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ABSTRACT

With a growing number of facilities able to monitor the entire sky and produce light curves with a cadence of days, in recent years
there has been an increased rate of detection of sources whose variability deviates from standard behavior, revealing a variety of
exotic nuclear transients. The aim of the present study is to disentangle the nature of the transient AT 2021hdr, whose optical light
curve used to be consistent with a classic Seyfert 1 nucleus, which was also confirmed by its optical spectrum and high-energy
properties. From late 2021, AT 2021hdr started to present sudden brightening episodes in the form of oscillating peaks in the Zwicky
Transient Facility (ZTF) alert stream, and the same shape is observed in X-rays and UV from Swift data. The oscillations occur
every ∼60–90 days with amplitudes of ∼0.2 mag in the g and r bands. Very Long Baseline Array (VLBA) observations show no
radio emission at milliarcseconds scale. It is argued that these findings are inconsistent with a standard tidal disruption event (TDE),
a binary supermassive black hole (BSMBH), or a changing-look active galactic nucleus (AGN); neither does this object resemble
previous observed AGN flares, and disk or jet instabilities are an unlikely scenario. Here, we propose that the behavior of AT 2021hdr
might be due to the tidal disruption of a gas cloud by a BSMBH. In this scenario, we estimate that the putative binary has a separation
of ∼0.83 mpc and would merge in ∼7× 104 years. This galaxy is located at 9 kpc from a companion galaxy, and in this work we report
this merger for the first time. The oscillations are not related to the companion galaxy.
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1. Introduction

The centers of most galaxies are thought to host a supermassive
black hole (SMBH). If fed by a surrounding accretion disk, the
system shines and becomes an active galactic nucleus (AGN; Rees
1984). A common property of AGN is their variability across
the entire electromagnetic spectrum (Netzer 2013), which occurs
stochastically and is thought to be related mostly to flux varia-
tions in the accretion disc, with typical amplitudes of<0.5 mag in
the optical continuum on timescales of between months and years
(e.g., Vanden Berk et al. 2004; MacLeod et al. 2016).

In recent decades, objects whose behavior deviates from typ-
ical AGN-like variations have been discovered. These include
tidal disruption events (TDEs, Gezari 2021; Zabludoff et al.
2021), binary supermassive black hole (BSMBH; Charisi et al.
2016; De Rosa et al. 2019) candidates, changing-look (CL;
LaMassa et al. 2015; Ricci & Trakhtenbrot 2023; Zeltyn et al.
2024) events, the recently discovered ambiguous nuclear tran-
sients (ANTs; e.g., Hinkle et al. 2022), and anomalous-variability
flares, which are due to disk instabilities or similar perturbations
to the accretion process (Graham et al. 2017; Trakhtenbrot et al.
2019b; Frederick et al. 2021; Dotti et al. 2023).

Many of the previous novel SMBH-related events were found
thanks to the ever-increasing expansion of optical time domain
facilities, which monitor the entire observable sky in search of
variable objects. Among them, the Zwicky Transient Facility
(ZTF, Graham et al. 2019; Bellm et al. 2019; Masci et al. 2019)
observes the same region of the sky approximately every 3 days,
allowing the construction of well-sampled light curves, and alert-
ing the scientific community to significant changes in the sky. A
multiwavelength perspective is often crucial to properly assess the
evolving emission mechanisms and energetics of these variable
sources (e.g., Hernández-García et al. 2023). For this, the Neil
Gehrels Swift Observatory (Roming et al. 2005; Burrows et al.
2005) is an ideal facility, as it allows a rapid response to propos-
als that request follow-up observations, obtaining data in X-rays,
UV, and optical.

In this paper, we present an intriguing source that was dis-
covered in 2021 thanks to the Automatic Learning for the Rapid
Classification of Events broker (ALeRCE; Förster et al. 2021)
using ZTF data, and that we began monitoring with Swift in
2022. We complement these data with observations in radio
and optical spectra. The host of this new transient or variable
event, whose light curves show relatively well-defined oscilla-
tions on timescales of months, is an early stage merger com-
posed of an AGN and a low-ionization nuclear emission line
region (LINER); the combination of these two rare phenomena
is reported for the first time (De Rosa et al. 2019).

The paper is organized as follows: in Sect. 2 we present
the selection of the target, in Sect. 2.2 we include information
about the nuclear region of the host galaxy and its environment,
in Sect. 3 we present the data used for our analysis, in Sect. 4
we describe the multiwavelength light curves obtained during
the transient phase, and in Sect. 5 we discuss the main results
obtained in this work. Finally, we present our conclusions in
Sect. 6. The appendix provides further details and analysis of
the data as well as the full light curves.

2. Target selection

2.1. AT 2021hdr

AT 2021hdr / ZTF21aaqqwsa was discovered on March 22,
2021, in the ZTF public alert stream at Right Ascension (RA)
= 321.00142◦, Declination (Dec) = 34.15319◦ (J2000), and was

reported to the Transient Name Server (TNS) by the ALeRCE
broker (Förster et al. 2021) as a supernova candidate on March
26, 2021 (TNS #104012, Munoz-Arancibia et al. 2021). AT
2021hdr/ZTF21aaqqwsa has shown a remarkable variability
pattern with multiple oscillating peaks (Munoz-Arancibia et al.
2024). Figure 1 shows the ZTF light curve obtained from the
Forced Photometry Service in difference flux (Masci et al. 2023,
see Sect. 3.2.1 for details). After the first alert in the ZTF alert
stream, corresponding to the vertical dashed line in Fig. 1, the
source has experienced five re-brightenings in the ZTF data.
These can be found in Table 1.

The bottom panel of the figure shows the ZTF g-r color evo-
lution with time. We estimated the g-r color per g-band epoch
by subtracting the closest r-band apparent magnitude (within the
same night) from each g-band apparent magnitude. This method
is limited to nights where AT 2021hdr photometry was measured
in both filters, thus avoiding color estimates for nights that do not
meet this criterion. We note that this color estimate includes the
host-galaxy contribution to the brightness, as well as dust atten-
uation from both host-galaxy and Milky Way dust.

2.2. Host and environment

The host galaxy of AT 2021hdr, 2MASX J21240027+3409114
(Skrutskie et al. 2006), was classified as a Seyfert nucleus by
Parisi et al. (2014) based on a spectrum obtained using the San
Pedro Martir (SPM) Telescope (z = 0.083). Also known as
PBC J2123.9+3407, it was detected for the first time at X-rays
in the Palermo Swift-BAT hard X-ray catalog (Cusumano et al.
2010). Its hard X-ray properties are described in the Swift
BAT 157-Month Hard X-ray Survey; its spectrum has a spec-
tral index of 2.41[1.69–3.51], resulting in a luminosity of
log L = 44.0 erg s−1 in the 14–195 keV energy band (Lien et al.
2023, see Appendix A.1).

The host of AT 2021hdr is clearly detected in Pan-STARRS
(see Fig. 2), and appears to be part of an ongoing early-
stage merger with strong tidal tails. The second object, 2MASS
J21240037+3409058, at 6′′ or 9 kpc to the south, did not have
a redshift estimation. We obtained a spectrum with SPM on
November 23, 2022, that allowed us to measure a redshift of
z = 0.081 and classify it as a LINER nucleus (see Appendix B).
Thus, the system is a newly confirmed galaxy merger reported
here for the first time.

In the radio band, the host galaxy is detected at 4σ signif-
icance at 3 GHz at kiloparsec (kpc) scale (see also following
section). When observed at parsec (pc) scale, no detection is
found at a ∼70 µJy/beam flux density level, implying that there
is no strong jet or core emission (L < 1037.5 erg/sec at 5 GHz).
Thus, the radio emission observed at kiloparsec scales does not
appear to be related to the transient in AT 2021hdr, but rather
to extended emission such as star-forming or wind activity (see
Appendix C).

3. Data

3.1. Radio

3.1.1. Very Large Array Sky Survey

The galaxy hosting AT 2021hdr is in the footprint of the Very
Large Array Sky Survey (VLASS, 2–4 GHz, ∼3′′ FWHM,
Lacy et al. 2020). It was observed twice: on June 5, 2019, and
October 13, 2021 (a 2.3 yr span). The images show a detection
in both epochs at a significance level of 4σ, with a flux density of
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Fig. 1. ZTF light curve of AT 2021hdr between 2018-2024.
(Top panel): ZTF light curve (in difference flux from PSF
forced photometry) of AT 2021hdr in the g (green squares)
and r (red triangles). The black dashed line represents the
date of the first ZTF alert, and the gray dashed lines corre-
spond to dates when optical spectra were obtained. (Bottom
panel): ZTF g-r color evolution in total magnitude (see text
for details).

Table 1. Re-brightenings observed in the ZTF light curve.

Starting Peak apparent Amplitude
date magnitude ∆mg,AB,peak
(dd-mm-yy) (mag) (mag)

02-11-21 17.57/– 0.26/–
28-05-22 17.36/16.64 0.43/0.16
31-08-22 17.73/16.69 0.27/0.15
24-12-22 (∗) 17.53/16.66 0.27/0.15
14-07-23 17.78/16.74 0.18/0.07
13-09-23 17.79/16.72 0.15/0.07

Notes. The columns include the starting date of the re-brightening, its
peak apparent magnitude, and amplitude in the g/r bands. (∗)It is uncer-
tain whether there are one or two oscillations after this date.

Table 2. Values extracted from the two VLASS survey epochs.

Survey Date RMS FWHM Flux density
VLASS ddmmyyyy (µJy/beam) (“×”) µJy

Ep.1 05-06-2019 138 2.5× 2.2 569± 149
Ep.2 13-10-2021 115 2.6× 2.2 543± 127

∼550 µJy (see Table 2). Flux density values are consistent within
errors. However, the highest variations in the optical band are
after 2022, and so we cannot exclude a radio flux increase dur-
ing the past year.

The southern galaxy is also detected in both epochs, with a
flux density of ∼400 µJy (402± 144 µJy in the first epoch, and
400± 122 µJy in the second one). The radio 3σ and 4σ contours
encompass the bulges of the corresponding host galaxies, as seen
in the optical PanSTARRS images (see Fig. 2). A tentative Gaus-
sian fit for the radio emission co-located with AT 2021hdr results
in a deconvolved size of smaller than the beam, suggesting the
presence of a compact component on the kpc scale (one beam
of 3′′ corresponds to ∼5 kpc at a redshift of 0.083). However,
given the low flux density and statistical significance, this should
be considered only a rough estimate. Indeed, extended emission
with a lower surface brightness could still be present below the
noise level.

3.1.2. Very Long Baseline Array

Observations with the Very Long Baseline Array (VLBA) were
performed on June 29, 2023, through an approved DDT pro-
posal (Project ID: BH241) to test the presence of a compact radio
core and a possible jet in both nuclei. Observations were carried
out at 5 GHz and 8 GHz (C- and X-band, respectively), and data
correlated when applying two different phase centers to include
the location of AT 2021hdr and the southern AGN as well. Data
were reduced with the Astronomical Image Processing System
(AIPS1) following standard procedures. Imaging was performed
in CASA2. We were able to reach an RMS of 23 µJy/beam for
both nuclei at 5 GHz, and a slightly higher RMS of 30 µJy/beam
at 8 GHz. The angular resolution was 5× 4 milliarcsec at 5 GHz
and 2× 1 milliarcsec at 8 GHz. No emission was detected at the
location of AT 2021hdr or its companion galaxy, corresponding
to an upper limit of 1037.5 erg/sec at 5 GHz for AT 2021hdr.

3.2. Optical

3.2.1. Zwicky Transient Facility

The ZTF (Graham et al. 2019; Bellm et al. 2019; Masci et al.
2019, 2023) has been surveying the northern sky every three
days in the g, r, and i optical filters since 2018 and offers dif-
ferent services to the facilities described above, including (1) a
public alert system, for real-time time-domain science, (2) data
releases (DRs) every two months, including photometry mea-
surements on the science images, and (3) a Forced Photometry
Service on demand and per source, including photometry mea-
surements on the reference-subtracted science images.

For an alert to be generated, a source has to show a vari-
ation above a 5σ confidence level with respect to a refer-
ence image3. AT 2021hdr triggered its first alert on March 22,
2021, and was reported by the ALeRCE broker to the TNS
(Munoz-Arancibia et al. 2021). The alert light curve can be seen
in the ALeRCE Web Interface4 provided by the ALeRCE broker
(ALeRCE, Förster et al. 2021), with ZTF ID ZTF21aaqqwsa.

1 http://www.aips.nrao.edu
2 https://casa.nrao.edu/index.shtml
3 A reference image is generated by ZTF from the stacking of at least
10 images of each field.
4 https://alerce.online/object/ZTF21aaqqwsa
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Fig. 2. Pan-STARRS stacked i-band image of the AT 2021hdr (black cross) host and environment. The cyan circle indicates the Swift/XRT source
position error (90%). VLASS contours at 2σ, 3σ, and 4σ are overlaid in yellow. The locations of the secondary AGN and tidal tails are indicated.

For this work, we retrieved data from the ZTF Forced Pho-
tometry Service. The measurements obtained from this service
are less affected by extranuclear emission than in DRs because
they are obtained from the reference-subtracted images, there-
fore isolating the variable nuclear component. The light curves
were constructed with the criteria explained in Masci et al.
(2023) and in Hernández-García et al. (2023), including quality
filtering and rejecting bad-data quality flags. We did not apply
color correction to the data because AT 2120hdr shows color
variations (see Fig. 1).

The difference PSF magnitudes were converted into appar-
ent magnitude following Förster et al. (2021). In this manuscript,
we present the ZTF light curve of AT 2021hdr in difference flux
(i.e., the variable flux) in Figs. 1 and D.2, and in apparent mag-
nitude (i.e., the magnitude corrected for the contribution of the
host galaxy as measured in the reference image) in Fig. 3.

3.2.2. Spectra

Parisi et al. (2014) presented the first spectrum of this nucleus
obtained using the 2.1 m telescope of the OAN in San Pedro
Mártir (SPM), México, in 2010. AT 2021hdr was later observed
with the Liverpool Telescope (LT) on July 3, 2022, and was clas-
sified as an AGN by Johansson et al. (2022). We obtained a copy
of the reduced 1D spectrum from TNS.

In the present work, we analyze new spectra obtained from
different observatories, as follows. The source was observed with
the SPM on November 22, 2022, and October 9, 2023, using
a Boller and Chivens spectrograph. A spectrum of the nucleus
of the southern galaxy located at 6 arcsec from AT 2021hdr was
obtained on November 23, 2022. The instrument was equipped
with a 2K× 2K pixels E2V 4240 CCD. For flux calibration, a
standard star was observed every night. Wavelength calibration
was done using CuHeNeAr comparison lamps. A slit width of
2.5 arcsec was used, resulting in a spectral resolution of 10 Å.

An optical spectrum was acquired with the Hanle Faint
Object Spectrograph and Camera (HFOSC Prabhu & Anupama

2010) mounted on the 2.01 m Himalayan Chandra Telescope
(HCT) at IAO, Hanle, on December 23, 2022. For the obser-
vations, a grism Gr7 (3800–7800 Å) was used with a resolu-
tion of 1330 and dispersion of 1.45 Å pixel−1. The slit width was
0.77 arcsec and the exposure time was 3600 s.

Spectral data were taken with the Andalucian Faint Object
Spectrograph and Camera (ALFOSC) attached to the 2.5 m
Nordic Optical Telescope (NOT5) on July 23, 2023. Grating
#4 was used, which covers the spectral range 3200 Å–9600 Å,
resulting in a spectral sampling of 3.3 Å pixel−1. A slit of 1 arcsec
was used. A total on-target exposure time of 3600 seconds was
gathered in three exposures taken for cosmic rays and bad pixel
removal. Arc lamp exposures were obtained before and after
each target observation. A standard star was observed for flux
calibration with a 10 arcsec width slit.

Spectroscopic data reduction was carried out using IRAF,
following the standard steps of bias subtraction, flat-field correc-
tion, wavelength calibration, atmospheric extinction correction,
and flux calibration. The sky background level was determined
by taking median averages over two strips on both sides of the
galaxy signal, and subtracting it from the final combined galaxy
spectrum.

3.3. UV and X-rays

The Ultraviolet and Optical Telescope (UVOT, Roming et al.
2005) on board the Neil Gehrels Swift Observatory has six pri-
mary photometric filters: V (centered at 5468 Å), B (at 4392 Å),
U (at 3465 Å), UVW1 (at 2600 Å), UVM2 (at 2246 Å) and
UVW2 (at 1928 Å). Archival data from 2020 included only
UVW2 data, whereas we obtained observations through target
of opportunity (ToO) proposals in November 2022 in all six fil-
ters, between July and December 2023 in the UVW1, UVW2,
and UVM2 filters, and from December 2023 until April 2024

5 Roque de los Muchachos Observatory, La Palma, Canary Islands,
Spain
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Fig. 3. Light curves of AT 2021hdr. From top to bottom:
Swift/XRT in the 0.5–10 keV energy band, Swift/UVOT
in the UVW2 (blue triangles) and UVM2 (pink circles),
and ZTF in the g (green crosses) and r (red triangles)
bands. Dates are between August 8, 2022, and March 31,
2024.

in the UVM2 filter only. Data have been obtained in the UVM2
filter since April 2024 through a regular GI proposal #2023221.

The Uvotsource task within software HEASoft version
6.30 was used to perform aperture photometry using a circu-
lar aperture of radius 5 arcsec centered on the coordinates of
AT 2021hdr. A background region free of sources was selected
by adopting a circular region of 20 arcsec close to the nucleus.

An issue with UVOT arose whereby some observations were
affected by spacecraft jitter, which causes the sources in the
UVOT images to appear elongated, and not point-like. When an
observation suffers from this jitter, errors are induced in the stan-
dard photometry methods, underestimating magnitudes by 0.1–
0.3 mag. The UVOT team advised that the data can be used but
with caution (private communication). This effect was observed
between August 2023 and the start of April 2024 (Cenko 2023,
2024).

Simultaneous to the UVOT data, observations with the Swift
X-ray Telescope (XRT, Burrows et al. 2005), also on board the
Neil Gehrels Swift Observatory, were taken in the Photon Count-
ing mode through the ToO proposals and the regular GI proposal
#2023221. The data reduction was performed following stan-
dard routines described by the UK Swift Science Data Centre
(UKSSDC) using the software in HEASoft version 6.30.1. Cali-
brated event files were produced using the routine Xrtpipeline,
accounting for bad pixels and effects of vignetting, and expo-
sure maps were also created. Source and background spectra
were extracted from circular regions with 20 arcsec and 50 arcsec
radius, respectively. The Xrtmkarftaskwas used to create the
corresponding ancillary response files. The response matrix files
were obtained from the HEASARC CALibration DataBase. The
spectra were grouped to have a minimum of 20 counts per bin
using the Grppha task. The light curve in Fig. 3 is presented in
counts per second to have model-independent measurements.

To carry out a spectral analysis of the X-ray data, we used
XSPEC v.12.10.1. We assumed a Galactic absorption of NGal =

1.19 × 1021 cm−2 (Dickey & Lockman 1990). Errors correspond
to 90% confidence limits.

All individual spectra were fitted simultaneously with a
power law including Galactic absorption. First, we fitted the

spectra with frozen parameters assuming standard values, but
this resulted in a χ2 of 1091.3 for 512 degrees of freedom
(d.o.f.). We then left the spectral index and normalization param-
eters free, both independently and together. performing spec-
tral fittings each time to determine the best fit. The model
forcing the same spectral index for all data sets and a vary-
ing normalization resulted in a best-fit value of Γ = 1.4+0.6

−0.5
for χ2/d.o.f. = 389.58/468 = 0.83. All other models resulted in
χ2/d.o.f.> 1.6. Adopting an intrinsic absorption did not improve
any of the fitting results. From this model, we obtained fluxes
in the 0.5–10 keV energy band in the range 7.6 × 10−13−6.7 ×
10−12 erg cm−2 s−1, with a mean value of 2.7×10−12 erg cm−2 s−1.
At the redshift of the source, this corresponds to a mean luminos-
ity of log L0.5−10 keV = 43.6+0.4

−0.5 erg s−1.
We also estimated the hardness ratio (HR) as (H−S)/(H + S)

for each data set, with S being the count rate in the 0.5−1.0 keV
energy band, and H being the count rate in the 1.0−10 keV
energy band. We obtained values of between 0.3 and 1.0, with a
mean value of HR = 0.7. All measurements quoted above are in
agreement with AGN standard values (e.g., Panessa et al. 2006;
Brightman & Nandra 2011).

4. Results of the multiwavelength monitoring

The remarkable variability pattern of AT 2021hdr is presented in
Fig. 3. The top panel shows Swift/XRT data in the 0.5–10 keV
energy band, taken between November 17, 2022, and June 14,
2024. An approximately weekly monitoring was started on July
7, 2023, with a gap in early 2024 when the source was behind the
Sun. The middle panel shows Swift/UVOT data taken simultane-
ously to the XRT data. After July 7, 2023, priority was given to
observe with the UV filters, and therefore we present UVW2 and
UVM2 measurements as optical observations were scarce. After
December 3, 2023, data with the UVM2 filter only were taken.
The bottom panel shows a zoom onto the ZTF Forced Photom-
etry presented in Fig. 1. The observations have a cadence of ∼3
days. Measurements correspond to optical apparent magnitude.

There are four oscillation episodes (numbered 1, 2, 5, and
6 in Fig. D.2) for which we can roughly estimate both the rise
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Fig. 4. Hα region of AT 2021hdr. From top to bottom, spectra from the
LT, SPM, HCT, NOT, and SPM are presented in chronological order.
The spectra are normalized for visualization purposes (see text).

and fall times in the g-band: 44 and 51 days (95 days in total
and an amplitude of ∼0.4 mag) between MJD 59727 and 59822;
35 and 52 days (87 days and amplitude ∼0.3 mag) between
MJD 59822 and 59909; 26 and 35 days (61 days and ampli-
tude ∼0.2 mag) between MJD 60139 and 60200; and 27 and 31
days (58 days and amplitude ∼0.15 mag) between MJD 60200
and 60258. Thus, the rising times are shorter than the falling
ones, but only for a few days, while the oscillation episode time
span as well as their amplitude might be decreasing with time,
although the behavior observed in 2024 appears rather different.

A similar behavior is observed in the X-rays and UV from
Swift data, although the cadence of the observations prevents us
from making the same estimations. Time lags between the dif-
ferent bands cannot be estimated with the current available data.

As described in Sect. 3, archival optical spectra and new
spectra were obtained by our group. As the spectra were taken
using different instruments, different slit settings, and different
seeing conditions, allowing for different contributions of the sig-
nificant host stellar light into the spectral aperture, a direct com-
parison between epochs is not possible, except for the SPM data
obtained in 2022 and 2023 (see Appendix B for details). Nev-
ertheless, Fig. 4 presents all data available to us around the Hα
spectral region. For this comparison, we normalized each spec-
trum so that the [O III] λ5007 line flux was equal, and subtracted
a local continuum obtained by fitting a straight line to the flux
measured from two small windows centered at 6225 and 6775 Å.
Besides the redshift correction, small shifts were also introduced
to align the peak of the Hα, as this is dominated by the narrow
component (see Appendix B). The result suggests small changes
in the total flux of the Hα emission line and very few changes in
the profile of its broad component. In particular, the integrated
fluxes between 6225 and 6775 Å change by less than a factor
1.4.

From the SPM spectra, we estimated a black hole mass of
MBH ∼ 4 × 107 M� (see Appendix B). Using this mass, we
can calculate the Eddington ratio, REdd. We estimated the X-ray
luminosity in the 2–10 keV energy band for the spectra obtained
in 2010 (pre-oscillations) and during the oscillations. From these
luminosities, we calculated the bolometric luminosity of the
source using the bolometric correction given by Marconi et al.
(2004). We obtained luminosities of Lbol = 1.71 × 1044 erg s−1

and Lbol = 3.38 × 1044 erg s−1 for pre- and post-oscillations,
respectively. From these measurements, we obtain REdd ∼ 0.04
and ∼0.07 by dividing by the Eddington luminosity. For compar-

ison, we estimate a luminosity of Lbol = 1.53×1044 erg s−1 using
the broad Hα emission line.

5. Source nature

The oscillations are observed in the optical, UV, and X-rays
every approximately 60–90 days with amplitudes of ∼0.2 mag
in the optical. The source oscillations started in November 2021
and were not present in earlier observations taken since the
beginning of ZTF operations in 2018. Swift/BAT data do not
show indications of a previous oscillatory pattern, and neither
Gaia nor WISE data allow us to draw firm conclusions regarding
previous variability (see Appendix A for details on these data).

To determine the nature of AT 2021hdr, we first tested
whether or not the variations can be explained by periodic
or stochastic variations, and we find that they can hardly be
explained in this way, although for the moment these models
cannot be completely ruled out either (see Appendices D.1 and
D.2).

Oscillations in the light curve of an AGN can be indicative
of dynamic processes occurring near the SMBH. Several mech-
anisms can lead to such oscillations, and their detailed study
provides valuable insights into the physics of accretion onto
black holes. The specific timescales and characteristics of these
oscillations can vary widely depending on the individual prop-
erties of the system, including both the mass and spin of the
SMBH, and the nature of the surrounding environment. In the
following, we show that the variations in AT 2021hdr cannot be
easily explained by any of the mechanisms usually associated
to SMBHs. However, we find that the behavior of AT 2021hdr
broadly fits with models of the disruption and accretion of a gas
cloud by a BSMBH (Goicovic et al. 2016).

5.1. Nuclear transients

Transient events can result in strong continuum changes, some-
times with ∆mag> 1. About 100 long-lasting strong flares have
been detected in AGN showing large-amplitude variations not
related to jet emission (Lawrence et al. 2016; Graham et al.
2017; Frederick et al. 2019). However, the amplitude variations
in AT 2021hdr are too small to correspond to this type of flare
(∼0.2 mag). Flaring events have also recently been observed
in the X-rays as quasi-periodic eruptions (QPEs), where the
X-ray count rate increases by up to two orders of magnitude
within a timescale of hours, and these are recurrent events (e.g.,
Miniutti et al. 2019). Current models for QPEs suggest that they
result from an extreme mass-ratio inspiral (EMRI), where a
companion with a mass comparable to that of the Sun col-
lides with the accretion disk of a SMBH (Franchini et al. 2023;
Linial & Metzger 2023). However, all of them show a flat qui-
escent level, vary on timescales of hours, display very soft X-
ray emission (below 2 keV), and have a spectral evolution that
shows hysteresis in the relation between the bolometric luminos-
ity and temperature (Arcodia et al. 2022; Miniutti et al. 2023).
AT 2021hdr shows no quiescence, a much harder X-ray spec-
trum, and its oscillations are seen from the X-rays to the optical.

More recently, monthly QPEs were claimed in X-rays from
the nucleus of the nearby galaxy Swift J0230+28, which occur
every ∼22 days (Evans et al. 2023; Guolo et al. 2024b). The
authors noted that this source shows spectral shapes and a tem-
perature evolution that are distinct from those of the known
QPE sources, probably indicating that the emission mecha-
nism is likely quite different. An alternative scenario to explain
this source could include mass transfer from a star in an
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eccentric orbit around a SMBH, overflowing its Roche lobe
each pericenter passage (Krolik & Linial 2022; Linial & Sari
2023). Guolo et al. (2024b) applied this model by considering
a 33 R� star in a proportionally wider orbit. In order to match
the observed period of AT 2021hdr, an even larger star would be
needed, and in any case the model does not account for the hard
X-ray spectrum nor the UV/optical variations. Metzger et al.
(2022) proposed a related scenario, in which two stars orbit-
ing around the SMBH in co-planar orbits have recurrent close
encounters that result in tidal mass loss and subsequent accre-
tion onto the SMBH. This model can produce long-recurrence
times, but the expected flares are very asymmetric, with a fast
rise and slow decay given by the viscous timescale, unlike what
we observed for AT 2021hdr.

While accretion disks are usually assumed to be aligned to
the black hole spin, their misalignment would cause the disk
to precess, causing oscillations in the light curves as different
parts of the disk are exposed to the observer (Liska et al. 2021;
Dotti et al. 2023). In this scenario, for AT 2021hdr to show oscil-
lations at different wavelengths with the same apparent periodic-
ity would require the disk to precess coherently all the way out to
R ∼ 0.01 pc, where the optical radiation is produced. Even if that
were possible, the precession period would be at least ∼107 yr,
many orders of magnitude longer than the observed variability
period. Misalignment or wobbling of the inner accretion disk
could also produce precessing jets that give rise to variations in
flux (Liska et al. 2019). The nondetection in VLBA observations
of AT 2021hdr casts doubt on this possibility, although we can-
not exclude the presence of a nuclear compact jet detectable at
higher frequency. More generally, the absence of modulations
only two years ago necessitates an additional explanation for the
turning on of the variability.

Some CL or changing-state AGN have shown strong changes
in their light curves (∆mag> 0.5) and in the profile of their broad
emission lines. After these strong variations, however, CL AGN
typically remain at these levels for years, while their variabil-
ity remains stochastic throughout the event. AT 2021hdr presents
small-amplitude variability, and since the onset of the oscilla-
tions its variability has been in poor agreement with a stochas-
tic process. Furthermore, variations in the broad lines are not
observed, as can be inferred from Fig. 4, also ruling out a CL
identification.

Another class of SMBH transients are caused by the tidal
disruption of a star, namely TDEs, which are characterized by
a rapid increase in the UV/optical with ∆mag> 2, and some-
times declining as t−5/3 (van Velzen et al. 2020; Gezari 2021).
Their spectra can show a large diversity but are generally blue
and show weak [O III] lines, while at peak luminosity strong
and broad HeII emission is present (Charalampopoulos et al.
2022). Other characteristics of TDEs include their constant color
(Zabludoff et al. 2021) and their usually very soft X-ray emis-
sion (Guolo et al. 2024a).

While most TDEs do not show periodic variations,
Pasham et al. (2024) recently reported that AT2020ocn displays
X-ray flares every 17 days, which these authors explain as the
result of lense-thirring precession of a newly formed accretion
disk. Crucially, this source does not show similar variability
in the optical–UV regime. Regarding AT 2021hdr, the pres-
ence of oscillations at optical and UV would imply a larger-
scale precessing accretion disk, as mentioned above. However,
although the origin of the optical–UV emission from TDEs is
still unknown, it is not usually associated to direct disk emission
(e.g., Price et al. 2024). In addition, the relatively low Edding-
ton ratio of AT 2021hdr would imply that the inner disk can tear

into discrete annuli that precess individually (Nixon et al. 2012)
and consequently the X-ray modulations would be the result
of a combination of changing orientation and accretion of dis-
crete precessing annuli. In this scenario, it would be unlikely to
also observe a similar oscillation shape in the optical–UV from
the outer part of the disk, and so we rule out this scenario for
AT 2021hdr. Furthermore, theoretical studies have estimated that
for a SMBH with a mass of 107 M�, the disk will align on a
timescale of about half a year, preventing further oscillations
(Stone & Loeb 2012), whereas the variations in AT 2021hdr
have been observed for almost 3 years and are ongoing. Partial
TDEs, which should also be recurrent sources, have been seen
in only a few cases and their decline goes as t−9/4 (Miles et al.
2020). A popular example of a source that has been interpreted
as a partial TDE is ASASSN-14ko, which shows a periodicity
of ∼115 days in its UV–optical light curves (Payne et al. 2021,
2023). Each of the outbursts in the light curve shows a “fast-
rise and slow-decay” pattern, and the optical spectra show a blue
wing in Hβ (but not in Hα) during the outburst that is not present
in the quiescent state (Huang et al. 2023).

AT 2021hdr shows very different properties with respect to
the TDEs described above: the amplitude of the variations is
small (∼0.2 mag), it does not show any of the typical line fea-
tures of a TDE in its optical spectrum (see Appendix 3.2.2), it
shows color variations (a “bluer when brighter” behavior), its
X-ray spectrum is rather hard, and the rise and fall times are
very similar (see Sect. 4). Furthermore, we fitted the post-2022
light curve with the model of decaying TDEs and compared the
derived slope with the theoretical expectations, but could only
find poor fits (see Appendix D.3 for details).

It is worth noting that most known TDEs have occurred in
quiescent galaxies. AT 2021hdr is located in an AGN, and it
could therefore be that the phenomenon exhibits distinct charac-
teristics. If a TDE occurs in an AGN, the interactions between
the disrupted star and the SMBH can influence the proper-
ties of the AGN (Kathirgamaraju et al. 2017). The simulations
of Chan et al. (2019, 2020) actually show that this perturba-
tion results in quasi-periodic behavior, but with a very short
period associated to the dynamics of the inner disk, which
does not fit AT 2021hdr. Observationally, a few candidate TDEs
have been reported in AGN (Ricci et al. 2020; Zhang 2023;
Petrushevska et al. 2023). 1ES 1927+654 could be the best case
so far, and its overall properties are very different from those of
AT 2021hdr (Trakhtenbrot et al. 2019a; Ricci et al. 2020, 2021;
Laha et al. 2022).

5.2. Binary SMBHs

The orbital motion of a BSMBH is expected to result in strong
periodic or quasi-periodic modulations of the mass-accretion
rate and observed flux (e.g., Cuadra et al. 2009; Lai & Muñoz
2023), and can cause shifting in the spectral lines (Popović
2012; D’Orazio & Charisi 2023). We examine now whether
a BSMBH system could explain the oscillations observed in
AT 2021hdr.

The timescales involved in the periodicities of observed
BSMBH candidates are reported to be from a few hundred
days to decades, implying sub-pc separations (Valtonen et al.
2008; Graham et al. 2015; Charisi et al. 2016; Chen et al. 2024).
The BSMBH period itself will slowly decrease as the binary
orbit shrinks due to gravitational wave emission (Peters
1964), although on much longer timescales (see below). For
AT 2021hdr, there may be periodicity in the flux, but the spec-
tral lines have not changed. Additionally, AT 2021hdr shows

A84, page 7 of 16



Hernández-García, L., et al.: A&A, 692, A84 (2024)

a well-defined starting point for the oscillations, which is not
expected for a BSMBH.

TDEs on the other hand do have a well-defined start, and
can happen in a BSMBH system (Amaro-Seoane et al. 2013). In
this case, the binary affects the trajectory of the disrupted star,
influencing the observational signatures of the TDE. Indeed, the
first candidate for a TDE in a BSMBH was reported by Liu et al.
(2014), who followed the method in Liu et al. (2009) to find
BSMBH in quiescent galaxies.

Numerical simulations of a TDE caused by a BSMBH
(Coughlin et al. 2017; Vigneron et al. 2018) have revealed that
this interaction leads to a sudden increase in accretion followed
by an overall decay with a power-law exponent of −5/3, but that
interruptions to the accretion process occur due to the binary
orbit. As a result, troughs appear superimpossed on the general
TDE decaying light curve. These interruptions are periodic in
some cases, with the period approximately corresponding to the
binary orbital period. This behavior is consistent with most of
the observed evolution of AT 2021hdr6, with the exception of
the 2024 observations, which show a significant increase in flux
(see Appendix D.3). Although we cannot be sure whether this
flux increase is related to the oscillatory behavior or to intrinsic
disk variability, it is clear that the overall shape and span shown
in the light curves of Vigneron et al. (2018) are inconsistent with
observations of AT 2021hdr. Indeed, a flux increase is not present
in any of the models of Vigneron et al. (2018), which covered a
large parameter space in terms of initial stellar orbit, binary mass
ratio, and separation. However, those models did not consider the
previous existence of an accretion disk, which should be the case
for AT 2021hdr given its Seyfert nature. To address whether the
recent re-brightening could be due to the interaction between the
TDE debris and a pre-existing disk requires a numerical effort
that is beyond the scope of this work and will be addressed in
a future publication when more data are available; however, we
consider that a BSMBH TDE cannot be ruled out at this stage.

In addition to stars, gas clouds can also be disrupted by
SMBHs and their binaries. The key difference is that the clouds
can be comparable to or even larger than the binary separa-
tion, unlike stars, which are always much smaller. Goicovic et al.
(2016) modeled the disruption and posterior evolution of gas
clouds five times more extended than the BSMBHs they fall
onto. These authors tested different relative orientations and
impact parameters, and measured the resulting accretion rate
as a function of time, finding that the accretion rate has large
peaks, separated by half the binary period, as each black hole
crosses the cloud on its orbital period. Unlike the stellar case
studied by Vigneron et al. (2018), however, different parameters
result in diverse behaviors, including the number of peaks and
the ratio between their maximum amplitudes. Visual inspection
of their results (their Fig. 4 Goicovic et al. 2016) suggests that
AT 2021hdr could be produced by a cloud that approached on
a trajectory perpendicular to the binary orbit, with an impact
parameter larger than (but comparable to) the binary radius. We
acknowledge that, in reality, the parameter space of cloud prop-
erties (sizes, shapes, density distribution, etc.) is enormous, and
so it is likely that other configurations could also reproduce the
observed behavior.

In the scenario in which a cloud is responsible for the
changes, we expect that the cloud-unbound debris could obscure
and redden the central source. In Fig. 5 we plot the g-r color
estimated from the ZTF apparent magnitudes against the g band

6 Even though we do not have observations of the first peak in 2021
because the source was behind the Sun.
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Fig. 5. Color vs. magnitude diagram. The color is obtained from the
apparent magnitudes and the magnitude is in the g band. The blue tri-
angles and cyan circles represent dates before and after the oscillations
started in AT 2021hdr (MJD = 59520). We note that this date does not
correspond to the first alert but to the date when oscillations begin.

magnitude. The blue triangles represent dates before the source
started to show oscillations (MJD< 59520), and cyan circles rep-
resent dates during the oscillatory pattern. A clear break exists
before and after the oscillations occur, qualitatively agreeing
with the cloud disruption model.

Following the Goicovic et al. (2016) model, we can estimate
the mass of the accreted cloud. We attribute the measured change
in bolometric luminosity of ∆L ≈ 1.7 × 1044 erg/s to accre-
tion, using ∆L = εṀc2 –with ε ≈ 0.06 being the radiative
efficiency of the accretion flow–, as the initial, pre-oscillation
Eddington ratio of REdd places the galaxy already in the standard
accretion regime. The typical accretion rate during the oscilla-
tions is therefore Ṁ ∼ 0.05 M�/yr, and the accreted mass so far
is ∆M ∼ 0.1 M�. The relevant simulations of Goicovic et al.
(2016) show that a fraction of between 3 and 30 percent of
the cloud is accreted after a few cycles, and so the initial mass
of the cloud would be in the range of 0.3 to 3 M�. As accre-
tion is likely overestimated in the simulations given the large
sizes of the sink particles modeling black holes, these values are
likely a lower limit for the initial cloud mass. Still, this kind of
gas cloud could not possibly be directly observed outside our
own Galaxy. Observations of our Galactic center have revealed
the presence of gas clouds and streams undergoing tidal disrup-
tion, but with mass estimates in the range of 3–50 Earth masses
only (e.g., Gillessen et al. 2012; Ciurlo et al. 2023). The required
cloud in our model rather matches the cores observed a few hun-
dred pc further out, inside the clouds of the central molecular
zone (CMZ). Lu et al. (2020) found almost 1000 such cores,
with masses in the range of 0.3–300 M� and sizes of 5–40 mpc.
Theoretically, hydrodynamical simulations show that cloud for-
mation and their infall to the central black hole(s) are a com-
mon feature in galactic nuclei given the effects of turbulence and
self-gravity, and are able to efficiently drive AGN accretion (e.g.,
Hobbs et al. 2011; Fiacconi et al. 2013).
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We can also describe the orbit and evolution of our putative
binary, with a total mass of 4×107 M� (see Appendix B), and an
orbital period of ≈130 d, which is twice the observed peak recur-
rence time. This binary would have a separation of ≈0.83 mpc,
which corresponds to ≈220−430 RSch for the primary black hole,
depending on the binary mass ratio. This separation is much
smaller than the expected size of the broad line region, which
is consistent with the fact that AT 2021hdr shows only one set of
lines, and that they do not shift their wavelength with time. Addi-
tionally, this short separation means the binary is well inside the
gravitational-wave-emission regime. Using the formula of Peters
(1964), and assuming a circular and equal-mass binary, we can
estimate a timescale for orbital decay of ≈7 × 104 yr. Other pro-
cesses, such as stellar scattering (e.g., Yu 2002), accretion from
a circumbinary disk (e.g., Valli et al. 2024), or the continuous
infall of clouds (Goicovic et al. 2017), will have a much slower
effect on the orbital evolution. The gravitational-wave-driven
decay will be faster for eccentric binaries, but slower for binaries
of unequal mass, and it is also very sensitive to the uncertain esti-
mate of the total black hole mass. In any case, a decay timescale
of ∼105 yr, and the fact that there is another AGN∼9 kpc away,
make the source a very interesting target for studying the hierar-
chical growth of SMBHs. We note that similar estimates can be
carried out if the source is produced by a stellar TDE, the main
difference being that the orbital period would then correspond
to the observed period of ≈60−90 d, and so the binary would be
more compact and decay faster.

6. Summary

We present AT 2021hdr, a transient source discovered in the ZTF
public alert stream, whose location coincides with the nucleus
of a low-redshift Seyfert galaxy. This galaxy is located at 9 kpc
from a companion galaxy with which it is merging. This merger
is reported in this work for the first time. Since the initial alert,
the source has shown an oscillatory pattern, and five ∼0.2 mag
increases in brightness have been observed, roughly every ∼60–
90 days. The same pattern is observed in the UV and X-rays with
Swift. Optical spectra were obtained at different dates and flux
states, and showed that the spectral lines do not show changes in
width or flux (see Appendix B and Fig. 4). VLASS images show
radio emission, but sensitive high-resolution VLBA observations
did not detect a compact source, ruling out a jet origin.

While the oscillatory behavior suggests a BSMBH, archival
data show that, before the alert, the source presented a roughly
constant flux, and lower luminosity. A tidal disruption event,
even one in a binary, does not fit the observations either, as the
overall flux evolution does not follow the expected decay trend.
We therefore propose that the source behavior could be due to
the tidal disruption of a gas cloud by an unresolved BSMBH
(not related to the companion galaxy at 9 kpc).

This process was modeled numerically by Goicovic et al.
(2016), who found that the binary accretes the gas in several
successive peaks (two per orbit), with the relative peak inten-
sities depending on the orbital configuration. The initial mass of
the accreted cloud would be in the range of 0.3–3 M�. Given an
estimate of ∼4× 107 M� for the SMBH masses, we can calcu-
late that the putative binary has a separation of ∼0.83 mpc and
will merge in ∼7× 104 years, making it an interesting target for
studying the hierarchical assembly of SMBHs in the local Uni-
verse.

Continued monitoring will allow us to constrain or rule out
this scenario, and to inform the development of numerical mod-
els tailored to this interesting source.

Data availability

The log of the ZTF forced photometry and Swift observations
are available and can be downloaded at Zenodo via 10.5281/
zenodo.13942552.
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ogy, funded by the National Aeronautics and Space Administration. This publica-
tion makes use of data products from the Near-Earth Object Wide-field Infrared
Survey Explorer (NEOWISE), which is a joint project of the Jet Propulsion Lab-
oratory/California Institute of Technology and the University of Arizona. NEO-
WISE is funded by the National Aeronautics and Space Administration.
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Fig. A.1. Swift/BAT 157-month light curve of SWIFT J2123.9+3401 in
the 14-195 keV band.

Appendix A: Archival data

We gathered information from different instrumentation with
observations before ZTF observed to check for previous vari-
ability. Here we report on observations with Gaia, WISE and
Swift/BAT.

A.1. Swift/BAT 157 month

The Burst Alert Telescope (BAT) onboard the Neil Gehrels
Swift observatory has a main objective that is to detect transient
gamma-ray bursts (GRBs). To fulfill this objective it is contin-
uously performing an all-sky hard X-ray survey in the 14-195
keV energy band (Tueller et al. 2008, 2010). The last catalog is
the 157-month survey7, which contains light curves and spectra
of >1800 sources (Lien et al. in prep).

In Fig. A.1 we present the light curve of SWIFT
J2123.9+3401 between 2004 and 2017, which is located at
RA=320.982◦, Dec=34.018◦. The count rate is normalized using
the Crab nebula as a standard candle (Oh et al. 2018).

The source has a mean flux of 7.04+2.05
−2.45 × 10−12erg cm−2s−1,

corresponding to a luminosity of logL(14-195 keV)= 44.0 erg
s−1.

We evaluated if the observed changes in the light curve are
significant. The mean value of the count rate is 3±8×10−4 cts
s−1. We calculated the χ2 and degrees of freedom and obtained
165.2/156, indicating that this is a good fit respect to a constant
value. Following Vaughan et al. (2003) we estimated the nor-
malised excess variance, σNXS =1.7±0.9 and the fractional vari-
ability Fvar=1.2±0.4. These measurements indicate changes at a
1.9σ and 2.7σ of confidence level, therefore we will consider
that the source did not vary in the 14-195 keV band between
2004-17.

A.2. Gaia

AT 2021hdr has a counterpart within 1” in both Gaia DR2
(Gaia Collaboration 2018) and DR3 (Gaia Collaboration 2023)
catalogs, with source_id = 1855138731842796032. In Gaia
DR3, it has mean magnitudes of 18.82 ± 0.02, 17.74 ± 0.03,
and 16.22 ± 0.01 mag in G, BP, and RP filters, respectively. It
has BP-RP color of 1.51 mag and a BP/RP excess factor of 6.54
mag; together they give a corrected BP/RP excess factor of 5.27
mag (Riello et al. 2021), indicating a consistency issue between
Gaia fluxes.

7 https://swift.gsfc.nasa.gov/results/bs157mon

Fig. A.2. NEOWISE-R light curves (top panel) and color evolution
(middle panel) based on WISE detections within 5” of AT 2021hdr. The
bottom panel is a PansTARRS image with the NEOWISE-R positions
where the photometry was done. It can be seen that it falls in the middle
of the two galaxies.

This object has phot_variable_flag = ’not_available’ in
both data releases, indicating that it was not processed and/or
exported. However, Mowlavi et al. (2021) estimated variability
amplitude proxies for this object of ≈ 0.13, 0.12, and 0.04 mag
for G, BP, and RP filters, respectively, based on Gaia DR2 data.

This Gaia source also appears in the Gaia Focused Prod-
uct Release catalog as a possible gravitational lens candidate
(Gaia Collaboration 2024), including three components within
1”. Raw photometry light curves for these components are
publicly available; however, as they are based on uncalibrated
onboard magnitudes, we exclude these measurements from our
analysis of AT 2021hdr variability.
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A.3. Wide-field Infrared Survey Explorer (WISE)

We searched for counterparts to AT 2021hdr in the Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010)
data, starting with AllWISE Data Release (Cutri et al. 2013).
This includes objects detected on the deep AllWISE Atlas
Intensity Images, which are coadds based on WISE cryo-
genic and the Near Earth Object Wide-field Infrared Survey
Explorer (NEOWISE; Mainzer et al. 2011) post-cryogenic sur-
vey phases. AT 2021hdr has a counterpart within 2” in All-
WISE, named J212400.31+340910.2 with unique source ID
3216134801351011461. This object has high (> 20) S/N detec-
tions in all WISE bands, with Vega magnitudes of 11.48 ± 0.02,
11.07±0.20, 8.33±0.02, and 6.01±0.05 mag in the W1, W2, W3,
and W4 filters. It has a variability flag . 5 in all WISE bands,
indicating this object is most likely not variable. However, the
W1 measurement is flagged as spurious or contaminated by the
scattered light halo that surrounds a nearby bright source. The
second closest AllWISE object to AT 2021hdr lies at 12”.

We also searched in the NEOWISE Reactivation mission
(NEOWISE-R; Mainzer et al. 2014) latest Data Release, which
covers the first ten years of survey operations. We queried all
sources within 5” of AT 2021hdr in the NEOWISE Single-
exposure Source Database, which includes all detections that
have combined W1 and W2 S/N > 3. We selected detections
from good quality framesets by applying the following criteria:
overall frameset quality score qual_frame > 0; cc_flags = 0000
(i.e. no filters were flagged as spurious detections or real sources
contaminated by image artifacts); and profile-fit magnitudes 11
< W1 < 15 and 10 < W2 < 13 (i.e. bright enough detections
but minimizing spurious transient detections like charged parti-
cle strikes, satellite trails and hot or noisy pixels). This gives 324
detections that lie within 1.2” and 3.5” of AT 2021hdr, with indi-
vidual coordinate uncertainties . 0.03”. All of them are found
in the region between the host and neighbor galaxy nuclei, and
come associated to the same AllWISE object mentioned above.

We compute weighted means and weighted mean errors
using the multiple magnitude measurements per observation
epoch. This results in two magnitude estimates per filter per year,
which we use to obtain color estimates as shown in Fig. A.2.
The amplitude of the magnitude variation reaches 0.3 and 0.5
mag in W1 and W2 respectively, while for the W1-W2 color it
reaches 0.25 mag. Binned magnitudes show a trend of increas-
ing brightness from the first half of 2021 (coincident with the
first ZTF alert date) to the first half of 2023, hinting a 6-month
delay between the brightest ZTF peak and the brightest sub-
sequent NEOWISE-R magnitudes. However, the fact that this
emission is distributed in between the AGN system prevent us
to fully associate this MIR emission to the nuclear transient (see
bottom panel in Fig. A.2).

Appendix B: Analysis of optical spectra

In this section we present details on the optical spectra intro-
duced in Sect. 3.2.2. In Fig. B.1 we present the spectra from the
LT, SPM (2022), HCT, NOT, and SPM (2023) in chronological
order and arbitrary units.

We will compare the two spectra taken with the SPM tele-
scope because these were taken with the same setup and thus
they are the most likely to be able to find spectral changes. The
spectrum from 2022 was taken at the bottom of an oscillation,
and the spectrum from 2023 at the top of an oscillation.

We used the Penalized Pixel-Fitting (pPXF) software
(Cappellari 2017) to fit the data, and the E-MILES library
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Fig. B.1. Optical spectra of AT 2021hdr used in this work. From top to
bottom, spectra from the LT, SPM, HCT, NOT, and SPM are presented
in in chronological order. The y-axis units are arbitrary and the spectra
are plotted with an offset for visualization purposes.

(Vazdekis et al. 2010) to account for the stellar continuum com-
ponent. The other components used to fit the AGN continuum
and the emission lines are:

– A power law template for the accretion disk contribution of
the form ( λ

λN
)α where λ is the wavelength, λN = 5000 Å is a

normalization factor and α goes from −5 to −0.1 in steps of
0.1.

– Two components with permitted and forbidden emission
lines, with free normalizations, to model the narrow lines.
We allowed Hα and Hβ to have different velocity dispersion
by considering the separation of the templates in λ = 6200
Å.

– Two components with permitted emission lines, with free
normalizations, to model the broad emission lines. Using the
same value of λ = 6200 Å, we allowed Hα and Hβ to have
different kinematic moments (velocity and velocity disper-
sion).
We obtained errors for each parameter by performing Monte

Carlo simulations using the best-fitting model and simulating
random noise generated from the standard deviation of the best-
fitting residuals.

We performed a relative calibration between the spectra
using data from the ZTF photometry. The procedure was to inte-
grate the flux of the spectra in the g and r band and normalize the
ZTF light curve and this measurement in the same date. Finally
we use the ratio of these measurements to have a proper relative
calibration between the spectra and the light curve.

The decomposed spectra are presented in Fig. B.2, where the
best fit to the spectra is shown in blue.

Table B.1 shows the results of the spectral fitting for the
SPM spectra. The broad Hα and Hβ fluxes show negligible vari-
ation between the two spectra. However, when comparing the
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Fig. B.2. Decomposition of the optical spectra of AT 2021hdr taken with
the SPM in 2022 (top) and 2023 (bottom). The black corresponds to
the original spectrum, the blue to the best-fitted model, the orange to
the host galaxy contribution, the purple the continuum from the AGN
emission, the green to the narrow emission lines (NELs), and the red to
the broad emission lines (BELs).

AGN-continuum luminosity at 5100Å and 3500Å we observed a
noticeable variation in this component. This change is evident in
the plots of Fig. B.2, where the AGN component shows a harder
emission in the SPM 2023 spectrum. Because our model for the
AGN continuum is a combination of power laws and the profiles
of both the 2022 and 2023 spectra, particularly for short wave-
lengths, we cannot directly compare the slopes. Instead, for a
fairer comparison, we note that the contribution of the most neg-
ative slope (α = −5, from the model ( λ

λN
)α) is 1.7% for the 2022

observation and 7.5% for the 2023 observation.
Narrow line fluxes give ratios log([O III] λ5007/ Hβ) = 1.1,

log([N II] λ6583/ Hα) = -0.01, and log([S II] λ(6716+6731)/ Hα)
= -0.3 (completely consistent between 2022 and 2023). These
values clearly confirm the Seyfert nature of AT2021hdr.

We estimated the black hole mass from these spectra using
the single-epoch virial mass estimator (e.g., Reines & Volonteri
2015). From both spectra we obtained a mass estimation of
MBH ∼ 4×107 M�. The luminosity was obtained with a ΛCDM
cosmology with parameters ΩM = 0.3, Ωλ = 0.7 and H0 = 70
kms−1 Mpc−1.

In Fig. B.3 we present an optical spectrum taken with the
SPM of the neighbour galaxy, 2MASS J21240037+3409058,
located at 6" or ∼ 9 kpc to the south. The redshift of the galaxy is
0.081. This is the first spectrum reported for this source, allow-
ing its classification as a LINER nucleus.

Appendix C: Possible origin of the radio emission

The radio power, as estimated from the radio emission detected
in VLASS and co-located with AT 2021hdr, is 1038.4 erg s−1,
ascribing the source to the radio-quiet regime. However, the
upper limit on the VLBA luminosity is 1037.5 erg s−1, imply-
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Fig. B.3. Optical spectrum of the neighbour galaxy located 6 arcsec (9
kpc) away from the nucleus of AT 2021hdr taken with the SPM in 2022.

ing that part of the arcsecond scale flux is resolved out at
milli-arcsecond scales. Both fluxes are consistent with the
range of radio powers found for the faintest Seyfert nuclei
observed to date (1035 − 1039 erg s−1, Chiaraluce et al. 2019;
Panessa & Giroletti 2013). The observed ratio between the radio
luminosity (VLASS and VLBA) and the observed Swift X-ray
luminosity is also consistent to that found for local Seyfert galax-
ies (Panessa et al. 2007; Panessa & Giroletti 2013). Possible ori-
gins for the radio emission include a low luminosity radio core,
possibly present below the VLBA sensitivity. Higher frequency
and sensitive observations would be needed to detect such possi-
ble core (Panessa et al. 2019). Alternatively, diffuse radio emis-
sion coming from star-forming activity in the host bulge may
be present. This would show a steep spectral index (∼-0.7), as
a result of synchrotron emission from supernovae ejecta, with a
typical lifetime of 100 Myr (Condon 1992). It is also possible
that recent (∼10 Myr) star-forming activity could result in a flat
radio spectrum from bremsstrahlung emission (Tabatabaei et al.
2017, and references therein), but still detectable only by inte-
grating the emission on the kpc-scale. A star-forming origin
would imply that there is no physical connection between the
oscillating nuclear transient (pc-scale) and the radio emission
(kpc-scale), which it could be related with the ongoing merger
of the two galaxies, triggering star formation via gas compres-
sion. Eventually, wind shocks may also produce radio emission.
Indeed, the radio luminosity was found to be correlated with
wind velocities as estimated from the [O III] emission line in
low-redshift (z < 0.8) type 2 radio-quiet quasars, in the range
1038.5 − 1041 erg s−1 (Zakamska & Greene 2014). This scenario
can be further tested via intermediate resolution (sub-kpc) radio
observations, combined with spectroscopic ones.

Appendix D: Time series analysis

Here we will use different methods to fit the ZTF light curves
of AT 2021hdr to evaluate if these variations could be explained
by processes related to the AGN accretion disk, periodic move-
ments or external sources such as TDEs. The results are dis-
cussed in Sect. 5.

D.1. Periodogram

We used P4J8 to calculate the periodogram of AT 2021hdr. P4J
is a python package for period detection on irregularly sampled
and heteroscedastic time series based on Information Theoretic
objective functions. The core of the used package is a class called
periodogram that sweeps an array of periods/frequencies looking
for the one that maximizes a given criterion. The main contribu-
tion of this work is a criterion for period detection based on the
maximization of Cauchy-Schwarz Quadratic Mutual Informa-

8 https://github.com/phuijse/P4J
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Table B.1. Results from the optical spectral fitting of the SPM spectra.

Spectrum Flux Hα FWHM Hα Flux Hβ AGN-Luminosity logMBH
(10−14 erg cm−2 s−1) (km s−1) (10−14 erg cm−2 s−1) (1043 erg s−1) (M�)

(5100Å) (3500Å)

SPM-2022 3.49 ± 0.13 3525.00 ± 0.01 1.05 ± 0.03 1.31 ± 0.01 1.47 ± 0.01 7.61 ± 0.50
SPM-2023 4.04 ± 0.14 3290.00 ± 99.19 1.01 ± 0.04 1.51 ± 0.06 2.133 ± 0.002 7.57 ± 0.51

Notes. Flux and FWHM columns are for broad emission lines. In the luminosity columns we compare the AGN continuum between the two
spectra at two different wavelengths. For the calculation of the luminosity we used a ΛCDM cosmological model with H0 = 70 km/s/Mpc. The
black hole masses are derived from the virial mass estimator using Hα. We added uncertainties of 0.5 dex to the error of the masses, as expected
for virial mass estimates (Reines & Volonteri 2015).
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Fig. D.1. Periodogram of AT 2021hdr using the P4J code using the ZTF
g and r bands. The dashed lines represent the best periods. The horizon-
tal dashed/dotted lines represent the 90, 95, and 99% confidence levels.

tion (Huijse et al. 2018). Information theoretic criteria incorpo-
rate information on the whole probability density function of the
process and are more robust than classical second-order statistics
based criteria (Principe 2010).

We obtain the multiband period from the implementation in
the P4J library using the Multi Harmonic Analysis of Variance
(MHAOV) periodogram (Mondrik et al. 2015), using both g and
r bands at the same time.

Figure D.1 shows the resulting periodogram for the ZTF light
curves for dates > 59500. The dashed lines represent the best
periods, which are estimated as the local maxima, being 97.7,
and 355.7 days. We estimated the confidence levels at 90, 95,
and 99% using 50000 iterations of Montecarlo simulations of the
light curves following the procedure in Amaya-Almazán et al.
(2022). The results are plotted as dashed lines. The obtained
period could be significant, but because only a few oscillations
have been observed so far, we prefer to wait for a longer light
curve to better estimate its periodicity, and quasi-periodicity can-
not be ruled out at this moment either.

D.2. Continuous-time autoregressive moving average
(CARMA) models

To test if the variations observed in AT 2021hdr can be explained
by a stochastic process, we used CARMA models to fit its
ZTF light curve, in particular we tested a Damped Ran-
dom Walk (DRW or CAR(1)) model (e.g., Kelly et al. 2009;
Sánchez-Sáez et al. 2021) and a Damped Harmonic Oscillator
(DHO or CARMA(2, 1)) model (Kelly et al. 2014; Moreno et al.
2019).

We use the EzTao Python package (Yu & Richards 2022),
that performs time-series analysis using CARMA processes. It
uses celerite (a fast gaussian processes regression library) to
compute the likelihood of a set of proposed CARMA parame-
ters given the input time series. We fitted a DRW model, which

has two process parameters of intrinsic characteristic variability
amplitude, σDRW , and timescale, τDRW .

Some authors argued that DRW models do not always ade-
quately describe the variability properties of AGN but that the
slightly more complex DHO models apparently may do so, as
they can naturally produce the low-frequency break in the power
spectral density (Kelly et al. 2014). This model has four param-
eters of the amplitude, a1 and a2, and two for the timescale, b1
and b2:

d2x + a1d1x + a2x = b1ε(t) + b2d(ε(t)) (D.1)

We run Markov Chain Monte Carlo (MCMC) to determine
a distribution over the parameter space. The results of the fitting
are presented in Table D.1. The errors of these parameters are
too large, indicating that stochastic variations does not fit the
ZTF light curve properly.

We also estimated the structure function following
Sánchez-Sáez et al. (2018), using the Bayesian definition
presented in Schmidt et al. (2010). We obtained a value of
0.30 ± 0.01 for the logarithmic gradient of the variation in mag-
nitude. This value is compatible with results obtained for type
1 AGN (e.g., Sánchez-Sáez et al. 2018; De Cicco et al. 2022),
so from the structure function we cannot discard stochastic
AGN-like variations.

D.3. TDE fitting

To test whether the variability observed in AT 2021hdr might be
related to a TDE process, we fitted the ZTF data with the follow-
ing decay model:

Flux = C ∗ t−D, (D.2)

where Flux is the value of the difference flux (in µJy), C the
amplitude, t the normalized time and D the power law decay
exponent.

A zoom in to the ZTF light curve of AT 2021hdr is presented
in Fig. D.2. First, we divided the light curve of AT 2021hdr into
individual peaks with the aim of fitting each of them indepen-
dently. The dashed lines in Fig. D.2 represent the dates that were
used to define the individual peaks, that are named by numbers.
We used only the peaks that have a beginning and an end, i.e.,
peaks 1, 2, 5, and 6 (marked with a gray background in Fig. D.2).
We prefer to not use peaks 3 and 4 because it is unsure whether
these are one or two peaks, and the source was behind the Sun
during the rise of peak 3.

The results of the fitting can be seen in Fig. D.3 and the
decays for the g and r bands are in Table D.2. The mean val-
ues of the power law decay exponents are 0.8±0.4 for the g
band, and 0.6±0.3 for the r band. The first decay exponent in
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Table D.1. Parameters for the DRW and DHO.

Alerts Total
g r g r

DRW

τDRW 0.15+0.13
−0.04 0.10+0.10

−0.03 0.22+0.29
−0.07 0.12+0.03

−0.02
σDRW 195+513

−88 256+774
−123 621+2652

−332 105+63
−29

DHO
a1 0.6+6×1040

−0.3 5×1067 +1×10119

−5×1067 5×1059 +3×10117

−5×1059 193+67
−51

a2 0.0043×1038

0.003 2×1065 4×10116

1×1065 5×1056 3×10114

5×1056 0.11+0.21
−0.09

b1 0.0129×1038

0.04 5×1065 1×10117

5×1065 6×1057 4×10115

6×1057 1.2+0.5
−0.3

b2 9 × 10−141
9×10−1411×10−38 2×10−102

2×10−1027×10−11 9×10−94
9×10−940.01 0.30+0.04

−0.04
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Fig. D.2. Zoom in to the ZTF light curve of AT 2021hdr in the g and r
bands. The dashed lines represent the dates that were used to define the
individual peaks. The gray background represent the peaks that were
used for the analysis of the individual peaks (see text).

the g band of the light curve of AT 2021hdr is 1.445±0.006, but
all the others are <1, much flatter than those expected for par-
tial TDEs. This, together with the multiwavelength properties of
AT 2021hdr, makes it hardly to explain the nature of this tran-
sient as a partial TDE.

Then, we used all the peaks together to fit the same model but
with a fixed D=5/3. We used data after MJD 59683 to consider
only the oscillations. With this model we want to test the sce-
nario in which there is TDE by a BSMBH (e.g., Vigneron et al.
2018). In this case we expect a sudden increase in accretion fol-
lowed by an overall decay with a power-law exponent of -5/3,
but undergoing interruptions due to the binary orbit. The result
of this procedure is shown in Fig. D.4 for g (left) and r (right)
bands. From this plot it is obvious that the model is not a good
fit for the data, mostly because of the newer bright peak after
2024, discarding a TDE by a star in a BSMBH.

Table D.2. TDE fitting.

Peak Dg Dr

1 1.446±0.006 0.932±0.004
2 0.832±0.003 0.4195±0.0007
5 0.634±0.007 0.87±0.01
6 0.437±0.007 0.234±0.007

Notes. Dg and Dr correspond to the power law decay exponentials in the
g and r bands, respectively, for each of the peaks defined in Fig. D.2.
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Fig. D.3. TDE fitting to each peak. The black lines represent a decay model with a free spectral index. From top to bottom, peaks 1, 2, 5, and 6
from Fig. D.2. The legends include the ZTF band and the power law decay exponents.

Fig. D.4. TDE fitting to the whole light curve in the g and r bands. The black line represents a decay model with spectral index 5/3 as expected for
a TDE. The light curves include dates after MJD 59683 to consider only the oscillations.
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