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A B S T R A C T 

We used Transiting Exoplanet Surv e y Satellite (TESS) data to identify 29 candidate active galactic nuclei (AGNs) through 

their optical variability. The high-cadence, high-precision TESS light curves present an opportunity for the identification of 
AGNs, including those not selected through other methods. Of the candidates, we found that 18 have either previously been 

identified as AGNs in the literature or could have been selected based on emission-line diagnostics, mid-IR colours, or X-ray 

luminosity. AGNs in low-mass galaxies offer a unique window into supermassive black hole and galaxy co-evolution and 8 of 
the 29 candidates have estimated black hole masses � 10 

6 M �. The low-mass galaxies NGC 4395 and NGC 4449 are two of our 
five ‘high-confidence’ candidates. Since our initial sample largely draws from just nine TESS sectors, we expect to identify at 
least ∼45 more candidates in the TESS primary and extended mission data sets, of which ∼60 per cent will be new AGNs and 

∼20 per cent will be in low-mass galaxies. 

Key words: black hole physics – surv e ys – galaxies: active – galaxies: dwarf. 
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 INTRODUCTION  

ost massive galaxies contain supermassive black holes (SMBHs, 
ormendy & Richstone 1995 ; Richstone et al. 1998 ). Active galactic
uclei (AGNs), where the SMBH is accreting, are seen in 1–5 per cent
f galaxies in the local universe (e.g. Ho 2008 ; Haggard et al. 2010 ;
acerda et al. 2020 ; Mishra et al. 2021 ; Yuk et al. 2022 ). AGNs

nform our understanding of galaxy and SMBH co-evolution and 
rovide a detailed look at the physics of accretion (see Heckman &
est 2014 , for a re vie w). 
AGNs are commonly selected using emission-line diagnostics 

e.g. Baldwin, Phillips & Terlevich 1981 ; Veilleux & Osterbrock 
987 ; K e wley et al. 2006 ; Cid Fernandes et al. 2011 , see Section 5.2 ),
olour (e.g. Koo & Kron 1988 ; Fan 1999 ; Richards et al. 2001 ; Lacy
t al. 2004 ; Stern et al. 2012 ; Assef et al. 2013 , see Section 5.4 ),
adio luminosity (e.g. Baade & Minkowski 1954 ; Tadhunter 2016 ), 
nd X-ray luminosity (e.g. Elvis et al. 1978 ; Mendez et al. 2013 , see
ection 5.3 ). These methods are sensitive to different AGN popula- 

ions (e.g. Hickox et al. 2009 ). For example, although spectroscopic 

ethods can be used in the identification of AGNs in low-mass 
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alaxies, the lower metallicity and higher star formation rates in 
hese galaxies can complicate line ratio diagnostics (e.g. Trump et al.
015 ). 
A key feature of AGNs is their stochastic variability across the

lectromagnetic spectrum. As a result, variability selection is one of 
he most promising ways of identifying actively accreting BHs. In 
articular, emission-line diagnostics miss the majority of variability- 
elected AGNs in low-mass galaxies (Baldassare, Geha & Greene 
020 ; Burke et al. 2021 ; Latimer et al. 2021 ; Ward et al. 2022 ; Yuk
t al. 2022 ; Burke et al. 2023 ). The fraction of low-mass galaxies
ith an AGN (i.e. the active fraction) is not well constrained, but
as been predicted to be lower than at higher masses (e.g. Pacucci,
ezcua & Regan 2021 ; Burke et al. 2023 ). In addition to enlarging

he known population of low-mass AGNs, the light curves from 

ariability selection can be used to probe the physics of accretion.
n particular, photometric reverberation mapping can be used to 
easure accretion disc sizes (e.g. Haas et al. 2011 ; Chelouche &
aniel 2012 ; Edri et al. 2012 ; Shappee et al. 2014 ; Fausnaugh et al.
018 ). 
AGN variability is often described by a damped random walk 

DRW; e.g. Kelly, Bechtold & Siemiginowska 2009 ; Kozłowski et al.
010 ; MacLeod et al. 2010 ). MacLeod et al. ( 2010 ), Kelly et al.
 2009 ), and Burke et al. ( 2020 ) all find that the characteristic time-
cale of the DRW model ( τDRW ) becomes shorter for lower mass
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Figure 1. Flow chart outlining steps from sample selection to AGN candidate identification. Steps that introduce data are shown with rounded blue outlines, 
while cuts are described in pink rectangles. 
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MBHs. Regardless of the efficacy of the DRW model, non-beamed
GN emission is unlikely to vary faster than the light-crossing time
f the accretion disc, which is larger for a higher mass black hole
e.g. Xie et al. 2005 ). 

Thanks to the high cadence of the Transiting Exoplanet Surv e y
atellite 1 (TESS; Ricker et al. 2014 ), we can now search for optical
ariability on ∼hour time-scales. Burke et al. ( 2020 ) showed that the
ell-known Seyfert 1 in the dwarf galaxy NGC 4395 (Filippenko &
argent 1989 ) optically varies with a τDRW ∼ 2.5 d. This result
uggests that the cadence, precision, and all-sk y co v erage of TESS
hould make it a useful tool in the study of variability from AGNs in
ow-mass galaxies. Furthermore, the τDRW of NGC 4395 indicates
hat the τDRW −M BH relation extends several orders of magnitude
own to this ∼10 5 M � BH. Burke et al. ( 2021 ) corroborated this
esult by adding to the relation several AGNs with variability
bserved by other optical telescopes. 
In this paper, we search for AGNs using TESS light curves. During

ts 2-yr prime mission, the main goal of TESS was to identify
ransiting exoplanets around M dwarf stars (e.g. Gilbert et al. 2020 ).
he resulting photometric precision and high cadence make TESS
n excellent tool for a much broader range of time-domain studies
e.g. Holoien et al. 2019 ; Fausnaugh et al. 2021 ; Mishra et al. 2021 ;
ayne et al. 2021 ; Vallely et al. 2021 ; Zeldes et al. 2021 ; Hinkle
t al. 2022 ; Way et al. 2022 ; Payne et al. 2022a ; Hinkle et al. 2023 ).
sing four 24 × 24 deg 2 FOV cameras, TESS repeatedly images
ne of 26 sectors (13 per hemisphere) for ∼27 d at a time, with a
arget photometric precision ranging from ∼50 ppm at I magnitude
f 6 to ∼1 per cent for I = 16 mag. (Ricker et al. 2014 ). The wide
00–1000-nm bandpass is centred on the Cousins I band, with an
f fecti v e wav elength of 745.3 nm (Ricker et al. 2014 ; Rodrigo &
olano 2020 ). We focus on the mission’s first 2 yr, when TESS took
ull-frame images (FFIs) every 30 min. 

In Fig. 1 , we outline the steps of our search for AGNs using TESS.
n Section 2 , we explain our sample selection. We summarize the
teps involved in TESS light curve generation in Section 3 . We
etail our methodology to account for stellar contamination and
ystematics, such as scattered light and spacecraft jitter (e.g. Vander-
pek et al. 2018 ). Follo wing v ariability cuts, we present the 29 AGN
andidates in Section 4 . In Section 5 , we investigate archi v al data for
he 29 AGN candidates. We demonstrate that up to 38 per cent of the
GN candidates can only be selected using variability. We assume the

ame cosmological parameters as HyperLEDA (Makarov et al. 2014 )
o convert between redshift and distance: H 0 = 70 km s −1 Mpc −1 ,

M = 0.27, and �� = 0.73. 
NRAS 525, 5795–5812 (2023) 
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 THE  SAMPLE  

ur sample comes from two galaxy catalogues using different sets
f selection criteria: HyperLEDA (Makarov et al. 2014 ), limited
y TESS sector (2, 3, 4, 5, 6, 7, 19, 20, and 21) but not mass,
nd the Galaxy List for the Advanced Detector Era (GLADE, D ́alya
t al. 2018 ), limited by inferred mass ( M BH � 10 7 M �) but not sector.
e used the catalogued coordinates to perform forced photometry

Section 3 ). Because statistical noise dominates the TESS light curves
f fainter galaxies, we only included galaxies with I < 16 mag. 
The majority of our sample consists of galaxies catalogued in

yperLEDA. 2 By compiling and processing several galaxy cata-
ogues, HyperLEDA maintains a database of ∼5 million extragalactic
bjects. The TESS light curves of the 137 695 HyperLEDA sources
n our sample were generated along with galaxies as faint as I = 20
ag, using forced photometry and the techniques of Fausnaugh et al.

 2021 ) (see Section 3 ). The light curves from the first few sectors
howed clear systematics from scattered light, particularly for the
ainter sources excluded from our sample (i.e. I > 16 mag), for about
alf of each year (Vanderspek et al. 2018 ). Therefore, besides the
rst few sectors, we only consider the light curves for sectors where

his scattered light contribution is relatively low: 5, 6, 7, 19, 20, and
1. Thus, the sample consists of sources in nine sectors (2, 3, 4, 5,
, 7, 19, 20, and 21). Table 1 includes TESS-related information and
ele v ant galaxy properties catalogued in HyperLEDA. 

For the GLADE sample, we considered galaxies likely to have
ower mass central BHs (M BH � 10 7 M �) based on their absolute K

agnitudes. We chose to use GLADE because it combines data from
everal other catalogues. In addition to the mass cut, we limited the
edshift to 0.0001 < z < 0.5 to further confirm that stars and higher
edshift quasars do not contaminate the sample. The lower bound
n z remo v ed 38 sources but the upper bound had no effect on the
ample. GLADE does not report I -band magnitudes. Ho we ver, using
LADE galaxies also in the HyperLEDA catalogue, we found that 

 = J × 0 . 91 + 1 . 99 mag (1) 

as a reasonable proxy to use for our I � 16 selection limit. Although
676 galaxies in GLADE satisfied our selection parameters, 1310 of
hem either fell between pointings in the TESS primary mission or in
he eight-pixel buffer at the edge of the detector. Table 2 includes the
366 low-mass sources from GLADE for which we could generate
ESS primary mission light curves. 
We estimated black hole masses for both the HyperLEDA and

LADE samples using equation (14) from Graham ( 2007 ), which
as a scatter of ∼0.33 dex. Although there is a comparable relation
eported in Graham & Scott ( 2013 ), its increased scatter makes the
 http:// leda.univ-lyon1.fr/ 

https://tess.mit.edu/observations/
http://leda.univ-lyon1.fr/
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Table 1. HyperLEDA sample. 

Name RA Dec. Number of sectors I K abs log( M BH / M �) 
( ◦) ( ◦) Vega mag Vega mag 

PGC 124374 0.001 −41.423 1 15.0 −23.9 8.3 
PGC 520795 0.001 −45.954 1 15.5 − −
PGC 143101 0.003 −59.013 1 14.9 − −
PGC 130936 0.004 −40.903 1 13.6 −25.2 8.7 
PGC 124869 0.010 −38.894 1 15.9 −23.4 8.1 
PGC 143105 0.013 −34.064 1 15.3 −23.4 8.1 
PGC 598724 0.014 −39.388 1 15.7 − −
PGC 129171 0.017 −49.281 1 14.6 −23.3 8.0 
PGC 445008 0.018 −52.366 1 14.9 −25.4 8.8 
PGC 407967 0.024 −55.578 1 15.4 −25.8 9.0 

Note. Identifying information and key values for the 137 695 galaxies in the HyperLEDA sample. Columns 1, 2, 
3, 5, and 6 are taken from HyperLEDA, where column 6, which is total galaxy absolute K mag, uses catalogued 
K mag and distance modulus without any corrections. Column 4 only includes sectors used for our HyperLEDA 

sample: 2, 3, 4, 5, 6, 7, 19, 20, and 21. Column 7 values are estimated using column 6 and equation (14) from 

Graham ( 2007 ). Only a section of the table is shown here to demonstrate table formatting; the rest, sorted by right 
ascension, can be found in the ancillary files. 

Table 2. GLADE sample. 

Name RA Dec. Number of sectors I K abs log( M BH / M �) 
( ◦) ( ◦) Vega mag Vega mag 

00001173 + 7027274 0.049 70.458 4 15.8 −19.4 6.6 
00001208 + 6028060 0.050 60.468 3 15.4 −18.1 6.1 
00002106 + 6639495 0.088 66.664 3 15.8 −16.5 5.5 
00003684 + 5813001 0.154 58.217 2 15.6 −18.2 6.1 
00004629 + 7010344 0.193 70.176 4 15.3 −18.6 6.3 
00010116 + 6607289 0.255 66.125 3 15.5 −16.9 5.7 
00010881 + 7138091 0.287 71.636 4 15.3 −19.8 6.7 
00013579 + 6131240 0.399 61.523 2 15.3 −19.6 6.7 
00020922 + 7024328 0.538 70.409 4 15.9 −19.1 6.5 
00022239 + 5852447 0.593 58.879 3 15.7 −18.6 6.3 

Note. TESS information and galaxy properties for the 4366 galaxies in the GLADE sample. The names are from the 2MASS 
XSC catalogue (Skrutskie et al. 2006 ) and are preceded by 2MASX J. Columns 2–4 are from GLADE, with column 4 using 
catalogued distances and K magnitudes. We estimate values for column 3 using catalogued J magnitudes in GLADE and 
equation ( 1 ). For column 5 estimates, we use column 4 and equation (14) from Graham ( 2007 ). Only a section of the table 
is shown here; the rest can be found in the ancillary files. 
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est-fitting relation highly dependent on the chosen fitting approach. 
or the GLADE sample, we cut at M BH of 10 7 M � to restrict the
ample to low-mass black holes. This empirical correlation used 
alaxies with K -band measurements for the spheroidal component of 
he galaxy and independently estimated black hole masses. Ho we ver, 
t this stage, we used the Graham ( 2007 ) relation on the total galaxy
bsolute K -band magnitudes for two reasons. First, the majority of
alaxies in the GLADE sample have only photometric redshifts, 
aking the distances and resulting BH mass estimates significantly 

ncertain ( � 1 dex), especially at low redshift (Bilicki et al. 2014 ;
 ́alya et al. 2018 ). Second, we lack morphological information for

ll of the GLADE and most of the HyperLEDA galaxies. In addition,
e note that these K -band magnitudes are not K -corrected. Ho we ver,

ven at our redshift upper limit of z = 0.5, the K mag K -correction of
−0.6 mag (e.g. Blanton & Roweis 2007 ; Chilingarian, Melchior & 

olotukhin 2010 ) would only alter the corresponding log(M BH /M �)
stimate by ∼0.2. We treat the BH mass estimates using the Graham
 2007 ) relation as approximate upper limits. 

For the final AGN candidates, we obtained morphological classi- 
cations and either redshift-independent distances or spectroscopic 
edshifts to re-estimate the candidate BH masses (see Section 4.6 ). 
or four of the five candidates from the GLADE sample, the new
stimate yielded lower BH mass estimates by o v er an order of
agnitude. The major driver of this change was the incorporation 

f morphologies. The distributions of the samples in I mag, redshift,
nd estimated black hole mass are shown in Fig. 2 . There are some
 BH estimates under 10 4 M � but these estimates seem unphysical 

nd are instead likely a result of underestimated distances for some
f the closest sources in the GLADE sample. One can compare these
ample histograms (Fig. 2 ) to the comparable ones for the final 29
GN candidates in Fig. 17 . 

 TESS  LIGHT  CURVES  

ollowing the methods presented in Fausnaugh et al. ( 2021 ), we
roduced prime mission (Sectors 1 − 26) TESS light curves. We 
ummarize the steps here. Using reference images built from 20 
FIs, we employed the difference imaging technique of Alard & 

upton ( 1998 ) and Alard ( 2000 ) through the ISIS package. These
ere then scaled in flux and PSF structure and subtracted from each
FI along with a 2D polynomial model of the sky. The resulting
ubtracted images still have many TESS-related systematic features 
e.g. the ‘straps’ and various reflection features), which we remo v e
MNRAS 525, 5795–5812 (2023) 
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Figure 2. Histograms of the apparent I -band magnitude, redshift, and estimated black hole mass for galaxies in the HyperLEDA and GLADE samples. GLADE 

galaxies are shown by a navy dotted line and HyperLEDA uses a pink-dashed line. There are a few mass estimates below 10 4 M BH for close sources with no 
redshift-independent distance measurements. 
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sing median filters to build a model of the residual backgrounds.
he light curves for each source are then extracted. 
For sources that passed visual inspection and the root mean square

RMS) check (see Sections 4.4 and 4.5 ), we also generated light
urves according to the techniques outlined in Vallely et al. ( 2021 ).
his approach is similar to that of Fausnaugh et al. ( 2021 ), but
nalyzes a local patch around the target source rather than the full
FI and uses a more involved treatment of various TESS artefacts.
aving light curves from both pipelines allows us to check whether

he same AGN-like variability pattern is present in both pipelines. 

 CANDIDATE  AGN  IDENTIFICATION  

n this section, we describe how we identified the AGN candidates
rom the sample of 142 061 galaxies. First, as described in Sec-
ion 4.1 , we examined the typical light curve magnitude dispersion
s a function of magnitude to separate physical variability from
oise. Then, we identified nearby stars and calculated whether their
stimated variability could account for the apparent variability of the
alaxy (Section 4.2 ). Next, we inspected the remaining light curves
or AGN-like variability (Section 4.3 ). The candidates that passed
he visual check are listed in Table 3 . Finally, in Sections 4.4 and
.5 , we describe the further steps we took to check for contamination
sing inspection of the RMS images and the light curves of nearby
ixels. 

.1 Sigma versus magnitude 

o differentiate between noise and physical variability, we examine
he standard deviation of the light curves in magnitude as a function
f the I magnitude (Fig. 3 ). Due to crowding and the large TESS
ixels, it is difficult to accurately measure a source’s mean flux from
he TESS data. We used the catalogued I magnitude because the
ESS filter is roughly centred on the I band. 
We converted the I -band magnitude to TESS counts per second

sing the TESS filter zero point of 20.44 mag (Vanderspek et al. 2018 )
nd then added the counts from the subtracted light curve assuming
n av erage FFI e xposure time of 1425.6 seconds (instead of the full
0 min) to account for the exposure time lost due to cosmic-ray
emo val. We then conv erted back to magnitudes to have a reasonable
pproximation of a TESS T -band (or I -band) light curve. 

To ensure that the estimated standard deviation was not dominated
y TESS systematics, we trimmed each light curve of the commonly
roblematic parts of a sector. In particular, there are often unphysical
NRAS 525, 5795–5812 (2023) 
umps in the count rate at either end of a sector, so we took out the
rst and last 1.5 d. There is also a brief interruption in data collection
s TESS passes the mid-sector perigee and sends data to the ground.
e trimmed 3 d on either side of this downlink because the re-

rientation of the spacecraft leads to temperature changes that affect
he light curves. This trimming leaves typical light curves with 18
otal days of data and a cadence of 30 min. The temperature effects
an seem to impact the light curves on time-scales ranging from 0 to
 d, sometimes longer than the trimmed duration. Because the cut is
ften conserv ati v e, we only used the trimmed v ersions to compute
he standard deviation of the light curves and keep these regions for
isual inspection. 

.2 Contamination by nearby stars 

ext, we identified galaxy light curves that may be contaminated by
earby variable stars. We first queried the ATLAS-VAR catalogue 3 

Heinze et al. 2018 ) and the ASAS-SN Variable Stars Database, 4 

hich has fewer stars but better co v erage of the Southern hemisphere
Jayasinghe et al. 2019 , 2021 ). We identified stars within 4 arcmin
 ∼11 TESS pixels) of the galaxies because the model TESS Pixel
esponse Function 5 (PRF, Vanderspek et al. 2018 ) goes to zero
t 9 pixels. Using a typical PRF and the catalogued variability
mplitude, we computed the contribution the variable star would
ake to the measured flux of the galaxy. We added this ‘variable flux’

o the estimated Poisson noise in quadrature to obtain an estimate
f variability in the galaxy light curve that can be attributed to the
tar. If this value was greater than the light curve standard deviation,
e flagged this source as potentially dominated by stellar variability.
his step remo v ed 10 805 galaxies. 
Ground-based variable star databases usually catalogue stars that

ary by � 1 per cent , but TESS is sensitive to lower variability
mplitudes. Therefore, we repeated the contamination procedure by
ssigning each nearby A TLAS REFCA T2 (Tonry et al. 2018 ) star a
 per cent variability amplitude (e.g. Huber et al. 2011 ; McQuillan
t al. 2014 ; Yu et al. 2020 ). Of the sources not already flagged using
TLAS-VAR and ASAS-SN, another 29 per cent are considered
ontaminated, as shown in Fig. 4 . Thus, a total of 49 133 sources
re deemed contaminated using these three catalogues. Each of these

https://archive.stsci.edu/hlsp/atlas-var
https://asas-sn.osu.edu/variables
https://archive.stsci.edu/missions/tess/models/prf_fitsfiles/
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Table 3. AGN candidates following visual inspection. 

Name RA Dec. Number of sectors I log( M BH / M �) Source outcome 
( ◦) ( ◦) Vega mag 

PGC 780808 0 .102 − 25 .272 1 15 .8 8.3 RMS PRF off-centre 
PGC 651376 2 .315 − 35 .246 1 14 .7 8.3 RMS PRF off-centre 
NGC 0055 3 .723 − 39 .197 1 8 .7 6.9 candidate 
PGC 841750 3 .968 − 20 .440 1 15 .5 − RMS PRF off-centre 
PGC 979064 4 .708 − 10 .369 1 15 .9 − RMS PRF off-centre 
PGC 1029922 5 .467 − 6 .692 1 15 .9 − RMS PRF off-centre 
PGC 651468 7 .094 − 35 .240 1 15 .5 − RMS PRF off-centre 
NGC 0157 8 .695 − 8 .396 1 9 .5 8.3 Candidate 
PGC 143644 9 .021 − 7 .768 1 13 .9 8.6 RMS PRF off-centre 
NGC 1247 48 .060 − 10 .481 1 11 .3 8.6 Grid not AGN-like 

Note. Sources with AGN-like variability identified through visual inspection. Only a section of the table is shown here 
to demonstrate table formatting; the rest of the 258 sources can be found in the ancillary files. We label sources with 
‘candidate’ in the Source Outcome column if they are final AGN candidates. Those that were cut during the RMS check 
(Section 4.4 ) are labelled ‘RMS PRF off-centre’. We use ‘grid not AGN-like’ to describe the outcome of sources that 
pass RMS but not the light curve grid (Section 4.5 ). 

Figure 3. Standard deviation versus magnitude for the whole sample, 
illustrating the increasing noise at fainter magnitudes. Sources found to be 
contaminated prior to visual inspection are shown in pink, and the rest are in 
black. The purple-dashed line follows the 90 th percentile for the contaminated 
sources only, while the grey solid curve follows the uncontaminated 90 th 

percentile. Below 13 th mag (shown by the vertical dotted line), we inspect all 
uncontaminated sources. Final AGN candidates are marked. The candidate 
with the highest light curve σ is ESO 362–021 (Fig. 10 ), which is a known 
blazar. 
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Figure 4. Percentage of sources that we consider ‘uncontaminated’ by 
nearby stars catalogued in A TLAS REFCA T2 as a function of the estimated 
stellar variability percentage attributed to the stars. We only include sources 
that we consider uncontaminated by the known variable stars in ATLAS- 
VAR and ASAS-SN. We cut at the reasonable value of 1 per cent variability 
(e.g. Huber et al. 2011 ; McQuillan, Mazeh & Aigrain 2014 ; Yu et al. 2020 ), 
yielding an ‘uncontaminated percentage’ of 71 per cent. Ultimately, though, 
stellar contamination remains in a significant fraction of the galaxy light 
curves that are not flagged at this stage. 
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ources is shown in pink in Fig. 4.1 and we show the ‘uncontami-
ated’ sources in black. A visual inspection of sources without this
ontamination filtering confirms that a significant majority of sources 
hat appear to have AGN-like variability are in fact contaminated. 

.3 Visual inspection of light cur v es 

f the sources not cut in the first contamination filtering (Section 4.2 ),
e visually inspected the 10 per cent of galaxies that are most
ariable (i.e. those abo v e the gre y curv e in Fig. 4.1 ) as well as the
99 sources with I < 13 mag. We looked for aperiodic variability
ith peaks of varying amplitude. Because the initial contamination 
ltering does not robustly remo v e stellar contamination, we focused 
n a search for this typical form of AGN v ariability. Ho we ver, we note
hat there is evidence in several galactic nuclei of (quasi-)periodic 
ariability, which is often proposed to originate from an SMBH 

inary (e.g. Komossa 2006 ; Graham et al. 2015 ; Charisi et al. 2016 ;
iu et al. 2019 ), or, as in the case of ASASSN-14ko, a repeating
artial tidal disruption event (Payne et al. 2021 ; Tucker et al. 2021 ;
ayne et al. 2022a , b ). Using our methodology, it is o v erwhelmingly

ikely that periodicity in a light curve in visual inspection is stellar.
o we ver, searches for periodic AGN variability will be feasible in

uture studies that use RMS images (see Section 4.4 ) or other robust
orms of contamination filtering early on. 

We simultaneously examined the background model, because the 
resence of strong common trends, especially when the galaxy is 
ot bright enough for the wings of the galaxy’s PRF to affect nearby
ESS pixels, implies that a star has contaminated both the galaxy
RF and the background. 
We rejected a source during visual inspection if (1) the light curve

as consistent with noise with no clear evidence of variability, (2) the
ight curve appeared clearly consistent with stellar variability because 
f a periodicity or a strong correlation between the light curve and the
ackground model, or (3) the light curve variability resembled TESS 
MNRAS 525, 5795–5812 (2023) 
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Figure 5. Representative visually inspected light curves are shown in black, while the background model, which has already been subtracted, is shown in pink. 
Panel (a): The light curve is consistent with noise. Panel (b): The consistent periodicity suggests that this source is likely contaminated by a nearby variable 
star. Panel (c): The light curve has too much correlation with the background model to be chosen as a candidate. Panel (d): This object was cut before visual 
inspection due to contamination, and is included to illustrate the importance of this step. Panel (e): Although NGC 6503 passed visual inspection, we later 
rejected it because its grid of neighbouring light curves showed evidence for systematics that could explain the observed variability. Panel (f): NGC 0157 is 
selected as a candidate. The final contamination checks give this source ‘low’ confidence. The presence of some correlation with the background model is not 
worrisome, since NGC 0157 is ∼4 mag brighter than the source shown in Panel (c), while the background model has a much lower relative amplitude. 
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ystematics rather than physical variability (e.g. all the significant
ariability was near the sector downlink, especially in cases where
he trimming for the standard deviation measurement is insufficiently
obust for cutting out downlink-related temperature effects in the
ight curve). We show examples of these various cases in Fig. 5 .
volved stars also have quasi-periodic variability with changing peak
mplitudes (e.g. Auge et al. 2020 ), so we relied on later checks to
istinguish between AGNs and irregularly varying stars. The sources
hat we identified as having AGN-like variability are included in
able 3 , but further checks for contamination (Sections 4.4 and 4.5 )
evealed that the large majority of the visually inspected sources
re also contaminated, showing that the contamination filtering in
ection 4.2 was not sufficiently robust. 

.4 RMS images 

or the 258 galaxies listed in Table 3 that passed the visual inspection
tep (Section 4.3 ), we next examined the corresponding reference
mage and an RMS image defined by the RMS of the subtracted
mages. Peaks in the RMS image correspond to the positions of
ariable sources and for a variable AGN should coincide with the
osition of the galaxy. We therefore rejected a source when there was
n offset. Also complicating some RMS images were o v erlapping
ariable sources and oddly shaped PRFs. 

We show examples of the RMS images in Fig. 6 . The top row,
hich shows the images for ESO 362–021, demonstrates the utility
f the RMS images. ESO 362–021 is not the brightest source in
he region, but the galaxy is clearly the only variable source in the
MS image. On the other hand, NGC 1365, in the bottom row of
ig. 6 , has a complicated RMS image. Its reference image shows
nly the extended bright galaxy. In this case, the reference image
NRAS 525, 5795–5812 (2023) 
s helpful and the RMS image is acceptable since the variability is
entred on the source. Of the sources passing visual inspection, only
9 (15 per cent) have well-centred RMS image sources. 

.5 Light cur v es from nearby pixels 

or the objects that passed the RMS check, we performed a two-
tep final confirmation. We used another TESS light curve pipeline
Vallely et al. 2021 ) to verify the presence of variability and
onstructed a 5 × 5 pixel grid of light curves centred on the source
ixel of each object (Figs 7 −13 ). These grids allowed for a final
ontamination check. In particular, we were confident in a signal if
he neighbouring pixels had the same features as the central light
urve but at lower amplitudes, with an expected fall-off consistent
ith the PRF (e.g. NGC 4395, in Fig. 8 ). One might be concerned

hat the amplitude at the position of ESO 252–018A (Fig. 11 ), for
xample, is slightly lower than in an adjacent pixel. Ho we ver, the
entring inconsistency is likely an issue with coordinates rather than
he source of variability. In this step, we reject 10 of the 39 sources
hat passed the RMS check. 

.6 Final candidates 

he final 29 AGN candidates are presented in Tables 4 and 5
ummarizes the outcomes for each source in the original HyperLEDA
nd GLADE samples. Based on the RMS images and light-curve
rids, we assign each final candidate one of the three confidence
evels. High-confidence sources show no instrumental issues or
tellar contamination. They also have similar, lower amplitude trends
n the nearby pixels. In Figs 7 −11 , we show the light curve grids
or our five high-confidence sources. Medium-confidence sources
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Figure 6. Reference (left-hand panel) and RMS images (right-hand panel) of ESO 362–021 (top panel) and NGC 1365 (bottom panel), normalized to the 
brightest pix el. Each pix el co v ers 21 arcsec on the sky. The centre of the galaxy is at the blue dot. ESO 362–021 is faint relative to nearby stars, but the RMS 
image shows that it is the variable source. On the other hand, NGC 1365 is bright but its RMS image has some additional structure and thus calls for further 
confirmation. 

Figure 7. Final confirmation step for the low-mass, high-confidence source NGC 4449. The grid of Sector 22 light curves (left-hand panel) is for the source’s 
central and neighbouring pixels using the Vallely et al. ( 2021 ) pipeline. The corresponding PSF photometry version is shown with pink x’s (top right-hand 
panel), with the original reduction used in the visual inspection shown in purple and the difference between the two in the bottom right-hand panel. 
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Figure 8. Same as Fig. 7 , but for high-confidence candidate NGC 4395. 

Figure 9. Same as Fig. 7 , but for high-confidence candidate IC 0356 in Sector 19. The discontinuity at the time of a data downlink in the pixel grid light curves 
is fairly typical. 
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ho w some e vidence of systematic problems or nearby stars, but
ikely not enough to explain the observed variability. We show light
urve grids for two medium-confidence sources in Fig. 12 . Low-
onfidence sources may be AGNs, but there are enough indications
f systematic errors or contamination to potentially explain the
bserved variability. In Fig. 13 , we sho w representati v e e xamples
f low-confidence sources. In total, there are 5 high-confidence
ources, 7 medium-confidence sources, and 17 low-confidence
ources. 

Because we started with rough BH mass estimates, we attempted
o re-estimate M BH for each of the final AGN candidates. First,
e searched the literature for black hole mass estimates and found
8 estimates. Most sources only had one literature estimate, but
or those with more, we chose estimates in the order (1) spatially
esolved kinematics, (2) virial mass using broad lines, and (3) stellar
elocity dispersion. These preferred mass estimates are included
n Table 4 . Secondly, we found morphology classifications for the
NRAS 525, 5795–5812 (2023) 

w

andidates using the NASA Extragalactic Database (NED). 6 For the
yperLEDA and GLADE subsamples, we originally took the M BH 

pper limits using the Graham ( 2007 ) relation. By incorporating
he galaxy morphologies, we scaled down the absolute K -band

easurements to bulge magnitudes using the median scaling factors
ound for each type in Graham & Worley ( 2008 ). Thirdly, using
ED and the Extragalactic Distance Database (Tully et al. 2009 ), we

ound redshift-independent distances for 23 of the candidates. We
ave preference to the distances in the order: (1) the Cepheid period–
uminosity relation, (2) tip of the red-giant branch (TRGB), (3)
upernovae Ia, (4) the Tully–Fisher relation, and (5) surface bright-
ess fluctuations. For the six candidates without redshift-independent
ith the National Aeronautics and Space Administration. 
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Figure 10. Same as Fig. 7 , but for high-confidence candidate ESO 362–021 in Sector 5. This source corresponds to the outlier at high variability in Fig. 4.1 
and is a known blazar. 

Figure 11. Same as Fig. 7 , but for high-confidence candidate ESO 252–018A in Sector 4. The stricter rejection procedure in the reduction methods outlined in 
Fausnaugh et al. ( 2021 ) yielded a different temporal range for this light curve and a few others. 
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istance, we used their spectroscopic redshifts to estimate luminosity 
istances. For the remainder of this work, we use the literature 
 BH where available, and otherwise employ our re-estimated K -band 

alues. 

 CLASSIFYING  CANDIDATES  USING  OTHER  

 GN  DIA  GNOSTICS  

n this section, we compare our TESS variability selection to 
ther methods of AGN selection. In Section 5.1 , we describe our
nvestigation of the source outcomes of all the galaxies in the 
yperLEDA sample that are labelled as AGNs. We then used archi v al

nd new data to identify which objects can be selected as AGNs
sing other methods, including line diagnostics (Section 5.2 ), colour–
olour diagrams (Section 5.4 ), and X-ray luminosity (Section 5.3 ). 
able 4 includes the results of this search. 
If a source is not found to be an AGN using methods other
han variability, that does not rule out the possibility of it being
n AGN. In Yuk et al. ( 2022 ), emission-line diagnostic diagrams
lassify ∼30 per cent of variability-selected AGN candidates as star 
orming. For low-mass AGNs, spectroscopic selection misses 75 
er cent of variability-selected candidates in Baldassare et al. ( 2020 )
nd 81 per cent in Ward et al. ( 2022 ). 

.1 AGNs in HyperLEDA not selected with variability 

yperLEDA includes nuclear activity classifications primarily taken 
rom V ́eron-Cetty & V ́eron ( 2006 ). Among the sources that passed
he stellar contamination check, 231 are catalogued as AGNs, and 
7 are selected for visual inspection (Section 5 ) using the brightness
r variability cut (Section 4.3 ). Following visual inspection, six of
hese AGNs remain. The six objects are in our final candidate list,
MNRAS 525, 5795–5812 (2023) 



5804 H. P. Treiber et al. 

M

Figure 12. Same as Fig. 7 , but for representative medium-confidence candidates. For each source, there is decent agreement between the two reductions. Top 
panel: Sector 4 light curves of NGC 1232. The short-term variations are strongest in the centre of the grid, and there is an expected decrease in amplitude in the 
neighbouring light curves. Bottom panel: Sector 21 light curves of NGC 2683. The light curves from the neighbouring pixels have significant long-term trends, 
which are likely systematics, but the short-term signal from the central pixel is present in an expected way in the neighbouring light curves. 
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o 11 per cent of kno wn AGNs that are suf ficiently bright or v ariable
or visual inspection became final AGN candidates. Thus, just as
ariability selection using TESS unco v ers new AGNs, other methods
elect many AGNs inaccessible to TESS. Likely contributing to this
iscrepancy are obscuration, stellar contamination, and intrinsically
o w le vels of v ariability. 

.2 Emission-line diagnostic diagrams 

he BPT/VO87 diagrams (Baldwin et al. 1981 ; Veilleux & Os-
erbrock 1987 ; K e wley et al. 2006 ) are common methods for
istinguishing between AGNs and galaxies with star formation. We
xamined log([O III ]/H β) versus log([N II ]/H α) and log([O III ]/H β)
ersus log([S II ]/H α). The forbidden-line distinction is also used
n the WHAN diagram (EW H α versus [N II ]/H α, Cid Fernandes
t al. 2010 , 2011 ), which requires fewer lines and selects a higher
roportion of galaxies as AGNs. 
We used NED to obtain optical spectra from the Sloan Dig-

tal Sky Survey (SDSS Blanton et al. 2017 ), 6dF (Jones et al.
009 ), the Palomar Double Spectrograph (Oke & Gunn 1982 ),
NRAS 525, 5795–5812 (2023) 
he Boller & Chivens Spectrograph on the 2.3-m Bok Telescope, 7 

nd the Intensified Image Dissector Scanner on the Kitt Peak 2.1-
 telescope (Goad 1979 ). We also searched for spectra using the
emini Observatory, NOIRLab, European Southern Observatory,
eck, and Las Cumbres Observatory (Brown et al. 2013 ) archives.
dditionally, we obtained two spectra using the Low Dispersion
urv e y Spectrograph 3 8 (LDSS3) on the Magellan Clay telescope at
as Campanas Observatory and two with the Superno va Inte grated
ield Spectrograph (SNIFS; Lantz et al. 2004 ) on the University of
awai’i 88-inch telescope as part of the Spectral Classification of
stronomical Transients (SCAT; Tucker et al. 2018 , 2022 ) surv e y. 
In total, we found or acquired spectra for 21 of the 29 candidates.

able 4 includes the origin of each spectrum. Using penalized
ixel-fitting ( PPXF ; Cappellari & Emsellem 2004 ; Cappellari 2017 ),
e were able to fit all the necessary lines for 15 spectra and all

he lines besides H β for three objects. When fitting emission line

http://james.as.arizona.edu/\protect $\relax \sim $psmith/90inch/bcman/html/bcman.html
http://www.lco.cl/technical-documentation/index-2/
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Figure 13. Same as Fig. 7 , but for representati ve lo w-confidence candidates. Top panel: The pixels surrounding the Sector 2 light curve of NGC 7552 show 

similar behaviour to those of NGC 2683 (Fig. 12 ). NGC 7552 is lower confidence, primarily because of the decreased detectability of similar, but lower 
amplitude, variability in the neighbouring light curves. Bottom panel: The Sector 2 light curves of NGC 0055 show a weak signal, leading to its designation as 
low confidence. 
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trengths, PPXF accounts for stellar absorption by drawing on its 
arge library of stellar population templates. This approach allows 
or proper measurement of weak emission lines. For two candidates 
ith unconstrained lines using PPXF , we used the SDSS line fits

Brinchmann et al. 2004 ). Thus, 17 objects are in all three emission-
ine diagnostic diagrams shown in Fig. 14 but the WHAN diagram 

ncludes 20 candidates. In these diagrams, we distinguish candidates 
f different confidences with different markers. 
Of the 17 variability-selected AGN candidates for which we could 

se all three emission-line diagnostic diagrams, 13 (76 per cent) are 
elected as AGNs by at least one of the diagrams, but none are
elected by all three. In addition, the LDSS3 spectrum of ESO 362–
21 and the SNIFS spectrum of ESO 605–016 had unconstrained line 
ts but clearly exhibit broad lines. In total, we note the presence of
road emission lines in five of the 21 AGN candidates with spectra.
his feature shows that at least these five sources are unobscured 
GNs. Table 6 summarizes these spectroscopic characterizations. 
hese results demonstrate the strength of our methodology in two 
ays. First, the selection percentage is significantly higher than the 
 v erall AGN fraction ( ∼25 per cent, K e wley et al. 2006 ), further
onfirming the physicality of the detections. Second, the emission- 
ine diagnostic methods do not select some of our candidates, thus
orroborating that variability selection provides a complementary 
ub-population of AGNs. 

.3 X-ray detections 

f the X-ray luminosity originating from a galaxy exceeds the 
xpected contribution from X-ray binaries, the galaxy must host an 
GN (e.g. Elvis et al. 1978 ). We queried the individual catalogues

ncluded in the results of a HEASARC Master X-ray Catalog 9 search:
SCAGIS (Ueda et al. 2001 , 2005 ), BMWCHANCAT (Romano 

t al. 2008 ), BMWHRICAT (Panzera et al. 2003 ), CHAMPPSC (Kim
t al. 2007 ), CXOXASSIST (Ptak & Griffiths 2003 ), EINGALCAT
Fabbiano, Kim & Trinchieri 1992 ), RASS2RXS (Boller et al. 2016 ),
ASS6DFGS (Mahony et al. 2010 ), RASSBSCPGC (Zimmermann 
t al. 2001 ), T ART AR US (Turner et al. 2001 ), WGA CAT (White,
MNRAS 525, 5795–5812 (2023) 

https://heasarc.gsfc.nasa.gov/W3Browse/all/xray.html
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Table 5. Source outcomes for entire sample. 

Name RA Dec. Source outcome 
( ◦) ( ◦) 

PGC 124374 0.001 −41.423 Lo w v ariability 
PGC 520795 0.001 −45.954 Lo w v ariability 
PGC 143101 0.003 −59.013 Lo w v ariability 
PGC 130936 0.004 −40.903 Contaminated (REFCAT2) 
00001208 + 6028060 0.050 60.468 Not AGN-like 
PGC 198787 0.055 −27.633 Contaminated (ATLAS-VAR) 
PGC 780808 0.102 −25.272 RMS PRF off-centre 
PGC 736802 0.201 −28.838 Contaminated (ASAS-SN) 
NGC 0055 3.723 −39.197 Candidate 
NGC 1247 48.060 −10.481 Grid not AGN-like 

Note. Names, coordinates, and the source outcome for the whole sample 
(HyperLEDA and GLADE). Names of GLADE sources that do not become 
candidates are from 2MASS. We shorten these names by excluding the prefix 
2MASX J. While we include in the rows shown sources representing each 
of the possible outcomes, the full table is sorted by right ascension. First, 
sources remo v ed due to e xpected stellar contamination (Section 4.2 ) are 
designated as ‘contaminated’ with a specification of the database of origin 
for the star of concern (REFCA T2, A TLAS-VAR, or ASAS-SN V ariable Stars 
Database). A ‘Source Outcome’ of ‘low variability’ describes candidates that 
passed the contamination cut but have I > 13 mag and are not in the top 10 
per cent variable at their magnitude (Fig. 3 , Section 4.3 ). Next, ‘not AGN- 
like’ indicates that a candidate passed the variability cut but did not have 
AGN-like variability (Section 4.3 ). A final stage of ‘RMS PRF off-centre’ 
designates that a candidate has potential AGN-like variability but does not 
have the variable PRF in the RMS image centred on the galactic nucleus 
(Section 4.4 ). Sources with ‘grid not AGN-like’ have a centred PRF in the 
RMS image, but the grid of neighbouring light curves from the independent 
reduction (Section 4.5 ) suggested that the variability does not originate from 

the galaxy. Lastly, the final candidates are described by ‘candidate.’ 
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iommi & Angelini 1994 ), XMMSLEWCLN (Saxton et al. 2008 ), 
MMSSC (Webb et al. 2020 ), and XMMSTACK (Traulsen et al. 
020 ). We converted the count rates to the flux in the 0.5–10-
eV band using the Portable, Interactive Multi-Mission Simulator 
PIMMS, Mukai 1993 ). We used a power-law model with photon 
ndex 1.75 (e.g. Ricci et al. 2017 ) and included the Galactic
bsorption. 10 Where possible, we retrieved inputs for PIMMS from 

he catalogues or their documentation. In the absence of specified 
lters in the XMMSTACK and ROSAT PSPFC, we assumed the use 
f the medium and open filters, respectively. 
Fig. 15 shows the distribution of median X-ray luminosities for the 

0 candidates with catalogue matches as well as for AGNs (Seyfert, 
INER, and composite galaxies) and non-AGNs detected in the 
ROSITA Final Equatorial Depth Surv e y (eFEDS, Brunner et al. 
022 ) field (Vulic et al. 2022 ). Of the 1181 HyperLEDA galaxies
ithin 200 Mpc in the eFEDS footprint, Vulic et al. ( 2022 ) identified
4 matches, 76 of which could be classified using optical spectra. 
e estimated the 0.5–10-keV X-ray luminosity using the 0.5–2-keV 

uminosities from Vulic et al. ( 2022 ) and the conversion factor from
omparat et al. ( 2022 ). 
Using the common luminosity cutoff of L X > 10 42 erg s −1 (e.g.
ushotzky 2004 ) to exclude sources where the X-ray emission 

ould plausibly originate from an X-ray binary population, we 
dentify four objects (ESO 252–018A, ESO 254–017, ESO 362–
21, and PGC 089900) as X-ray AGNs. Ho we ver, the maximum
-ray binary contribution is lower for lower mass galaxies so a 
0 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/w3nh.pl 
H
c  
imit of 10 39 –10 40 erg s −1 is sufficient (e.g. Latimer et al. 2021 ) and
dds three low-mass galaxies (NGC 0991, NGC 1365, and NGC 

395). Therefore, X-ray luminosity and optical variability select 
 v erlapping but different portions of AGN parameter space, as is
he case with other selection methods. 

.4 WISE colour–colour cuts 

or galaxies in which an AGN dominates the mid-IR emission, the
ystem will be redder in mid-IR colour than stars or galaxies with
eak AGNs (Assef et al. 2010 ; Stern et al. 2012 ; Assef et al. 2013 ).
ig. 16 shows the the Wide-Field Infrared Surv e y Explorer (WISE,
right et al. 2010 ) W1 −W2 and W3 −W4 colours of the candidates.
nly ESO 362–021 and ESO 252–018A are selected as AGNs using

he wedge described in Assef et al. ( 2010 , 2013 ). These two objects
lso have maximum X-ray luminosities above the selection limit 
escribed in Section 5.3 . Ho we ver, other studies (e.g. Stern et al.
012 ) select AGNs using just a W1 −W2 cutoff of 0.8 mag which
dds the X-ray selected candidate PGC 089900. These results are 
onsistent with the low fraction of MIR-selected AGNs in other 
tudies comparing selection methods (e.g. Laurent et al. 2000 ). 

 DISCUSSION  

e searched for strongly variable AGNs using TESS light curves 
f 142 061 galaxies. We selected our sample from two galaxy cata-
ogues. First, we used HyperLEDA sources in nine TESS sectors to
dentify AGNs without restrictions on M BH . Secondly, we considered 
n all-sky sample of 4366 low-mass galaxies from GLADE. Within 
hese samples, we identify 29 optically varying AGN candidates, 
f which 18 are newly identified. Although the GLADE sample 
omprised only 3 per cent of the total sample, 17 per cent of the final
GN candidates originated from GLADE. It is unsurprising to see 

his o v er-representation of galaxies from the GLADE sample since
ower mass AGNs tend to have lower time-scales of variability (e.g.
elly et al. 2009 ) and therefore are more likely to be detectable using
 single TESS sector. 

The primary goal of our study was the identification of variable
ow-mass AGNs with TESS. Fig. 17 shows the distribution of 
stimated black hole mass for the AGN candidates. Of the 29
andidates, 8 have estimated M BH � 10 6 M � (see T able 4 ). T wo
f the low-mass galaxies are known AGNs and three of the seven
ow-mass galaxies with available spectra are selected as AGNs in at
east one of the emission-line diagnostic diagrams (Fig. 14 ). Overall,
6 per cent of the candidates with available spectra are selected
s AGNs in at least one line ratio diagram. In this percentage, we
nclude composite and LINER galaxies because they likely include 
he contribution of some AGN light (e.g. K e wley et al. 2006 ). 

We independently selected NGC 4395 as the strongest low-mass 
andidate, corroborating the Burke et al. ( 2020 ) identification of its
ESS variability. NGC 4395 is a particularly close dwarf AGN (d
 4.3 Mpc). We estimated the distance limit at which the variability

f NGC 4395 would be detectable by TESS. Using Fig. 3 , we found
hat NGC 4395 would be dominated by noise if it were one magnitude 
ainter. This corresponds to sources ∼1.4 times more distant and thus
he distance probed by TESS for comparable levels of variability to
GC 4395 is ∼6 Mpc. A few of our low-mass AGN candidates are
ore distant than 10 Mpc, but they are all more luminous than NGC

395. 
Most of our candidates are higher mass AGNs catalogued in 

yperLEDA. These objects demonstrated that single TESS sectors 
an be sufficient for the identification of variability in AGNs with
MNRAS 525, 5795–5812 (2023) 
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M

Figure 14. Emission-line diagnostic diagrams for the AGN candidates, demonstrating that variability selection allows for the identification of AGNs missed 
by other methods. The high-confidence candidates are shown by red stars, the medium-confidence by purple diamonds, and the low-confidence by blue circles. 
The black points are galaxies with spectra in SDSS Data Release 8 (Eisenstein et al. 2011 ). Left-hand panel: log([O III ]/H β) versus log([N II ]/H α), which is 
one of the BPT/VO87 diagrams (Baldwin et al. 1981 ; Veilleux & Osterbrock 1987 ). The solid curve was theoretically determined in K e wley et al. ( 2001 ) to 
separate star-forming regions and AGN. The dotted curve follows the empirical separation from Kauffmann et al. ( 2003 ). Center panel: log([O III ]/H β) versus 
log([S II ]/H α) (Baldwin et al. 1981 ; Veilleux & Osterbrock 1987 ). The solid curve originates from K e wley et al. ( 2001 ), while the dotted line theoretically 
differentiating between Seyferts and LINERs comes from Kewley et al. ( 2006 ). Right-hand panel: H α EW versus log([N II ]/H α) diagram (WHAN, Cid Fernandes 
et al. 2011 ). Of the 17 candidates present in all three diagrams, 76 per cent are selected as AGNs by at least one of these metrics, but none are selected by all 
three. Table 6 provides more specific percentages by diagram. 

Table 6. AGN candidate selection in emission-line diagnostic diagrams 
(Fig. 14 ). 

[O III ]/H β versus [N II ]/H α

AGN 1 (5.9 %) LINER 7 (41.1 %) 
Composite 5 (29.4 %) Star forming 4 (23.5 %) 

[O III ]/H β versus [S II ]/H α

Seyfert 1 (5.9 %) LINER 4 (23.5 %) 
Star forming 12 (70.6 %) 

EW H α versus [N II ]/H α

Strong AGN 4 (20.0 %) Weak AGN 0 (0.0 %) 
P assiv e or retired 12 (60.0 %) Star forming 4 (20.0 %) 

Note. There are 17 objects in the [O III ]/H β versus [N II ]/H α and [O III ]/H β

versus [S II ]/H α diagrams, and 20 objects in the EW H α versus [N II ]/H α

(WHAN) plot. 
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Figure 15. The filled stacked histograms show the median X-ray luminosity 
for the 20 detected AGN candidates by confidence lev el. All fiv e of our high- 
confidence candidates have X-ray detections. The X-ray luminosity cutoff 
from Mushotzky ( 2004 ) marks the value at which the source of the emission 
must be an AGN rather than star formation. This cutoff yields four X-ray 
selected AGN, while the Latimer et al. ( 2021 ) criterion for low-mass galaxies 
selects three additional sources. The unfilled stacked histogram shows the X- 
ray luminosity distribution for HyperLEDA galaxies within 200 Mpc detected 
in the eROSITA Final Equatorial Depth Surv e y (eFEDS), with the AGN 

and non-AGN populations separated with emission-line diagnostic diagrams 
(Vulic et al. 2022 ). 
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stimated black hole masses up to ∼10 9 M �. For GLADE objects,
e generated light curves for any rele v ant primary mission sector,
hereas the HyperLEDA light curves originate from just 9 of the
6 TESS sectors. A natural next step would be an investigation of
he HyperLEDA galaxies in the remaining sectors, including the
xtended missions, to corroborate candidate AGNs and identify
dditional candidates that were not included in our sample. These
ectors are also potentially useful for sources that we did not select
hanks to variability amplitudes and time-scales being temporarily
nobservable or because of more drastic changing-look events (e.g.
chikawa et al. 2019 ; Wang et al. 2019 ; Lawther et al. 2023 ). 

According to the correlation in Kelly et al. ( 2009 ), we would expect
hese higher masses ( ∼10 9 M �) to correspond to a τDRW of � 500 d.
o we ver, it is possible that we selected the high-mass AGNs that

all below this relation because of their more rapid variations. This
ample will enable further examination of the τDRW −M BH relation,
s well as of the underlying integrity of the DRW model. The damped
NRAS 525, 5795–5812 (2023) 
andom walk is the simplest of the continuous autore gressiv e mo ving
verage (CARMA Kelly et al. 2014 ) models. Another CARMA
odel, called the damped harmonic oscillator, provided a better fit

han the DRW to the variability of Zw229-15 (Kasliwal, Vogeley &
ichards 2017 ) and the parameters have potential to better map on

o specifics of the accretion disc (e.g. Moreno et al. 2019 ; Yu et al.
022 ). Especially considering the high cadence of TESS, similar
odel comparisons using current and future TESS AGN candidates
ill contribute to attempts to describe the observed variability with
hysical models. 
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Figure 16. W1 −W2 versus W3 −W4 for candidate AGNs with WISE colour 
measurements. The high-confidence candidates are shown by red stars, the 
medium-confidence by purple diamonds, and the low-confidence by blue 
circles. In total, 10 000 random HyperLEDA sources that are at least as close 
as farthest AGN candidate are plotted in black. Two candidates are selected as 
AGNs using the wedge from Assef et al. ( 2010 ), but a third galaxy is selected 
using the criterion from Stern et al. ( 2012 ), which only uses W1 −W2. All 
three are also X-ray selected (Section 5.3 ). 
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Using our methodology and assuming a constant rate of Hyper- 
ED A A GN candidates in each TESS primary mission sector, we
ould roughly expect to identify 45 additional AGN candidates with 

imilarly strong variability amplitudes, of which ∼26 will be new 

nd ∼8 will be in low-mass galaxies. 
Ho we ver, methodological iterations informed by our findings may 

llow for a higher candidate yield. Retrospectively, RMS images 
hould be used early on because of the e xtensiv e stellar variable
ontamination created by TESS’s low angular resolution. Most 
igure 17. Histograms of apparent I -band magnitude, distance, and estimated blac
onfidence. These histograms can be compared to those of the original sample (Fig.
t al. 2021 ) is shown. The uncertainty is significant and the estimate requires an e
ur corresponding estimate is log(M BH / M �) = 5 . 6 using the Graham & Worley ( 2
bsolute K -band magnitude to the spheroid absolute K -band magnitude, followed b
eemingly AGN-like variability in TESS is, in fact, stellar in origin.
o we ver, 74 per cent of visually inspected candidates that passed

he RMS check (Section 4.4 ) remained candidates following the 
nal confirmation step of examining neighbouring light curves 
Section 4.5 ). The RMS images are useful as an indication of
oth variability amplitude and position. In particular, one could 
se centroiding to identify sources with variability consistent with 
he galaxy nucleus. Ho we ver, one should be careful about the
otential bias against AGNs off-centred due to binary SMBHs 
Komossa 2006 ) or dynamical kicks in low-mass galaxies (e.g. 

ezcua & Dom ́ınguez S ́anchez 2020 ; Bellovary et al. 2021 ). With the
ncorporation of this more robust contamination filtering early in the 
rocess, visual inspection becomes a minor or entirely replaceable 
tep and a search for (quasi-)periodic AGN variability becomes 
easible. 

 SUMMARY  

n this paper, we searched for AGNs using optical variability selection 
ith TESS. Our main results are as follows: 

(i) We identified 29 AGN candidates. Of these candidates, 11 have 
iterature classifications as AGNs, and 8 have M BH � 10 6 M �. 

(ii) Using emission-line diagnostics, X-ray luminosity, and mid- 
R colours, we demonstrated that variability is necessary for the 
election of up to 38 per cent of the candidates. Included in this
ercentage are five of the eight candidates with M BH � 10 6 M �. 
(iii) Our search for stochastic variability revealed the substantial 

ffect of contamination from variable stars. 
(iv) To mitigate the effect of stellar variability, we advocate for 

ignificant use of RMS images. Their early incorporation should 
llow for a more efficient process and a higher candidate yield. 

Because of its high cadence and precision, TESS remains the 
est facility for searches of low-mass AGN activity on a large
cale. Using an impro v ed methodology that robustly remo v es stellar
ontamination and reduces systematic effects, one can leverage the 
ull ability of TESS to study accretion and AGN behaviour of low-
ass SMBHs. 
MNRAS 525, 5795–5812 (2023) 

k hole mass for the AGN candidates. Each histogram is stacked by candidate 
 2 ). The literature mass estimate for NGC 4449 of 3.9 ± 0.89 M � (Williams 
xtrapolation of the M–σ relation from Tremaine et al. ( 2002 ). We note that 
008 ) relations and equation (14) from Graham ( 2007 ) to convert the galaxy 
y the log(M BH ). 
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