA). We use the
astroquery Python package to select galaxies with masses
in the desired mass range. Although some definitions of dwarf
galaxy cap off at 10°° M., we use the extended range
7 < logMy/M;, < 10. This additional mass range comprises
half of our final sample, as shown in Figure 1.

2.1. GAMA

GAMA is a spectroscopic survey carried out on the Anglo-
Australian Telescope. GAMA builds on previous surveys such
as the SDSS and is designed to study astronomical structures
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from kiloparsec to megaparsec scales, with data stored in data
management units (DMUs). All GAMA data were acquired via
astroquery, which is pulled from Data Release 3
(I. K. Baldry et al. 2010).

We query IDs, redshift, and stellar masses (with errors)
from the StellarMasses DMU, which are estimated using
stellar population synthesis modeling (E. N. Taylor et al. 2011).
We select objects whose stellar masses fall between 107 and
10'° M., (inclusive) and find the corresponding coordinate data
in the SpecAll DMU, matching with the catalog ID.

2.2. SDSS

SDSS is a large survey containing data for nearly a billion
galaxies. By default at the time of analysis, astroquery uses
data from Data Release 17, the final release of SDSS-IV
(Abdurro’uf et al. 2022). This release contains eight tables with
stellar mass estimates for galaxies.

Four of these tables give masses calculated with the Granada
Flexible Stellar Population Synthesis (C. Conroy et al. 2009),
which uses spectroscopic redshift, optical photometry, and
SED modeling. The flexibility of this model allows for fitting
early formation time scenarios or a wide range of formation
times, each with or without dust (yielding four tables).

Two tables contain stellar masses calculated with the
Portsmouth method (C. Maraston et al. 2013), corresponding
to the passive and star-forming models. Another table contains
stellar mass estimates from Y.-M. Chen et al. (2012), which uses
principal component analysis with stellar population synthesis
models from C. Maraston & G. Strombiack (2011). The final
table was SDSS’s galSpecExtra, whose stellar masses are
calculated using Max Planck Institute for Astrophysics (MPA)
Johns Hopkins University (JHU) measurements, who developed
the technique based on work by G. Kauffmann et al. (2003b),
J. Brinchmann et al. (2004), and C. A. Tremonti et al. (2004).
For multiple instances of the same spectrum ID, we select those
with the best X2 fit. Then, for multiple instances of the same
target ID, we select those with the best reduced X2 fit.

2.3. NSA

The NSA is a catalog derived from the SDSS with additional
data from the Galaxy Evolution Explorer. We use both versions
of the NSA, which we refer to as NSA v0'! and NSA v1'? for
postanalysis comparison and target selection, respectively.
NSA v0 contains fewer galaxies, but more features including
spectroscopic measurements, which is useful for postanalysis.
We use NSA vl for our target selection, which was released
with SDSS Data Release 13 (F. D. Albareti et al. 2017) and
uses an improved background subtraction technique
(M. R. Blanton et al. 2011) relative to SDSS Data Release 8
(H. Aihara et al. 2011). Relative to NSA v0, this catalog adds
elliptical Petrosian aperture photometry derived from the r
band, including stellar mass estimates from a K-correction fit.
These stellar masses are given in M@,/hz, so we use h=0.7
cosmology in our conversion.

2.4. Combining Sources

After collecting our galaxies from the individual sources, we
first join them all together, then we crossmatch the entire

1 nsa_v0_1_2 fits.
12 nsa_v1_0_1.fits.



THE ASTROPHYSICAL JOURNAL, 985:223 (26pp), 2025 June 1

4000 Source

B GAMA
B spss
B nNsA

3500

3000

2500

2000

Counts

1500

1000

500

8.5

log(M./Mg)

Counts

Messick et al.

Source

B GAMA
W spss
B NsA

0.2 B 03
Redshift

Figure 1. Histograms of the stellar masses and redshifts of the sample of galaxies used in this paper. We include galaxies within the mass range 10°>~' M, which in
fact comprise half the sample. We also truncate the plot on the right at a redshift of 0.4 as there are only 98 objects past this value, which reach a redshift of up

to 0.935.

sample against itself. We keep only the first instance of each
unique object, which is selected in the following order: NSA,
GAMA, then SDSS. This order was selected to ensure that the
mass measurements were as accurate and uniform as possible.
This crossmatching is done to avoid redundancies, especially
since the NSA is a subset of the SDSS. Although some objects
appeared in mult%)ple catalogs, we only query and compare
objects below 10'° M. Therefore, if an object is calculated to
have a stellar mass above this threshold in one source and
below in another, only the latter would appear. We also
compare the masses reported for objects found in different
sources, shown in Figure 2, and find good agreement.
Altogether, this resulted in a target list of 60,468 galaxies with
stellar masses between 107 and 10'° M.

3. Light-curve Pipeline

We create light curves for each object using forced
photometry. We use a modified version of the YSE light-curve
analysis pipeline described in D. O. Jones et al. (2021).

3.1. Forced Photometry

For each target, we require the flux from the given
coordinate observed at different points in time. Because these
images will necessarily have different resolutions (due to
weather, atmospheric effects, etc.), simply calculating the
resulting fluxes would lead to errors and artifacts, so the images
must be degraded to a common resolution. This is done by the
Image Processing Pipeline (IPP) at the University of Hawaii’s
Institute for Astronomy (E. A. Magnier et al. 2020), which
provides difference and stacked images. To create the stacked
image, the data are first processed (i.e., detrended and warped),
then the individual observations are added together
(C. Z. Waters et al. 2020). These stacked images are used as
templates alongside the individual observations which are
scaled and convolved to a target point-spread function (PSF).
The stacked image is then subtracted from each reprocessed
image, creating the difference images, from which the PSF flux
is calculated. The pipeline returns the difference image flux and
error in microjanskys. Since this flux is relative to a subtracted
image, we request the stacked images and measure the flux
within a 2.5 aperture, which is added back to the difference
image flux so that they can be converted to magnitudes. We
selected this aperture since 2.5 is roughly double the median
FWHM for YSE observations.

35000

30000 A

25000 A

20000 A

Count

15000 4

10000

5000 +

=1 0 1 2 3
Alog(M«/Mo)

-3 -2

Figure 2. Plot of differences in masses reported for objects in multiple sources.
We find 512 of the 237,092 overlapping objects with a difference of at least one
(in logarithm space).

3.2. Light-curve Model Fitting

We utilize gso_fit (N. R. Butler & J. S. Bloom 2011) to
analyze the light curves. This software fits a DRW model to
the given magnitudes and dates of a light curve, returning the
best-fit model parameters and significances oy,y, 0gso, and
Onotgso With corresponding Xsary’ Xéso’ and Xo0tQS0" These
respectively represent the significance that the object is
variable, that the source variability is well described by the
DRW model, and that the source variability is better described
as random. The software uses these values to predict a class: if
Ovary and ogso are both greater than 3, then the object is a
“QS0O.” If 0yary and opo0so (but not ogse) are greater than 3,
then the object is classified as “not_gso.” In all other cases,
the light curve is given the class “ambiguous.” We also apply
an alternative criterion for initial classification, following
along V. F. Baldassare et al. (2018)

Ovary > 2, 0Qso > 2, and 0QSO > OnotQSO- (1)

If a light curve satisfies either criterion (i.e., has class “QSO”
or satisfies the inequalities in Equation (1)), then it is said to
“pass” this test.

After running the fitting software, we also calculate the
fractional variability (B. Schleicher et al. 2019) of each light
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Figure 3. Plot of the standard deviation vs. the mean magnitude of each band of each (clean) light curve with color corresponding to the band observed. We show the
histogram for each axis to demonstrate the concentration of values with a low standard deviation, as well as the linear trend for each band. Observations that fall above

their respective trend line are said to have excess variance.

curve when possible
Fa = [ ——52, 2

where $* is the variance of the data and (02,) is the mean
squared uncertainty. Because of this formulation, any light
curve for which (02.) > S? would result in an complex
fractional variability, which we discard.

3.2.1. Cleaning Process

At the beginning of our analysis, we “clean” each band of each
light curve. We remove any data points that were flagged by the
IPP, which can include artifacts such as difference spikes,
ghosting, being off-chip, saturation, and general defects. After-
ward, we also remove any data points corresponding to a negative
flux value, assuming them to be anomalous. Finally, we apply a
50 clipping to the data and convert the remaining flux values
from microjanskys to magnitudes (m = 23.9 — 2.5logf), as
well as calculating their mean and standard deviations. If there
are more than 10 data points remaining in a (cleaned) band, it is
ready for model fitting. For reference, the mean number of data
points after cleaning is 42.4, 52.0, 39.1, and 30.4 for the griz
bands, respectively.

3.2.2. Bootstrapping Uncertainty

To get a distribution of the outputs, we bootstrap the
uncertainties. For each data point, we add or subtract from a
random sampling of a normal distribution scaled by the
reported errors. We repeat this process 100 times for each band
of each light curve, cleaning each curve after sampling. We
record the mean and standard deviation of the outputs, with the
exception of the “class,” for which we record the most common
designation. We also keep track of what fraction of iterations
pass the initial classification described in Section 3.2.

3.2.3. Additional Tests

After cleaning and analyzing the light curves, we had many
objects that were being classified as variable seemingly based on
obvious individual outliers (even after sigma clipping). To
counteract this, we reanalyze every light curve. We first calculate
the mean magnitude, find the data point that lies farthest away
from this mean, and remove it. After removing this point, we run
the gso_fit code and check again for AGN classification. We
repeat this process, except having removed the single data point
with the largest uncertainty instead (although these two data
points were the same for many light curves). The results of these
two additional runs are called “Point Tests.” These tests were
necessary in order to remove many dubious light curves that
would have otherwise been classified as exhibiting AGN-like
variability. Upon visual inspection, these tests were successful in
removing many, if not all, of these objects without discarding
apparently “real” AGNs.

For the “clean” light curves, we plot the standard deviation
of the magnitude for each band of each object versus their
mean magnitude, shown in Figure 3. For each band, we
perform a linear fit between the standard deviation and the
mean; objects that fall above this linear fit are said to have
excess variance.

3.3. Active Galactic Nucleus Selection

There are a number of selection criteria we apply to each
band of each galaxy based on the results of the previous
section.

1. Bootstrap. We select light curves that passed the AGN
classification discussed in Section 3.2 in at least half of
their bootstrapped iterations

2. Point tests. We select curves that also passed the AGN
classification for both point tests described in
Section 3.2.3

3. Excess variance. We select curves for which the standard
deviation of the magnitude exceeds a linear fit relative to
its mean magnitude
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Figure 4. A Venn diagram of the sets of individual light curves that satisfy the
AGN selection criteria listed in Section 3.3. We found 5265 light curves that
satisfy all criteria belonging to 3725 unique galaxies. After removing
supernovae and other transient objects, 5070 light curves belonging to 3632
galaxies remained.

A summary of these three criteria is shown in Figure 4.
Examples of objects that failed one of these additional criteria
is shown in Figure 5.

Our analysis flagged 5265 light curves as having AGN-like
variability, which we then inspected for contamination of
supernovae or other transient objects. First, we inspected
visually, finding and removing 37 objects with burst-like light
curves from our list of potential AGNs. We also crossmatched
with the publicly available objects from the Transient Name
Server (A. Gal-Yam 2021). We found an additional 56
transients that were discovered during their respective light
curves used in this analysis, so we discarded these. We give an
overview of the remaining objects with at least one light curve
displaying AGN-like photometric variability in Table 1,
including identifying information, positions, and stellar mass
for each object. In Table 2, we display some resulting
properties for all of the individual variable light curves, such
as fractional variability and the fit significances.

Any remaining galaxies with light curves that satisfy all of
these criteria in multiple bands were selected as AGN candidates
and had their spectra analyzed for emission features. In total, we
identified 5070 light curves that were selected by all our criteria
corresponding to 3632 unique galaxies. Of these, 1100 galaxies
exhibited AGN-like variability in multiple bands, giving us our
final list of AGN candidates. Example light curves for our AGN
candidates are shown in Figure 6, and a breakdown of the
successive subsets of galaxies is shown in Figure 7.

4. Analysis of Variable Active Galactic Nucleus Candidates
and Their Host Galaxies

We spectroscopically follow-up our AGN candidates, all the
objects whose light curves satisfy our AGN selection criteria in
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multiple bands. For objects from the GAMA survey, we
download their spectra utilizing GAMA’s Single Object
Viewer. If there is more than one spectrum available for a
single object, we download the spectrum with the “IS_BEST”
flag. For objects from the NSA and/or SDSS, we downloaded
their spectra using the astroquery package in Python,
which downloads data from the SDSS Data Release 17
(Abdurro’uf et al. 2022).

We were able to download spectra for 809 of our 1100 AGN
candidates. Thirty of the missing spectra were from the NSA,
while the remainder were from the SDSS.

4.1. Spectral Line Fitting

Various features of a galaxy’s emission spectrum can be
associated with properties of the AGN or central BH, such as
BH mass (A. E. Reines et al. 2013) or emission lines for BPT
analysis. To measure these, we use the software PyQSOFit
(H. Guo et al. 2018; Y. Shen et al. 2019) version 2.0.0 to
analyze the spectra of our AGN candidates. This program takes
an input spectrum and redshift and fits various components.
First, it decomposes the host galaxy and quasar components,
using principal component analysis if necessary. If either
component is excessively negative, this decomposition is not
applied. Then, the continuum is fit using line-free windows,
including a power law, polynomial, and Balmer and Fell
continua. Finally, the program fits each line complex using
broad and narrow Gaussian profiles.

We fit each object three times: once without any broad
components, once with one broad Ha component, once with
two broad components. These broad components are Gaussian
distributions with widths corresponding to at least 500 km st
and were fit within a window from 6450 to 6800 A. If the
inclusion of the broad components improved the outputted
XZHQ by at least 20%, then we kept the number of broad
components corresponding to the best fit. If more than one
broad component was used, PyQSOFit gave a total effective
total value for the output parameters. After visually inspecting
the the resulting fits, we were left with 30 objects with broad
Ha emission.

4.2. Black Hole Mass Estimation

Understanding the mass of the central BH could help us gain
insights into the nature of scaling relations in the low-mass
range, as well as the potential for finding intermediate-mass
BHs (IMBHs). To calculate the BH mass, we use the broad
component of the Ha line where available with the following
formula from A. E. Reines et al. (2013)

MB LHa
log| — | =047log| ———
g( M, ) g(1042e1rg s‘l)

FWHMy,

+ 2.0610
g ( 103 km s~!

) + 6.57. 3)

Assuming flat Lambda cold dark matter (ACDM) cosmology
with h=0.7, we use the astropy package to convert
redshifts to distances so that we can calculate the luminosities
from the resulting flux values. We plot the resulting BH masses
against the host galaxy stellar mass and dampening timescale
Tprw in Figures 8 and 11, respectively. We find BH masses
ranging between 10%7¢ =01 and 10347 =001 pr
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Figure 5. Example light curves of objects that pass all but one of the criteria. In other words, each of these objects would have been included as an AGN candidate if
not for a single one of these criteria. Above each plot is the identification number of each galaxy and the bands that would have otherwise passed AGN candidacy. For
each band in each light curve, we show the host galaxy light (calculated from forced photometry on the stacked image) as a dashed horizontal line.

Table 1
Objects Demonstrating Active-galactic-nucleus-like Variability
Hoal Source ID R.A. Decl. Redshift (z) log My/ M, Band
2 GAMA 49986 223.4078300 —0.6404700 0.075 9.18 r
117 GAMA 198708 140.6489200 —0.6487200 0.075 9.58 i
259 GAMA 205155 140.6612500 —0.3840200 0.055 9.73 gri
263 NSA 57562 140.7075519 —0.2745433 0.055 9.56 ri
270 NSA 57554 140.7894632 —0.4168406 0.056 9.66 ri
324 NSA 56426 133.1824039 0.1007204 0.067 9.52 z
330 GAMA 209611 134.0787900 0.0132300 0.088 9.24 r
335 GAMA 209673 134.4074600 0.1944300 0.110 9.72 r
364 NSA 56817 136.5000296 0.0090270 0.059 9.56 iz
382 GAMA 210346 137.8966700 0.0660900 0.054 9.51 i
386 NSA 57169 138.3062241 0.1492347 0.054 9.15 i
391 GAMA 210471 138.4888800 0.0723100 0.093 9.84 i
410 GAMA 210786 139.6179200 0.1823400 0.092 9.76 r
481 GAMA 216062 136.3720000 0.5848900 0.071 9.62 r
’

518 NSA 57228 138.5570596

0.4275729 0.053 9.38

Note. Galaxy properties of the objects that demonstrated AGN-like variability in at least one band. We give the galaxy number assigned for this project, the source
catalog and corresponding ID, the position (R.A. and decl. in units of degrees), redshift, and stellar mass. In the final column, we give the bands that were found to
have AGN-like variability. If an object is variable in more than one band, it is included in our AGN candidates.

(This table is available in its entirety in machine-readable form in the online article.)

4.3. Dampening Timescale

With the relatively expensive cost of spectroscopic follow-
up, astronomers have begun to look for features from
photometry or the time domain to measure AGN or BH
properties, such as BH mass. One such method involves
correlating the properties of the DRW model with BH mass
(C. J. Burke et al. 2021b). We refit the light curves (in every
band) of all objects with AGN-like in at least one band with the
software taufit (C. J. Burke et al. 2021b). This program
models the light curve as a Gaussian process with the ability to
fit for both the length scale oprw and timescale Tprw
associated with a DRW. A fit is deemed valid only if the
returned timescale is less than 20% of the total baseline, or

fhase/ TORW = 3 (S. Koztowski 2017). We give the results of the
good fits for light curves with AGN-like variability in Table 2.
Overall, we found good fits for 2170 light curves corresp-
onding to 976 of our 1100 AGN candidates.

5. Discussion
5.1. Active Fraction

The active fraction describes the portion of galaxies hosting
an AGN, either in a given mass range or overall. While this
number depends heavily on the population sampled and the
detection method(s) used, multiwavelength active fractions in
dwarf galaxies typically range from 5% to about 30%
(F. Pacucci et al. 2021). This number is important to constrain
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Figure 6. Example light curves for some of our AGN candidates (i.e., objects in which we found AGN-like variability in more than one band). Above each plot is the
object ID number, a list of which bands were observed to have AGN-like variability, and the stellar mass of the host galaxy. For each band, we show the host galaxy
light (calculated from forced photometry on the stacked image) as a dashed horizontal line.

Table 2
Photometrically Variable Light Curves
Heal Band Magnitude Frac. Var. Ovary 0Qso Onot_QSO log Torw ODRW
2 r 19.6 £0.3 0.170 £ 0.188 539+ 141 393 £1.17 2.00 £ 0.58 2.04 £0.70 0.367 £ 0.122
117 i 18.8 £0.2 3.83 £0.93 4.13 +£1.88 1.25 £ 045
259 i 18.0£0.1 7.54 £0.90 295+ 1.44 1.69 £0.41 1.82 £0.72 0.224 £+ 0.072
259 r 18.4+0.1 4.67+1.13 3.77 £ 1.35 1.17 £ 0.50
259 g 19.0 £0.1 0.048 £ 0.145 4.26 £ 0.96 2.43 £0.50 1.46 £0.52
263 i 17.7£0.0 0.023 £ 0.107 558 £1.09 3.29 £1.00 1.24 £0.50
263 r 18.1 £0.1 5.90 + 1.04 3.79 £ 0.90 1.79 £ 0.51 1.40 £ 1.05 0.160 £ 0.050
270 i 17.7£0.0 0.019 £0.124 6.49 +1.03 3.66 £ 2.46 0.84 £ 0.44
270 r 18.1+£0.1 5.43 £0.95 382+ 1.35 1.82 £0.45
324 Z 182 £0.2 4.09 £1.19 3.62 £1.87 1.88 £0.59
330 r 194 £03 6.03 £ 0.89 6.66 £ 1.57 2.57+£0.43 1.76 £ 1.56 0.327 £0.112
335 r 19.2£0.2 4.28 £0.86 4.54 +1.88 2.39+£0.43 1.45 £2.05 0.232 +£0.078
364 b4 174 £0.2 0.064 £ 0.199 336 +£0.92 5.40 +2.08 1.13 +£0.43
364 i 175 £0.1 0.043 £ 0.107 4.93 £0.96 2.96 £ 0.65 1.45 £0.41
i

382 18.5£0.1 4.44 £ 1.01

3.12+0.80 1.18 £0.49

Note. Properties of light curves that demonstrated AGN-like photometric variability. We give the galaxy number, filter, mean magnitude, and fractional variability
(denoted “Frac. Var.”). We also show the DRW fit significances from gso_fit, oyay, 0gso, and one_gso and the dampening timescale log Tprw and length scale
oprw from taufit for light curves for which the timescale was less than one-fifth of the baseline.

(This table is available in its entirety in machine-readable form in the online article.)

because of it is fundamental to understanding the formation of
IMBHSs and SMBHs. We calculate the active fraction A(My) as
a function of host stellar mass by binning our previous results.
As shown in Figure 9, binning the galaxies by mass gives
different magnitude distributions within each bin where smaller
galaxies are dimmer on average. As such, simply binning the
galaxies by mass would introduce a magnitude bias since the
active fraction would be calculated from increasingly dimmer
populations. This naive active fraction is shown in the top panel
of Figure 9. To then control for magnitude, we sample from
distributions with similar brightness properties, following a
procedure similar to that in V. F. Baldassare et al. (2020) First,
we split the (clean) galaxy sample into mass bins 0.5 dex in
size. Then, for the heaviest bin, we create a histogram of the
resulting r-band magnitudes and fit a Gaussian curve, recording
the center i and standard deviation ¢ of this fit.

We then fit a Gaussian to the magnitude histogram of the
remaining mass bins, keeping p and o fixed to the values
determined in the heaviest bin. We adjust each amplitude such
that at least 80% of the counts within the FWHM region of

each Gaussian were less than or equal to their corresponding
histogram counts. We chose to only focus on the FWHM
region since the wings outside had many empty values. The
cutoff value of 80% was chosen to maximize the overall
number of galaxies sampled in each bin while allowing for
some boxes to be undersampled. This method of Gaussian
fitting ensures populations across mass bins have similar
magnitude properties with a standardized amount of variety,
and is shown in Figure 10, alongside the results of this
calculation.

We sample from the magnitude histogram to match the fitted
Gaussian and count the resulting number of active and inactive
galaxies to calculate the active fraction. We repeat this
resampling 1000 times to get a distribution of the active
fraction within each mass bin, from which we calculate the
uncertainties. We see active fractions in each bin between 3%
and 6%, with an unsteady upward trend with stellar mass. We
fit the active fraction with a line as well as a power law of the
form A ~ log(My/M.)*> from F. Pacucci et al. (2021). For
both cases, the fit was weighted by the inverse variance of the
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Figure 7. A summary of the successive subsets of galaxies analyzed in our
experiment. Of the 60,468 objects in the initial sample, we were able to make
light curves for 56,244. Only light curves for 45,696 had enough data points to
be analyzed after cleaning. Our analysis resulted in 3632 objects with AGN-
like variability in at least one band with 1100 variable in multiple bands. We
collected spectra for 809 of the 1100 multiband variable AGN candidates and
found 30 with broad Ho lines. In total, the number of multiband AGNs
accounts for just over 2.4% of the analyzed light curves.

data. The best fits (given as a percentage) were
A(%) = aiinlog (Myx/10°Me) + Biin, 4)
A(%) = Qpac [10g (M*/M@)]ALS + ﬁPac’ (5)

where agy = 0.6 £ 0.3, Bin = 4.9 £ 0.1, appe = (7.7 £
2.7) x 1075, and Bp,e = 3.3 + 0.6.

5.2. Black Hole Mass and Scaling Relations

We use broad Ha emission from our AGN candidates to
calculate the mass from their central BHs. Depending upon the
definition, between one and 10 of our objects had BH masses in
the intermediate-mass range (2 < logMpy/Ms < 6). We
investigate these further in Section 5.6, as well as galaxy
38344, which was overmassive relative to previous scaling
relations.

We plot the BH masses against the host stellar masses in
Figure 8 and compare our results with mass scaling relations
previously found in J. E. Greene et al. (2016), B. L. Davis et al.
(2019), and J. E. Greene et al. (2020, all galaxies and late
galaxies, in both cases without upper limit estimates for BH
masses). We also plot data from the latter two papers (and
sources therein) to investigate whether the slopes of these
relations remain consistent in the higher mass range.

As with the previous data, there was a large amount of
scatter between the host and BH masses. However, we still
observed a general upward trend, with the majority of data
fitting between the relations from J. E. Greene et al. (2020, late)
and J. E. Greene et al. (2016). We quantify the goodness of
these fits on our data and the total of all three samples in

Messick et al.

Table 3. The scaling relation from J. E. Greene et al. (2020) for
all galaxies is the best fit for both groups, having the smallest
MSE and largest coefficient of determination (R?) in both cases.
The data from B. L. Davis et al. (2019) also fit within these
trends. Although their data in isolation found a steeper relation,
we do not see evidence of this relation continuing below
M, ~10°° M, or above M, ~ 10" M. Instead, the sum of
data over this extended mass range appears fairly consistent in
slope. This consistency in the slope toward the low-mass range
could be indicative of a history of gravitational runaway events
since the other models predict a shallower or even flat relation
(J. E. Greene et al. 2020).

5.3. Timescale Relations

To investigate the relation between the DRW dampening
timescale and BH mass, we create a logarithmic plot of Tprw
versus Mgy (calculated from broad Ha emission). Although we
only had a small number of data points, we fit our results with a
linear equation of the form

log TRV _ o 1og [ MBH_| 4 5, ©)
day 10"M;,

While C. J. Burke et al. (2021b) use y=38, we chose
v=06.5 as it minimized the uncertainty for the intercept
(without affecting the slope). First, we fit a line to all data
from all bands, then per individual band. We once again
bootstrap the uncertainties from the data to get errors for the
slope and intercept. The overall linear relation is plotted in
Figure 11 and the line parameters are shown in Table 4.
Although our overall linear fit shows a shallower slope than
C. J. Burke et al. (2021b), even within 1o, it is more
consistent with the slope of 0.21 previously reported in
C. L. MacLeod et al. (2010). We also have larger uncertainties
for both the slope and intercept, likely as the result of the
small number of data points available (37 data points
belonging to 21 galaxies, compared to the 67 data points
from 67 galaxies used by C. J. Burke et al. 2021b).

5.4. Baldwin—Phillips—Terlevich Diagnostic

The BPT diagram (J. A. Baldwin et al. 1981) is a logarithmic
plot of line flux ratios with empirical cuts that can characterize
the source of high energy emission as coming from star
formation, AGN activity, or signatures of both (G. Kauffmann
et al. 2003a; L. J. Kewley et al. 2006). From the fluxes
measured with PyQSOFit, we use the BPT diagnostic to
characterize the emission from our AGN candidates, displayed
in Table 5 (alongside the results of the BH mass calculation).
To ensure we use only good fits for spectroscopic fluxes, we
select objects that have an SNR of at least three for all four
emission lines used in the BPT diagnostic ([O111], HB, [N 11],
and Ha), resulting in 431 galaxies of the 809 AGN candidates
with available spectra, shown in Figure 12. Of these, 289
(67.1%) fall in the star-forming region, 115 (26.7%) in the
composite region, and 27 (6.3%) are classified as AGNs,
despite all objects demonstrating AGN-like photometric
variability in multiple bands. This was expected since the
BPT diagnostic is already known to miss low-mass galaxies
since their data points on the plot tend down and to the left
compared to more massive AGNs (B. A. Groves et al. 2006;
J. M. Cann et al. 2019). Of particular note is the distribution of
galaxies with broad line (BL) Ha emission; of the 30 BL
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Figure 8. A comparison of BH mass calculated from the broad Ha emission vs. the host galaxy stellar mass. The color and shape of each point correspond to the
source of the data. For comparison, we show mass scaling relations from J. E. Greene et al. (2016), B. L. Davis et al. (2019), and J. E. Greene et al. (2020, all galaxies
(no limits) and late galaxies (no limits)). We show dashed lines to indicate fits that were performed on a sample of spiral or late-type galaxies specifically. We include
black dotted lines showing the proportion of the BH mass to host stellar mass (Mgn/M,.), labeled on the left.

AGNs in our sample, 25 had strong enough emission lines for
BPT analysis. Of those 25, five are star-forming, nine are
composite, and 11 are AGNs.

Selecting for only dwarf galaxies (log(My/M.) < 9.5)
leaves 150 galaxies: 117 star-forming (78.0%), 30 composite
(20.0%), and three AGNs (2.0%). We will examine these
three low-mass BPT AGNs more in Section 5.6. If we once
again focus on (low-mass) BL galaxies, three are star-
forming, three are composite, and two are in the AGN region
of the diagram.

5.5. Comparison to Known Dwarf Active Galactic Nuclei

We sought to compare our AGN candidates against
previously found AGNs, both overall and in the low-mass
regime. We not only compared the list of objects directly,
looking for any of our candidates that had been previously
identified as AGNs, but we also compared the properties of the
different sources for AGNs. To make this comparison, we used
two sources:

1. the Active Dwarf Galaxy Database (ADGD;
E. J. Wasleske & V. F. Baldassare 2024), a complete
catalog of the known bona fide AGNs in dwarf galaxies
to date, and

2. the NSA vO0.

From the NSA, we performed a BPT analysis on any galaxy
that had an SNR of at least three for all emission lines involved.
We crossmatched these objects with our variability analysis
results within 2” and found 8107 objects in common. The
majority of these sources (6547) were in the star-forming
region of the NSA BPT diagram and had no AGN-like
variability, as seen in Figure 13 and Table 6. There were 216
objects in the tar-forming region that demonstrated AGN-like
variability in multiple bands, while 135 objects in the AGN
region demonstrated no AGN-like variability. Only six of our
AGN candidates (which exhibited AGN-like variability in
multiple bands) were in the AGN region of the BPT diagram,
one of which had a host stellar mass less than 10°° M. We
will examine these six galaxies in Section 5.6. Overall, we
found 272 objects with strong emission lines in the NSA that
exhibited AGN-like variability in multiple bands.

Next, we compared our results to the ADGD, once again
crossmatching within 2”. There were 98 objects in common:
eight with AGN-like variability in multiple bands, 12 with
AGN:-like variability in one band, and 78 with no AGN-like
variability. Interestingly, 22 of those 78 were originally
selected for variability in V. F. Baldassare et al. (2020) and
one from E. J. Wasleske et al. (2022). Many of the other
galaxies were selected using BPT diagnostics or mid-infrared
color cuts, though four showed X-ray emission, five showed
BL emission, and 11 showed HeII or coronal line emission.
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Figure 9. A heat map of the active fraction binned by host mass and mean r magnitude with corresponding histograms above and to the right, respectively. We
exclude data with a mean magnitude above 23, leaving out 650 target galaxies, none of which displayed AGN-like variability. The histogram above shows the active
fraction (i.e., the percent of each mass bin that contains AGNs) prior to magnitude unbiasing, which increases with stellar mass, though perhaps nonlinearly. Similarly,
the histogram in the right subplot shows the naive active fraction as a function of r magnitude.

There were 55 galaxies in this study that were also NSA BPT
galaxies and in the ADGD. Two of these were BPT AGNs: one
with AGN-like variability in multiple bands, and one with
none. Excluding the six NSA BPT AGNs and the eight AGNs
in the ADGD (with one object in both), our analysis resulted in
1087 new AGN candidates out of our 1100.

After examining the overlapping membership of these sets,
we then compare the properties of the galaxies from each AGN
source, shown in Figures 14, 15, and 16. In Figure 14, we also
compare the properties of active versus inactive galaxies from
each data set. Across all bands, the galaxies from our study are
dimmer on average than those from the NSA. In fact, the active
and inactive galaxies from our study and galaxies from the

10

ADGD all had relatively similar distributions in magnitude to
the inactive galaxies from the NSA. This is not surprising since
we and E. J. Wasleske & V. F. Baldassare (2024) specifically
probe lower-mass galaxies, more similar to the inactive NSA
sample. For each band shown, the population of active galaxies
has a brighter distribution than the inactive galaxies from the
same source. However, the difference between the mean
magnitude of active and inactive bands is larger for the NSA
galaxies than those from our study by about a factor of 2 for
every band. For stellar host mass, there is not much difference
between the active and inactive populations from our study,
while active galaxies in the NSA are nearly an order of
magnitude more massive than their inactive counterparts on
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Figure 10. Histograms of the r-band magnitude for the mass-binned galaxies (blue), a fitted Gaussian from which the data are sampled (black), and the resulting active
fraction (right). Each subplot on the left is labeled by the logarithm of the host stellar mass range (i.e., “7.0-7.5” refers to a mass range of 7.0 < log(My/M;) < 7.5,
etc.) and the corresponding number of objects sampled in each iteration of the bootstrapping process. Note that the fitted Gaussians all share the same center and
standard deviation across plots. On the right, we show a inverse-variance-weighted linear fit of the data points (red dashed line), as well as a power law from F. Pacucci

et al. (2021) that we fit to our data (blue dotted line).

Table 3
Goodness of Linear Fits
Data Line MSE R
This Study J. E. Greene et al. (2016) 1.476 —0.777
B. L. Davis et al. (2019) 1.384 —0.667
J. E. Greene et al. (2020, All) 0.719 0.134
J. E. Greene et al. (2020, Late) 0.938 —0.129
All Data J. E. Greene et al. (2016) 1.435 —0.089
B. L. Davis et al. (2019) 1.507 —0.144
J. E. Greene et al. (2020, All) 0.592 0.551
J. E. Greene et al. (2020, Late) 1.114 0.154

Note. Comparison of the goodness of fit for each scaling relation on our data
and the total data. For each, we report the mean squared error (MSE) and the
coefficient of determination (R).

average. Additionally, the distributions for redshift seem to be
consistent within each source, regardless of AGN status.

In Figure 15, we compare the BH masses from the active
galaxies from each source. Although there are no objects with
mass estimates from our analysis and one of the other sources
we can use for direct comparison, the BH masses from this
paper have a heavier and wider distribution than the NSA
and ADGD.

Finally, in Figure 16, we plot the three AGN data sets on the
BPT diagram, as well as histograms for each axis. As a
reminder, BPT diagnostics were used to determine AGN
candidacy for the NSA sample, so they are all in the AGN
region by definition. The majority (94%) of AGN candidates
from our study land in the star-forming and composite regions.
This is also true of the ADGD, but with a larger portion in the
AGN region (nearly one-fifth). Along the x-axis, AGN
candidates from our study have a distinctly lower distribution
than those from the NSA, while objects in the ADGD have a
much broader spread that encompasses the range of both other

11

n_obs
—
-
3 150
~
=
&
‘S 100
—
%ﬁ
1 0
50
[ ]
-0.5
5 6 7 8
l()g( M};”I'MG)
Bands @ ¢ ¢ r WM i % :z Burke et al. 2021 = = Linear Fit

Figure 11. A plot of the DRW dampening timescale Tprw vs. the BH mass.
The shape of each point corresponds to the band analyzed, while the color
corresponds to the number observations in each light curve. We show the
relation found in C. J. Burke et al. (2021b, solid blue) and a linear fit to our data
using all available bands (dotted red); we choose not to show the individual
band fits since they are relatively weak.

Table 4
Linear Relation Parameters

Band Nops Slope () Intercept (3)
Total 37 0.18 £0.15 1.71 £0.14
g 9 023 +£0.32 1.54 +£0.21
r 11 0.29 +£0.31 1.62 +£0.21
i 10 —0.10 &+ 0.26 1.98 +£0.27
z 7 0.14 +0.46 1.66 +0.42
Burke 67 0.38 £ 0.04 2.03 £0.10

Note. Comparison of the linear fit parameters for relations of the form

log T';;‘y"v = alog ( lg{,‘jwli ) + 3. We include fits for the total data as well as per

band and the fit found in C. J. Burke et al. (2021b), denoted “Burke.” Note that
for our linear fits, we use v = 6.5, while the previous relation used v = 8.

sets. On the y-axis, the AGNs from our study and the ADGD
have similar distributions, while the NSA AGNs have higher
values on average.
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Figure 12. BPT diagrams of our AGN candidates using the fluxes from PyQSOFit. Each data point is shown with 1o uncertainties along both axes and is colored by
the logarithm of its host galaxy’s stellar mass. Plot (a) shows the entire sample of AGNs for which SNR > 3 for all four emission lines, while plot (b) shows the subset
of those galaxies with stellar mass M, < 10°> M. In both plots, we highlight objects for which we detected broad Hor emission with open green Xs.

Table 5

Spectral Properties of Active Galactic Nucleus Candidates
Heal Fix Fugn Fiom Fuan BPT Class Min. SNR Lo pr IOgn;\I/[L:
259 0.449 £ 0.105 0.143 £+ 0.205 0.0117 £ 1.0790 0.0301 £ 0.1062 AGN 0.0108
263 11.4+11.8 9.81 +11.20 5.68 +£8.13 1.04 £ 1.14 AGN 0.698
270 577 +£4.78 0.157 +£4.302 114 £ 104 0.291 £ 1.444 AGN 0.0365
364 28.2+4.5 399 £ 14.7 17.8 £ 8.6 10.1 £2.7 AGN 2.08
891 7.74 £3.09 71.1£59 254+74 6.80 +£2.37 Comp. 2.50
1508 74.0 £ 3.5 935+ 12.6 109 £+ 12 301 +£6 SF 7.43
2212 126 £3 823 +4.1 76.6 £4.2 472 £6 SF 18.4
2379 129+ 1.2 1.32 £043
3113 413470 0.433 £+ 0.402 123 £9.6 11.5+4.6 AGN 1.08
3120 2.20 +2.89 0.0584 + 0.1447 19.1+£7.1 0.254 £+ 0.286 AGN 0.404
3155 157 £5 614 £538 235445 379 £ 11 SF 5.19
3170 221 £5 154 £7 182 +7 664 + 15 SF 23.1
3187 359+33 3.97 £4.83 9.85+£9.59 60.2 £4.7 AGN 0.822
3190 0.335 + 0.684 247+ 16.3 8.91 £4.85 0.0372 +£0.1188 AGN 0.313

3215 26.0+3.9 0.0882 £ 0.2442 12.1 £6.7

31.1+47 AGN 0.361

Note. Table containing the fluxes necessary for BPT analysis (reported in units of 10~ 7erg s ™' cm™?) as well as the results of the diagnostic and the minimum signal-
to-noise ratio (SNR) of the fluxes (we suggest only using data for which this value is at least three).

(This table is available in its entirety in machine-readable form in the online article.)

5.6. Case Studies and Intermediate-mass Black Hole
Candidates

Here, we examine the properties of particularly notable
objects from our results. We plot the mass scaling and
timescale relations for our case studies in Figure 17, as well as
a BPT diagram in Figure 18. In each of these plots, all data are
labeled by their ID numbers and the marker shapes correspond
to the notable property that led to their inclusion in this section.
Note that objects 38344 and 46649 were selected as case
studies for multiple reasons, though only one is shown for each.
In Figure 17(b), we used color to indicate the calculations made
using different bands to demonstrate that large scatter is present
in every individual band.

Light curves for all objects and the spectra for the nine
IMBH candidates are shown in the Appendix.
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5.6.1. Notable Black Hole Masses

First, we examine objects whose BH masses were notable.
We found nine potential IMBH candidates and one object with
a relatively overmassive BH: 10327, 17236, 20571, 25936,
26100, 41831, 43240, 46507, 51206, and 38344. Object 38344
had a BH mass of 10%° M., , nearly 10% of its host’s stellar
mass, placing it above all the previously found mass relations
(J. E. Greene et al. 2016; B. L. Davis et al. 2019; J. E. Greene
et al. 2020). The remaining objects all have BH masses
Mgy < 10° M., as low as Mgy = 1070+ %91 p1_ for galaxy
41831.

As shown Figure 17(a), nearly all these BH masses lie near
or below the scaling relation for late-type galaxies from
J. E. Greene et al. (2020) with two exceptions. While galaxy
10327 has a BH mass of 10>°%+ 022 M, its host’s low stellar


https://doi.org/10.3847/1538-4357/adcdff

THE ASTROPHYSICAL JOURNAL, 985:223 (26pp), 2025 June 1

® None e Single Multi

log ([OIII]/Hp)

“log ([NTI)/Ha)

Figure 13. A BPT diagram using data from the NSA vO for objects in our study
that had sufficiently strong enough lines for this analysis. The color of each
point corresponds to whether we found AGN-like variability in zero (purple),
one (teal), or multiple bands (yellow).

mass of 10%°% M, places it above the both relations from
J. E. Greene et al. (2020), but within 1o of the relation found in
J. E. Greene et al. (2016). Galaxy 38344 was notable for being
overmassive with Mgy = 10>+ %22 M and M, = 105 M.,
lying more than 1o above all relations.

Seven of these 10 objects had a long enough baseline to
calculate the dampening timescale, shown in Figure 17(b).
Nearly all of the measurements for Tprw lie well above the
relation found in C. J. Burke et al. (2021b), with r-band data
from galaxy 41831 falling below. For object 43240, calcula-
tions made from the r and z bands align well with the relation
from C. J. Burke et al. (2021b), but the Tprw derived from the i
band is nearly an order of magnitude below. With the exception
of 43240, these data seem to support the flatter slope found in
our paper.

The spectra of all these galaxies showed the necessary
emission lines for BPT analysis. Of these 10 objects, two
landed in the AGN region (26100 and 38344) and four fell in
the composite region (25936, 41831, 46507, and 51206). The
remaining four galaxies (10327, 17236, 20571, and 43240)
were in the star-forming region, though they all lie near the
empirical cutoff.

We reexamined the spectral fits used to calculate the BH
masses. If we narrow down our objects to those for which
Xi Ho < 2, then that leaves galaxies 17236, 20571, 25936,
26’100, and 46507, whose BH and host masses are shown in
Table 7. It is worth noting that for two of these (20571 and
26100), their BH masses lie within 1o of the 10° M., cutoff,
potentially placing them outside the intermediate-mass range
for BHs. Interestingly, the hosts of all five of the reduced
IMBH candidates have stellar masses between 10°° and
10'© M., in the upper portion of our low-mass range for
galaxies. This could be related to the relatively weak spectra of
the smaller galaxies.
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Table 6
NSA Baldwin—Phillips—Terlevich Results for Objects in Our Study

NSA BPT Results

Mass Variability Star Forming Composite AGN
Mo)
<10" None 6547 549 135
Single 485 95 24
Multiple 216 50 6
<10°? None 5231 131 21
Single 301 15 2
Multiple 111 4 1

Note. A tabular representation of the BPT diagram shown in Figure 13, which
plots objects from our study that had strong emission lines in the NSA v0. The
rows indicate how many objects were found to be variable in no bands, one
band, or multiple bands (our AGN candidates; note that only 272 of our 1100
AGN candidates had corresponding data in the NSA v0). The columns indicate
how many objects were found in the star-forming, composite, and AGN
regions of the BPT diagram, respectively. The top half of the table displays the
data corresponding to our entire sample, while the bottom half displays the
numbers corresponding to galaxies with log(My/Ms) < 9.5.

5.6.2. Notable Variability Properties

Next, we look at the objects with notable variability
properties. Of the 39 galaxies that showed AGN-like variability
in all four of the griz bands, we picked 10 with exceptionally
high QSO significance (ogso 2 5) to examine: 27266, 43871,
50636, 51205, 51217, 51254, 51472, 51891, 52418, and
53781. We also picked four objects with high oy,y: 28248,
38344, 54216, and 56594 (maximum o,y ~ 10-120).

Of these, 28248 and 38344 exhibited broad Ha emission,
with BH masses 10%* %92 a0 and 10347 =090
respectively. These high BH masses land above all previous
scaling relations discussed in this paper, though 28248 is
within 1o of the relation from J. E. Greene et al. (2016).
Neither of these objects had long enough baselines to include
their measurements for Tprw.

Seven objects had sufficiently strong emission lines for BPT
analysis. Objects 28248 and 38344 fall in the AGN region of
the diagram, the same two galaxies with broad Ho emission.
The remaining five galaxies (27266, 50636, 51891, 52418, and
54216) were all in the star-forming region. None of these
objects were found in the ADGD, but 27266 and 51217 had
corresponding NSA data that placed them in the star-forming
region (just as in our analysis).

5.6.3. Notable Baldwin—Phillips—Terlevich Diagnostics

Our BPT analysis categorized the emission of only three
dwarf galaxies as being AGN dominated: 14760, 27628, and
46649. Object 46649 is both an NSA BPT AGN (corresp-
onding to object 124249 in the NSA v0) and found in the
ADGD, the only AGN candidate in our study for which this
is true.

All three galaxies showed broad Ha emission which
corresponded to BH masses between ~10%° and 10%° M.
As stated previously, object 38344 lies above all previously
found scaling relations used in this study. The remaining two
galaxies were just below the relation from J. E. Greene et al.
(2016), but within the 1o uncertainty. Only object 27628 had a
long enough baseline to accurately measure Tprw. Just as with
many of our observations, the different measurements were
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Figure 14. Comparison of the relative distributions of galaxy properties: mean magnitudes, stellar mass, and redshift. Galaxies from different AGN sources are
indicated by color and separated by whether they are active (solid line) or not (dashed line). As a reminder, all of the objects in the ADGD are active by definition.
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Figure 15. Relative distributions of the BH masses colored by their source. It is
worth noting the small number of BH mass calculations available for active
galaxies from each source: 30 from this study, 10 from the NSA, and 64 from
the ADGD.

higher than expected from C. J. Burke et al. (2021b) and our
fitted line in all but the g band, which was below both relations.

Finally, we focus on the six objects that showed AGN-like
variability in multiple bands and were categorized as AGNs by
the NSA BPT analysis: 35246, 40161, 41451, 46649, 50828,
and 52568. We were able to download spectra corresponding to
objects 46649, 50828, and 52568, but did not find broad Ha
emission in any. Despite their NSA BPT classification, only
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objects 46649 and 52568 had strong enough emission lines for
our BPT analysis; both objects landed in the AGN region of
our diagram as well.

5.7. Differences in Bands

We explore the differences in our results across bands, first
in their variability, then their derived properties (e.g.,
luminosity, BH mass). We compare the variability results for
the curves available in each band, shown in Table 8. There are
a few reasons why an object could have AGN-like variability in
one band but not another: variability amplitudes tend to be
higher in bluer bands (D. E. Vanden Berk et al. 2004;
Y. Kimura et al. 2020), but there is also a trade off with SNR
since observations in bluer bands tend to be dimmer. However,
galaxies with more extinction might be more inclined to be
observed as variable in redder filters. We can define a “recall”
value for each band by dividing the number of AGN candidates
with AGN-like variability (in that band) by the number of AGN
candidates with available data (in that band). The recall (R) is a
measure of the completeness of a classification (R =1 means
that all available AGN candidates showed AGN-like variability
in that band). The r band is able to achieve a recall of nearly
0.8, meaning nearly four out of every five AGN candidates
were “found.” This comes, however, at the cost of potential
overprediction since 1804 objects had AGN-like variability in
the r band, the majority of which are not variable in other
bands, and so are not included in our AGN candidates. This
seems to be the trend overall as every band finds a number of
galaxies with AGN-like variability that is approximately
double the number that corresponds to our final AGN
candidates. It appears, then, that there is no single band that
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Figure 16. A comparison of the distribution of AGNs on the BPT diagram using data from three sources, as well as their distributions along each axis.
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Figure 17. Recreations of Figures 8 and 11, respectively, focusing on the individually selected case studies. In both plots, we show previously found relations. For plot
(a), we also show lines of constant proportionality as dotted lines. In plot (b), we show our fitted line and group data from the same objects with vertical ellipses with
different bands indicated by their color. All galaxies are labeled by their assigned ID numbers with marker shape indicating the reason for inclusion in this section.

can accurately and discriminantly classify our AGN candidates
without including a large number of potential “contaminants.”

This prompts the question: is there a subset of the bands that
can select AGN candidates? We break down the photometric
variability of the bands of our AGN candidates in Figure 19.
Examining each pair of bands, if we still select objects that
were variable in both bands, then the pair of bands that capture
the most AGNs is r and i, which select 544 AGN candidates
out of our total 1100. Similarly, if we examine triplets of bands
and select objects which were variable in at least two, then the
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most effective triplet would be r, i, and z together, capturing
872 of our 1100 AGN candidates.

Next, we compare the mean magnitude, stellar mass, and
variability parameters of each band for active and inactive
galaxies in Figure 20. Some of these distributions look
superficially similar, so we employ the Friedman test for any
band-dependent variables (all but stellar mass). This method
can test the hypothesis that multiple observations of the same
objects under different circumstances (e.g., observation bands)
are sampled from the same distribution. If the returned p-value
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Figure 18. A recreation of Figure 12 focusing on our case studies. All galaxies
are labeled by their assigned ID numbers and colored by their stellar mass. BPT
AGNs are depicted with circles, AGN candidates with notable BH mass are
rhombuses, AGN candidates with notable variability properties are squares,
and BPT AGNs from the NSA are shown are Xs.

Table 7
Intermediate-mass Black Hole Candidates
Object ID log My/M., log Mgy/M., X o
17236° 9.50 5.89 +0.02 1.98
20571 10.00 5.68 £0.74 1.48
25936 9.54 5.66 +0.12 0.98
26100 9.70 5.924+0.15 1.18
46507" 9.57 5.36 +0.04 1.35

Note. Host stellar mass and BH mass for the six objects in our study that had
strong broad Ho emission (Xf,x-m < 2) corresponding to masses in the

intermediate-mass range (Mpy < 10° M_:). Objects marked with a dagger ()
are more than 1o below the upper limit of 10° M.

Table 8
Photometric Variability across Bands
Band Curves Variable AGNs Active Rec.
g 41143 814 1095 424 0.39
r 41777 1804 1100 853 0.78
i 43677 1517 1099 738 0.67
z 35981 935 1097 523 0.47

Note. A comparison of the variability and AGN candidacy per band. For each
band, we give the total number of (analyzable) light curves, curves with AGN-
like variability, the number of available light curves corresponding to our AGN
candidates, and active curves, as well as their recall (denoted “Rec.”). Here, we
define “active” as a light curve that demonstrates AGN-like variability (in that
band) and corresponds to one of our AGN candidates.

does not exceed a given confidence level (typically 1%—5%),
then the null hypothesis can be rejected meaning that the
different observations of the same object are sampled from
different distributions. Based on our data, we can reject this
null hypothesis for mean magnitude, oy,y, and ogse. This is to

16

Messick et al.

AGN-like Variability == 9
per Band —
/o

Z

Figure 19. A breakdown of the photometric variability per band in our
analysis. The number within each region is the number of galaxies with AGN-
like variability in the corresponding subset of bands. For instance, only 39
galaxies had this variability in all four bands. By definition, our AGN
candidates are any objects that were variable in multiple bands.

be expected for mean magnitude since multiple factors (e.g.,
dust, reddening, intrinsic SED, etc.) contribute to the difference
in brightness between bands. All three of these features gave a
p-value less than 107'® while fractional variability and
log prw had values of 0.011 and 0.22, respectively. For
fractional variability, this indicates that the hypothesis can still
be rejected within a reasonable confidence. On the other hand,
the results for log Tprw indicate that there is not a statistically
significant difference between observations across bands.

6. Conclusion

We compiled a list of 60,468 low-mass galaxies
(7 < log(My/M) < 10) from the SDSS, NSA, and GAMA
within the observation fields of the YSE. Using YSE data, we
created light curves for 56,244 (93.0%) of our targets, 45,696
(81.2%) of which had enough data points to be analyzed for
photometric variability. 3632 objects were found to have at
least one light curve with AGN-like variability, and 1100 were
variable in multiple bands (7.9% and 2.4% of analyzable
galaxies, respectively). We present these 1100 objects as our
final list of AGN candidates.

1. Spectra were available for 809 of the 1100 AGN
candidates, which we used to calculate the fluxes
necessary for BPT analysis and the BH masses via broad
Ha emission.

2. We found broad Ha emission in 30 of our candidates,
corresponding to BH masses between 10*7°¢*%°! and
10847001 37

3. Our calculated BH masses generally agree with pre-
viously found mass scaling relations from J. E. Greene
et al. (2020); this consistency in the slope of the relation
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Figure 20. Comparison of output parameters with histograms and kernel density estimate plots. Colors correspond to different bands, while active and inactive galaxy
populations are shown with solid and dashed lines, respectively. An “active” light curve refers to one that is photometrically variable and corresponds to one of our

AGN candidates, while a curve is “inactive” if neither is true.

from the high-mass to the low-mass range could be
indicative of a history of gravitational runaway events.
4. We found a flatter relation between BH mass and
the dampening timescale associated with a DRW than
from C. J. Burke et al. (2021b) of logﬁ;%;”:

Mgy

(0.18 + 0.15)1og(1065M,\) +1.71 + 0.14.

5. We found nine galaxies whose calculated central BH
masses are within the intermediate-mass range
2 < logMpy/M < 6). Three of these are strong
candidates for IMBHs, having broad Ha fits with
Xi Ho < 2 and masses more than 1o below the upper
limit of this range.

6. Four hundred and thirty-one of the 1100 AGN candidates
had strong enough emission lines for BPT diagnostics,
which characterized 27 objects as being dominated by
AGN radiation with 115 objects in the composite region
(only three and 30 of which, respectively, belong to dwarf
galaxies with log(My/M) < 9.5). The BPT diagnostic is
known to miss some AGNs in low-mass and low-
metallicity galaxies, which could potentially explain why
it only captures 2.5% of the AGNs detected by
photometric variability.

7. We compared our candidates with a database of
previously discovered dwarf AGNs and find eight objects
in common. We also compare our candidates with BPT
diagnostics using NSA data, finding six candidates in the
AGN region. One thousand and eighty-seven of our AGN

17

candidates are new (i.e., not corresponding to AGNs in
either source catalog).

8. We estimated the active fraction as a function of host
stellar mass by sampling from the AGN candidates
binned by both mass and r-band magnitude (for a
magnitude-unbiased calculation). We find evidence that
these two values are related in this low-mass regime, as
active fraction increases with stellar mass.
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Appendix
Case Study Plots

To better understand the individual objects discussed in
Section 5.6, we show the light curves and spectra used to
calculate their properties.

We give the individual light curves for all the case studies in
Figures 21-23, each labeled by their ID number, which bands
demonstrated AGN-like variability, and their host galaxy’s
stellar mass. More information about these is available in the
downloadable Tables 1, 2, and 5.

For the nine IMBH candidates (Mgy < 10° M), we also
show results of the spectral fitting by PyQSOFit in
Figures 24-28. Each plot consists of the fitted spectrum and
Ha, HB, and OT and Fe X complexes alongside the BH mass
derived from the fitting.
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Figure 21. Light curves for all of the case study objects mentioned in Section 5.6. Above each plot is the object ID number, a list of which bands were observed to
have AGN-like variability, and the stellar mass of the host galaxy. For each band, we show the host galaxy light (calculated from forced photometry on the stacked
image) as a dashed horizontal line. (Continued in Figures 22 and 23.)
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Figure 22. Light curves for all of the case study objects mentioned in Section 5.6. (Continuation of Figure 21.)
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Figure 23. Light curves for all of the case study objects mentioned in Section 5.6. (Continuation of Figure 21.)
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Figure 24. Spectra for the nine IMBH candidates (Mpy; < 10° M_,), beginning with galaxy numbers 10327 and 17236. Each plot is comprised of four subplots. First,
the total fitted spectrum consisting of multiple continuum and emission line components, on which we have added the calculated BH mass. We show the fitted line
(blue), data (black), residuals (dotted), narrow (green), and broad (red) emission lines, and the Fe II (cyan) and polynomial continua (orange). The three additional
subplots show the continuum-subtracted HG, O I and Fe X, and Ha complexes in greater detail. (Continued in Figures 25-28.)
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Figure 25. Spectra for two of the nine IMBH candidates, galaxy numbers 20571 and 25936. For galaxy 25936, we were able to decompose the data using host and
QSO templates, which is shown in pink with the host-subtracted data in gray. (Continuation of Figure 24.)
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Figure 26. Spectra for two of the nine IMBH candidates, galaxy numbers 26100 and 41831. (Continuation of Figure 24.)
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Figure 27. Spectra for two of the nine IMBH candidates, galaxy numbers 43240 and 46507. (Continuation of Figure 24.)
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Figure 28. Spectra for one of the nine IMBH candidates, galaxy number 51206. (Continuation of Figure 24.)
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