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ABSTRACT

Context. Statistics on tidal disruption events (TDEs) may be contaminated by repeating TDEs (trTDEs), which have been widely
discovered in recent years. However, no statistical study has yet examined rTDEs with time intervals longer than 5 years. In addition,
the origin of rTDESs remains unclear.

Aims. We aim to search for rTDEs with time intervals longer than 5 years in a well-defined TDE sample and to estimate the rTDE
rate and fraction in the sample.

Methods. We used a sample of 16 TDEs at z < 0.05 from the Zwicky Transient Facility (ZTF) Bright Transient Survey (BTS) to
search for flares 5—19 years before the ZTF TDEs using the Catalina Real-time Sky Survey (CRTS) light curves. We analyzed archival
multi-band data to distinguish between TDEs and supernovae (SNe) and estimated the expected number of SNe that CRTS could
detect in the sample.

Results. We identify two rTDE candidates, AT 2019azh and AT 2024pvu, with time intervals of 13.2 and 17.1 years, respectively. The
peak luminosities of the CRTS flares are close to those of ZTF flares. For the CRTS flare of AT 2024pvu, we used UV observations
from the Galaxy Evolution Explorer (GALEX) near the peak to measure a blackbody temperature of ~19 500 K, consistent with TDEs
and higher than that of SNe. Moreover, we estimate the expected number of SNe in the sample to be <0.08, and hence the probability
that both CRTS flares are SNe is only 0.3%. Therefore, we rule out the possibility that both CRTS flares are SNe and conclude that
both are likely TDEs. Using the two rTDEs, we infer that the TDE rate is two to three orders of magnitude higher than the average
over 5-19 years prior to TDE detection. Two rTDEs with intervals of ~2 years in the sample, together with possible rTDEs missed
by CRTS, suggest that rTDEs with intervals of <20 years may account for 25%—-60% of the TDE sample. We interpret rTDEs as
repeating partial TDEs. If so, the high fraction of rTDEs suggests that the observed optical TDE rate is overestimated. However, the

possibility of independent TDEs cannot be ruled out and requires future observational tests.

Key words. galaxies: nuclei

1. Introduction

A tidal disruption event (TDE) occurs when a star approaches
the tidal radius (R;) of a supermassive black hole (SMBH) and is
tidally disrupted (e.g. Hills 1975; Rees 1988):

1/3
Mgy /
M, ’

R ~ R*( M)

where R, and M, are the radius and mass of the star and Mgy
is the mass of the SMBH. A TDE can be observed if it occurs
outside the event horizon, which sets an upper limit for Mpy
of ~3 x 108 M, for Schwarzschild SMBHs and Sun-like stars.
Below this limit, TDEs produce a bright UV-optical and/or X-
ray flare (Komossa 2015; van Velzen et al. 2020; Saxton et al.
2020) with a light curve roughly following L o ~>/3 in theory
(Rees 1988). Its optical spectrum is characterised by a blue con-
tinuum with a high and nearly constant blackbody temperature
(e.g. Arcavi et al. 2014; Gezari 2021; Yao et al. 2023), different
from other impostors, such as supernovae (SNe) or active galac-
tic nucleus (AGN) flares (Zabludoff et al. 2021).

A TDE provides a unique opportunity to discover and
statistically analyse inactive SMBHs (e.g. Stone & Metzger
2016; van Velzen 2018), especially at the low-mass end

* Corresponding author: sunluming@ahnu.edu.cn

where the classical dynamical method encounters difficul-
ties (Mockler et al. 2026). Thanks to large-area, high-cadence
optical surveys such as the All Sky Automated Survey for
Supernovae (ASAS-SN; Shappee et al. 2014; Kochanek et al.
2017), the Asteroid Terrestrial impact Last Alert System
(ATLAS; Tonry et al. 2018; Smith et al. 2020; Shingles et al.
2021) and the Zwicky Transient Facility (ZTF; Bellm et al.
2019; Masci et al. 2019), as well as X-ray surveys such as
extended ROentgen Survey with an Imaging Telescope Array
(eROSITA; Predehl et al. 2021), the number of discovered
TDEs has increased rapidly in recent years to 2107 (e.g.
van Velzen et al. 2021; Hammerstein et al. 2023; Sazonov et al.
2021; Zhangetal. 2026). Recent rate estimates for optical

and X-ray TDEs are 3.1708 and 2.3")2 x 107 Mpc™ yr™!,

respectively, or ~2—3 x 107 galaxy~' yr™! (e.g. Yao et al. 2023;
Grotova et al. 2025). The total TDE rate, after accounting for
dust-obscured TDEs revealed in the mid-infrared (MIR) bands
(~2 x 107 galaxy ! yr™!, Jiangetal. 2021; Masterson et al.
2024; Yaoetal. 2025b), roughly matches the prediction of
10-°-10~* galaxy ' yr~! (e.g. Wang & Merritt 2004; Stone et al.
2020) from loss cone theory (e.g. Frank & Rees 1976; Merritt
2013).

The above rate statistics represent average values across
all galaxies. However, the TDE rate among galaxies of dif-
ferent types and properties varies greatly (e.g. Chang et al.
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2025; Hannah et al. 2025). Observationally, TDEs are prefer-
ably hosted in post-starburst galaxies, with a rate enhanced
by a factor of a few to several tens (e.g. Liu & Chen 2013;
Arcavi et al. 2014; French et al. 2016; Law-Smith et al. 2017;
Yao et al. 2023). The origin of the preference remains unclear
(see details in Stone et al. 2020).

Another possible issue with TDE rate statistics arises from
repeating TDEs (rTDEs), which have been widely observed in
recent years. The first candidate was identified in the Seyfert
galaxy IC 3599, with one flare detected in X-ray in 1990
(Brandt et al. 1995; Grupe et al. 1995) and another flare detected
in both the optical and the X-ray bands in 2009 (Campana et al.
2015; Grupe et al. 2015), although its TDE nature remains
under debate (Saxtonetal. 2015). The first periodic rTDE
is ASASSN-14ko, which has exhibited more than 30 flares
to date with a period of 114 days (Payne etal. 2021, 2022,
2023; Huang et al. 2025). Other rTDEs or candidates include
AT 2018fyk (Wevers et al. 2023), AT 2020vdq (Somalwar et al.
2025), AT 2022dbl (Lin et al. 2024; Hinkle et al. 2024), eRASSt
J045650.3-203750 (Liu et al. 2023, 2024), IRAS F01004-2237
(Sunetal. 2024), AT 202lacuk (Baoetal. 2024; Sun et al.
2025), AT 2022sx1 (Ji et al. 2025), and AT 2023ugm (Wang et al.
2025).

The origin of rTDE remains unclear. A widely accepted
model, the repeating partial TDE (rpTDE; Payne et al. 2021),
assumes that a single star in an elliptical orbit around an
SMBH repeatedly undergoes partial disruption. The most sub-
stantial evidence comes from the good periodicity of flares in
ASASSN-14ko and AT 2023uqm, with a period of 527 days. The
semi-major axis, a, of the star derived from the period is approxi-
mately two orders of magnitude larger than R;, requiring a highly
eccentric orbit. Stars on such orbits can be produced through the
Hills mechanism (e.g. Hills 1988), although its details remain
unclear. To explain the generation of multiple flares, the model
requires that the star be partially disrupted while its core sur-
vives (e.g. Ryu et al. 2020a,b). This in turn demands that the
star’s penetration factor (8 = R;/R,, where R, is the periap-
sis distance) be <1, unlike the classic fully disrupted events for
which § > 1. Besides the rpTDE model, there are other possibil-
ities, such as independent TDEs (Sun et al. 2024), double TDEs
(Mandel & Levin 2015), and models involving SMBH binary
(SMBHB; Coughlin et al. 2018).

Statistical analysis of rTDEs is essential for studying the
TDE rate. On the one hand, if different TDEs observed in one
galaxy are independent, the TDE rate therein will be extremely
high (~1072-107" galaxy™' yr™!). This would confirm predic-
tions from some theories, for example, that a close SMBH com-
panion can boost the TDE rate by several orders of magnitude
(Ivanov et al. 2005). On the other hand, if multiple TDE flares
are physically related, the TDE rate is overestimated because
these flares should be regarded as a single event in statistics. If
r'TDESs account for a significant fraction of current TDE samples,
they will substantially contaminate research on the TDE rate and
preferences.

Somalwar et al. (2025) explored the fraction of rTDE for the
first time using a complete ZTF sample from Yao et al. (2023),
containing 33 TDEs. They identified one rTDE using ZTF data
and infer a fraction of 1/33, with a 30 upper limit of <40%.
However, this fraction may be underestimated, as they did not
account for rTDEs with periods longer than 5 years.

The rTDEs with longer time intervals can be studied using
historical data such as the Catalina Real-time Sky Survey
(CRTS; Drake et al. 2009), which began in 2005 and allows the
study of rTDEs with intervals up to ~20 years. Using CRTS data,
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Hinkle et al. (2021) and Langis et al. (2026) note two rTDE can-
didates with time intervals longer than 10 years, AT 2019azh and
AT 2024pvu. However, no statistical analyses have studied long-
interval rTDEs to date. Furthermore, it is unclear whether these
two events are rTDEs, and the possibility of a combination of
TDE and SN, as in AT 2021mhg (TDE+SN Ia; Somalwar et al.
2025), cannot be ruled out.

In this work, we conducted a systematic search for rTDE
candidates using CRTS data for a well-defined TDE sample, ver-
ified their nature, and estimated the fraction and rate of rTDEs.
The paper is organised as follows. In section 2, we describe how
we selected the rTDE candidates and probed the nature of the
CRTS flare of AT 2024pvu using multi-band data. In section
3, we discuss the possibility of SN contamination, estimate the
fraction and rate of rTDE, and explore the possible origin. We
summarise the results in Section 4. Throughout this paper, we
adopted the cosmological constants of Hy = 70kms~! Mpc™!,
Qy = 03, Qy = 0.7, and T.p, = 2.725K, and calcu-
lated the luminosity distance using cosmology in Astropy
(Astropy Collaboration 2022) based on redshift.

2. Sample selection and data analysis
2.1. Selection of rTDE candidates

We started from the TDE catalogue! of the ZTF Bright Tran-
sient Survey (BTS; Fremling et al. 2020; Perley et al. 2020;
Rehemtulla et al. 2024). We adopted a redshift cut of z < 0.05
to increase the detection completeness of TDE flares in the shal-
lower CRTS, and selected 18 ZTF TDEs. One TDE in the sam-
ple, AT 2022wtn, is hosted by a galaxy merger, with a centre
position in the CRTS catalogue of 7" away from the TDE posi-
tion. In this case, any potential flare at the TDE position would be
unlikely to be detected in the CRTS light curve, so we removed
AT 2022wtn from the sample. We also removed AT 2024tvd,
which is reported to be off-nuclear (Yao et al. 2025a). The final
sample contains 16 TDEs; Table 1 lists their properties. We also
list the time differences between the CRTS observations and the
ZTF TDE peak time, as well as the depth of CRTS (expressed as
the V-band absolute magnitude My;ini; for So detection). Using
CRTS data, we can detect rTDEs with time intervals of 5 — 19
years with depths (Myimit) ranging from —16.7 to —18.9 in the
sample.

We obtained the CRTS single-exposure photometry of their
host galaxies from the CRTS Data Release 22 which includes
data taken between 2005 and 2013. The CRTS typically obtained
sequences of four consecutive exposures per source in a single
night. The photometry from these exposures should show no sig-
nificant differences; we therefore binned the exposures into a
single data point. Before binning, we checked for abnormal pho-
tometric data by examining whether magnitudes were consistent
within the error margin. We required that the standard deviation
of the magnitudes be less than three times the root-mean-square
of the magnitude errors; otherwise, we discarded all photometry
for that night. We adopted the weighted average of the magni-
tudes as the final magnitude of this night, with weights equal to
the reciprocal of the squared magnitude error. The final magni-
tude error was calculated using the rule of error propagation.

The CRTS took images without a filter and calibrated the
photometric data to a pseudo-V magnitude (Vcss) close to the
Bessel V magnitude. The difference is related to colour and is

! We selected 71 TDEs before July 1, 2025; https://sites.astro.
caltech.edu/ztf/bts/bts.php
2 http://nesssi.cacr.caltech.edu/DataRelease/
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Table 1. Summary of 16 ZTF BTS TDE:s at z < 0.05.

IAU ID RA Dec. b4 Tpeak ref  Time interval ~ Myjimic 1gM lgM* EMDgnia EMDrpg
[¢Y) ) 3) G 5) (6) )] (®) ) (10) (11) (12)

AT 2018hyz 10:06:50.87  +01:41:34.0  0.04573 58425 1 5.2-13.0 -17.91 9.99 fg:%g <-1.84 0.02-2.77 3.31-5.44
AT 2019azh 08:13:16.95  +22:38:53.9 0.022 58561 2 5.1-13.6 -18.34 10.30’:0'll <-1.58 0.00-4.34  4.34-6.23
AT 2019qiz 04:46:37.88  —10:13:34.8 0.0151 58767 2 5.9-13.8 -17.77 10.27’:§E(ﬁ <-0.93 0.10-2.53  3.08-5.15
AT 2020vdq 10:08:53.45  +42:43:00.3 0.044 59113 2,3 7.0-14.6 -17.05 9.32 +0.13 <-0.77 0.81-2.49  4.26-7.37
AT 2020wey  09:05:25.88  +61:48:09.2  0.02738 59156 2 6.8-14.4 -16.71 9.79 t%g <-1.52 0.86-2.05  3.69-6.73
AT 2020vwl 15:30:37.81  +26:58:56.7 0.0325 59167 2 7.2-15.1 -17.46 10.02f%b% <-1.5 0.91-2.76  3.63-6.47
AT 2021ehb 03:07:47.81  +40:18:40.8 0.018 59315 2 7.3-15.2 -17.88 10.32f8:69 <-1.62 0.00-0.50 0.77-1.86
AT 2021nwa 15:53:51.28  +55:35:19.6 0.047 59403 2 7.4-14.5 -17.90 10.23’:%5?2 <-1.33 0.01-0.91 1.20-2.74
AT 2022bdw  08:25:10.35  +18:34:57.5 0.03782  59628* - 7.9-16.3 —-18.83 10.49’:0:}4 0.17’:8;82 0.00-3.62  2.15-4.61
AT 2022dbl 12:20:45.07  +49:33:04.6 0.0284 59638 4 8.5-16.3 -17.77 10.23’:0:8(7’ <-3.1 0.10-1.46  1.97-3.88
AT 2022lri 02:20:08.01  —22:43:15.2  0.03275 59682 5 8.2-16.2 -17.72  9.78 f§}§ <-1.99 0.37-1.83  2.62-5.27
AT 2022gri 07:18:20.77  +33:59:41.5 0.028 59820* - 8.7-16.9 —-18.00 10.48’:0:08 <-2.04 0.01-3.14  3.70-6.06
AT 2018meh  11:40:09.40  +15:19:38.5 0.011 59977 6,7 9.5-17.6 -17.46 10.14’:3%2 —0.261’832 1.19-3.77  4.78-7.54
AT 2023mhs 13:43:15.66  +19:15:00.9 0.0482 60135* - 9.6-17.4 —-18.33 10.25’:8:}* <-0.27 0.00-0.72  0.66-2.70
AT 2020afhd  03:13:35.68  —02:09:06.2 0.027 60353* - 10.0-17.9 -17.80  10.23* il <-0.74 0.13-2.55 3.13-5.21
AT 2024pvu 23:31:11.92  +22:15:31.9 0.048 60546* - 10.3-18.3 —-18.89 10.51f§'§ <-0.72 0.00-0.95 0.23-1.33

Notes. (1)-(4): The IAU IDs, coordinates, and redshifts of the ZTF TDEs from the BTS catalogue. The transient AT 2018meh is more com-
monly referred to as AT 2023clx. (5),(6): The peak time and reference. The references are: 1. Hammerstein et al. 2023; 2. Yao et al. 2023; 3.
Somalwar et al. 2025; 4. Lin et al. 2024; 5. Yao et al. 2024; 6. Zhu et al. 2023; 7. Hoogendam et al. 2024. The = label indicates 7, taken from the
BTS catalogue for TDEs with no available peak time from the literature. For AT 2020vdq and AT 2022dbl, which have two ZTF flares, we adopted
the time of the earlier peak. For AT 2022gri, the #,.. in BTS is inaccurate; we re-estimated it visually from the light curve, with a precision of
~10 days. (7): The time differences between the CRTS observations and the ZTF TDEs’ peak time, in units of years. (8): The median 5o limit
magnitude (converted to My) of the CRTS light curve. (9),(10): The stellar mass and star formation rate of the host galaxy from CIAGLE, in units
of My and M, yr™!, respectively. (11),(12): The effective monitoring durations in units of year, assuming SN Ia-like light curves with peak My
ranging from —18 to —19.4, and assuming TDE-like light curves with peak Ly of 10¥erg s~ with different rise and decline timescales.

expressed as (Drake et al. 2013)
V = Vess + 0.31 X (B - V) +0.04. )

In this work, we studied TDEs with blue B — V colours between
—0.2 and 0, resulting in magnitude differences of 0.04-0.052.
Thus, we converted all Vss measurements to V magnitudes by
adding 0.046.

To identify flares in the nightly-binned CRTS light curves,
we calculated the median of all fluxes as the background value.
We then selected >50 significant flux excess by requiring that
the excess flux over the background exceeds five times the error.
We identified a flare when there were at least two consecutive
data points with such >50 flux excess. Based on this criterion,
we detected two flares in the host galaxies of AT 2019azh and
AT 2024pvu, which occurred in 2005 and 2006, respectively
(Figure 1). We refer to the CRTS flares as AT 2019azh.I and AT
2024pvu.l and the corresponding ZTF flares as AT 2019azh.II
and AT 2024pvu.Il. Hinkle et al. (2021) and Langis et al. (2026)
previously noted these two long-interval rTDE candidates, but
they do not provide substantial evidence that the CRTS flares are
TDEs.

2.2. Light curve analysis

AT 2024pvu.l exhibits a light curve with a fast rise and a slow
decline, consistent with those of TDEs, whereas observations
detected only the declining phase of AT 2019azh.I. We fit the
light curves using a model assuming a Gaussian rise and a
power-law decline (hereafter GP model), expressed as:

2

Linax X o~ (= tpeak)? /207,
L(r) = - ’
O =\ L x (14 Sy,

1 < Ipeak 3)
t> lpeak,

where fpeak and Ly, are the peak time and peak luminosity of
the flare, o5 and #y imply the timescales of rise and decline,

and p is the power-law index of the decline. We performed the
fit with the Markov chain Monte Carlo (MCMC) code emcee
(Foreman-Mackey et al. 2013). We initially attempted to set p
as a free parameter, but the data were too sparse to constrain
it. Therefore, we adopted two reasonable p values, p = —5/3
and p = -9/4 for full TDEs (Rees 1988) and partial TDEs
(Coughlin & Nixon 2019; Miles et al. 2020), respectively, to
constrain the other parameters. The model fits the data well, as
shown in the inset panels of Figure 1. Table 2 lists the inferred
model parameters. We list the #1 2 gecline @assuming two different p
values, whereas the choice of p hardly influences other parame-
ters. The peak V-band luminosity and rise and decline timescales
are all within the range of ZTF TDEs from Yao et al. (2023, here-
after Yao23).

We also investigated the light curve parameters of the
corresponding ZTF flares for comparison. We adopted the
parameters for AT 2019azh.Il from Yao23 and obtained the
parameters for AT 2024pvu.ll by fitting the ZTF, ATLAS,
and Swift Ultraviolet/Optical Telescope (UVOT; Roming et al.
2005) data (see details in the Appendix A.2) using the model of
van Velzen et al. (2021). The model assumes a bolometric light
curve given by Eq. (3), and a blackbody spectrum in which
Tgp varies linearly with time. Table 2 also lists the parame-
ters. For both rTDE candidates, the peak luminosities of the
two flares agree within the margin of error. The timescales
are also comparable, except that AT 2019azh.IT has a longer
decline timescale than AT 2019azh.1. The rest-frame time inter-
vals are 13.2 and 17.1 years for AT 2019azh and AT 2024pvu,
respectively.

To examine whether any additional flares occurred in these
two galaxies between the CRTS and ZTF detections, we collated
light-curve data from other surveys, including ASAS-SN, Gaia,
and ATLAS. Figure 1 shows all light curves, which reveal no
additional significant flares.
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Fig. 1. Host-subtracted optical light curves of AT 2019azh and AT 2024pvu. Insert panels show zoomed views of the CRTS flares and the
Gaussian+Power-law (GP) models that fit the data. For AT 2024pvu, the observation time of GALEX is indicated by a dashed green line.

Table 2. Light-curve model parameters for the two rTDEs.

IAU ID Ipeak lgLypeak 112, rise t1/2,dectine (f) 1172, decline(P) 1gTop 1gRyb 1gLyp

(1 2 (3) 4) 5) (6) @) 8
AT 2019azh I 53626717 4327%038  18.57203 10.2+3) 7. otg 3 - - -
AT 2019azh.II 585611 43.14 24,7+ g 44, 1+1 1 4.46 14.80 4431
AT 2024pvu.l 54019+6  43.25+0.05  27. 8“3 o 33. 6+86 23A5jgg 429+001 15.00+0.02 44.03 +0.05
AT 2024pvu.Il 60552+1  43.30+0.01  24. 0+O4 14. 35+0 3 - 433+001 14.99+001 44.14+0.02
Ya023.ZTF-TDEs - 4233-44.55 6.4 51 8 5.2- 86 5 - 3.96-4.58  14.45-15.56  42.99-45.44

Notes. (1): Peak time. (2): Peak V-band luminosity. (3): Rise timescale, expressed as f/2ise = 1.17707ise. (4),(5): Decline timescales assuming full
TDE (p = =5/3) and partial TDE (p = —9/4) models, expressed as ;2 gecline = Q277 = yty. (6)-(8): Blackbody temperature, radius, and luminosity
at the peak time. For the two CRTS flares, we list the best-fitting GP model parameters, while the blackbody parameters for AT 2024pvu.l are from
SED fitting results using the GALEX UV data. For AT 2024pvu.ll, we list the best-fitting parameters from the model of van Velzen et al. (2021)
and the parameters for AT 2019azh.II and ZTF TDEs are taken from Ya023. The IgLy,c. for all ZTF TDEs are inferred from the peak bolometric

luminosity and the temperature at the peak time.

2.3. Multi-band analysis of AT 2024pvu.|

Observations of AT 2024pvu.ll classify it as a TDE based on
its persistent blue colour, the strong and broad He II emis-
sion line in the spectrum, and the lack of AGN-like host sig-
natures (Stein et al. 2024). Langis et al. (2026) first reported
AT 2024pvu.l using CRTS data, but the literature lacks evi-
dence to exclude the SN possibility and to confirm its TDE
nature.

Luminous UV emission and high blackbody temperature
are essential features that distinguish TDEs from SNe (e.g.
van Velzen et al. 2020; Gezari 2021). Observations by the
Galaxy Evolution Explorer (GALEX; (Martin et al. 2005)) cap-
tured the host galaxy of AT 2024pvu during the CRTS flare.
The observation at MJID=54010.5 occurred near the peak of the
CRTS flare. In both far UV (FUV) and near UV (NUV) images,
we detect a point source at the galaxy centre with no extended
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feature, suggesting that the UV emission is more likely associ-
ated with the flare rather than the host galaxy.

To verify whether the host galaxy is responsible for the UV
emission, we triggered a new Swift target of opportunity obser-
vation (ID:00016768015) in November 2025 (MJD=60974),
after AT 2024pvu.ll faded. Figure 2(a) shows that the NUV
fluxes are several tens of times lower than those observed
by GALEX. To assess any late-time UV emission from AT
2024pvu.Il and to measure the host galaxy’s UV contribution
more accurately, we collected archival multi-band photomet-
ric data from the Sloan Digital Sky Survey (SDSS; York et al.
2000), the Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006), and the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010). All data were obtained at epochs without
flares (see Appendix A.2 for details). We fit the spectral energy
distribution (SED) using the Code Investigating GALaxy Emis-
sion (CIGALE; Boquien et al. 2019). In the fitting, we assumed
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Fig. 2. (a): Spectral energy distribution (SED) of AT 2024pvu from UV to MIR. Blue points represent the host galaxy SED in the quiescent
state. The black line indicates the best-fitting model from CIGALE with the minimum y?. We show GALEX and Swift UV photometries as
red pentagrams and red triangles, respectively. The SWIFT measurement agrees with the CIGALE prediction (open black circle with error bar),
whereas the GALEX measurement shows a significant excess. (b): Spectral energy distribution (SED) of the CRTS flare at the time of the GALEX

observation, with blackbody models fitted using MCMC.

that the star formation history can be described by the sum of
two exponential decays and adopted the single stellar popula-
tion templates of Bruzual & Charlot (2003). We accounted for
dust attenuation and emission using models from Calzetti et al.
(2000) and Dale et al. (2014), and did not include any AGN
component. The resultant SED models of the host galaxy, if
extrapolated to the UV bands, are consistent with the Swift UV
observations in November 2025. However, the synthetic fluxes
in the FUV and NUV bands are about two orders of magnitude
lower than the observed values from GALEX, indicating that the
transient source dominates the UV emission at MID=54010.5.

We obtained the SED of the flare at MID=54010.5 using
host-subtracted GALEX fluxes and V-band fluxes inferred from
the GP model that fits the CRTS light curve. We fit the SED
using the blackbody curve and show the result in Figure 2(b).
We list the model parameters in Table 2. The blackbody tem-
perature Tpp of 10+2°*001 K falls within the range of optical
TDEs (10390-#38 K, Ya023) and is comparable to that of the sec-
ond Pare but significantly higher than SN temperatures (typically
<10* K).

We calculated the peak bolometric luminosity, the blackbody
radius at peak, and the total energy released, assuming a constant
temperature. The peak luminosity, Ly, = 10%03£00erg g1 g
similar to that of the second flare. We estimate the total energy
released during AT 2024pvu.l to be Eyyy = 1.2 x 10°! erg.

3. Discussion
3.1. Nature of the CRTS flares: TDE or SNe

We examined whether the two CRTS flares could be SNe.

We have demonstrated that AT 2024pvu.l has a blackbody
temperature that is too high to be interpreted as an SN. In addi-
tion, its peak luminosity corresponds to an absolute magnitude
of My = —19.69 +0.13, higher than that of most SNe, which are
generally fainter than My = —19.4 (e.g. Li et al. 2011). There-
fore, AT 2024pvu.l is unlikely to be an SN. In contrast, the peak
absolute magnitude of AT 2019azh.I of —19.70%072 carries suffi-

; 3 s -0.91
cient uncertainty that an SN origin cannot be excluded.

We calculated the expected number of SNe that the CRTS
observations could detect in the sample and checked whether it
accounts for the two observed flares. We describe how we esti-
mated the two essential parameters: the SN incidence rate in
each galaxy based on its properties and the effective monitoring
duration (EMD) of the CRTS observations. The word ‘effective’
reflects the limited depth and relatively sparse sampling of CRTS
observations.

We first estimated the SN incidence rate. The rate of SNe
Ia correlates with both the stellar mass M, and the star for-
mation rate (SFR, M,), while the rate of core-collapse (CC)
SN rate depends mainly on M,. We therefore estimated these
two parameters by fitting the SEDs of the galaxies. We col-
lected SED data as described in Appendix A.3 and fitted them
with CIGALE using the same method as for AT 2024pvu in
Section 2.3. Table 1 lists the resulting M, and M,. The M,
lie in the range 10°37193 M. Only two galaxies in the sample,
AT 2022bdw and AT 2018meh, show significant star formation
activity, with M, of ~1.5 and ~ 0.5 M yr~!, respectively. They
are also the only two galaxies detected at >3¢ in the WISE 22-
um band. The remaining galaxies are passive, with specific SFRs
M, /M, <1071 yr‘l.

We estimated the Ia SN rate (SNRy,) using the correlation of
Smith et al. (2012):

+001 . +0.05
SNRy, = 1.05%016 5 10710 pg0 %001 1 1,01+099 5 103 pa, 005,

“

The typical SNRy, in the sample is ~1073 galaxy ™' yr~!. We also
estimated the CCSN rate (SNR¢c¢) assuming that it is propor-
tional to M, following Botticella et al. (2012):
SNRcc = Kee X My, )
where Kcc is the proportionality constant that depends
on the initial mass function (IMF). We adopted Kcc =
0.01 assuming the IMF of Salpeter (1955), following
Botticella et al. (2012). In the sample, the SNR¢c is 0.015 and
0.005 galaxy ™! yr~! for AT 2022bdw and AT 2018meh, respec-
tively, and <1073 galaxy ™' yr~! for the remaining galaxies.

A209, page 5 of 12
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Fig. 3. (a): Example using AT 2020vdq to illustrate the calculation of the effective monitoring duration (EMD). Black triangles show the 5o
upper-limit of the CRTS data points, and the green line indicates the maximum Ly allowed by the observations as a function of ... Observational
time are converted to the phase before the ZTF TDE in the rest-frame. For a given Ly (example shown for L, ~ 10*!% erg/s, corresponding to
My ~ —19.4), the time ranges when the maximum allowed Ly is below this luminosity (red) are considered effectively monitored, while other
times (blue) are not. (b): Resultant EMDs as functions of peak Ly for the sample. The dashed black line indicates the average EMD, and the red
shaded region marks the typical L., range of SN Ia (-=18 < My < —19.4).

We then estimated the EMD of each galaxy through simula-
tions by determining the range of SN peak times that the CRTS
could detect. The EMD depends on the depth and cadence of the
CRTS observations and is also affected by the peak luminosity
and timescales of the SNe. The EMD increases for brighter SNe
or for SNe with slower evolution.

For SNe Ia, we assumed light-curve models with a parabolic
rise and an exponential decline, expressed as

I—Ipeak \2
L([) — {Lpeak X [17 7( Trise ) ]’ < tpeak (6)
Lpeax X € . tpeak)/T’ I > Tpeaks

where fpeax and Lye,x are the peak time and the peak V-band lumi-
nosity, and #s and 7 represent the rise and decline timescales.
We adopted ;e = 17 days and 7 = 16 days based on statistical
studies of SN Ia (e.g. Strovink 2007; Desai et al. 2024). Using
these models with fpeax and Lpea as independent parameters,
we generated simulated light curves of hypothetical SNe. For
each fyeqx value, we determined the minimum L.k at which the
hypothetical SN could be identified as a flare with two consecu-
tive >50 excesses. Figure 3(a) shows how the minimum Lpeax
required for SN detection, or the maximum Ly allowed by
non-detection, varies with fpe.. For a given Ly, we then cal-
culated the EMD over the time range in which the maximum
allowed Ly, falls below this luminosity. We present the inferred
EMDs of the sample as a function of peak Ly in Figure 3(b). The
peak My of SNe Ia is typically in the range —18 to —19.4 (e.g.
Desai et al. 2024). Table 1 lists the EMDs for My of —18 and
—19.4, which are 0-1.2 and 0.5-4.3 years, respectively.

Finally, we estimated the expected number of SNe that the
CRTS could detect in the sample. By adopting the EMD corre-
sponding to My = —19.4 as an upper limit, we expected a total
of <0.068 SNe Ia. Core-collapse SNE (CCSNe) are less lumi-
nous than SNe Ia with a typical My of >—18. We estimated the
expected number to be <0.01 for CCSNe using the EMD for
My = —18. The estimate of CCSNe is highly uncertain due to
the large dispersion of Ly and the diverse light-curve shapes,
which generally differ from those of SNe Ia. Fortunately, it is
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unlikely that CCSNe dominate the SN detection in our sample,
for three reasons. First, the typical 5o depth of CRTS observa-
tions in our sample is My = —17.9, and only ~15% of CCSNe
at the bright end of the luminosity function are detectable at
this depth (e.g. Grayling et al. 2023). Second, only two of the
16 galaxies in our sample are star-forming galaxies with high
CCSN rates; the remaining galaxies are passive. Third, both
CRTS flares occurred in passive galaxies, with none detected in
the two star-forming galaxies.

Assuming a Poisson distribution, the expectation of <0.08
yields a probability of only 0.3% for observing at least two flares
We rule out the possibility that both flares are caused by SNe
given the low probability. Furthermore, the probability that one
of the two flares is an SN is only ~7%, so it is likely that neither
of them is an SN.

We examined whether the two CRTS flares could originate in
AGN flares (e.g. Graham et al. 2017). Hinkle et al. (2021) stud-
ied the pre-flare properties of AT 2019azh’s host galaxy and
find it to be a post-starburst galaxy with no AGN features, such
as broad emission lines, strong high-ionisation narrow emis-
sion lines, and X-ray emission. We also find no evidence for
AGN activity in the spectrum and archival X-ray observations
of AT 2024pvu’. Additionally, SED fits with CIGALE for both
galaxies do not require any AGN component. The MIR colour
W1 — W2 is 0.02 + 0.04 and 0.08 + 0.04 for AT 2019azh and
AT 2024pvu, respectively, consistent with inactive galaxies with
W1 — W2 < 0.8 (Stern et al. 2012). Therefore, we exclude the
possibility of AGN flares.

3.2. Excessively high TDE rate

In this subsection, we consider the implications for the TDE
rate under the assumption that both CRTS flares are TDEs. If
we assume that the TDE rate in the galaxies in our sample is
the average of M, ~ 10'° M, galaxies, 3.2 x 107> galaxy ™' yr~!
(Yao23), even without considering EMD and directly using the

3 We will present a detailed analysis in a future work.
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Fig. 4. (a): Same example as Figure 3(a), but for TDEs. (b): Luminosity function (LF) of TDEs in our sample, with EMD calculated assuming
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grey region for comparison.

duration of CRTS observations (7-8 years), the expected value
is only ~4 X 1073, whereas we actually detected two. Therefore,
the TDE rate in this sample is well above average. We then quan-
titatively calculated the excess of the TDE rate relative to the
average value.

We calculated EMDs for the TDEs using the method used
in Section 3.1. We assumed GP light curve models as expressed
in Eq. (3). To account for the dispersion in the rise and decline
timescales of the ZTF TDEs (Ya023), we considered three sce-
narios for o and fy:

1. Slow: oise = 20 days, tp = 100 days.

2. Intermediate: o5 = 15 days, #p = 55 days.

3. Fast: o5 = 10days, 1y = 35 days.

We show an example of how the maximum Ly, allowed by the
observations varies with #,e, in Figure 4(a), indicating that EMD
increases as the TDE evolves more slowly. We list the EMDs for
Lpeak = 10% ergs™ for each galaxy in Table 1, which range from
one to six years for most galaxies.

For galaxies in our sample, we assumed a TDE luminosity
function (LF) in the form of a single power law (van Velzen
2018; Yao et al. 2023), expressed as

@)

where Ly is the peak luminosity of a TDE in the V-band, N
is the normalisation in units of galaxy™'yr'dex™' at Ly =
10%erg/s, and y is the power-law index. Because the two
observed flares cannot constrain vy, we fixed y = 2, consistent

with the values of y = 2.00%0:}3 obtained for ZTF TDEs by

Yao23. We constrained the only free parameter, Ny, with the two
observed flares by using the Bayesian method as follows.

First, given the LF, the expected number of TDEs (Etrpg) in
an infinitesimal interval of dlgLy can be calculated as

¢(IgLy) = No x IO*V(IgvalgLO),

dETpE
dlgLV

= ¢p(IgLy) X teg(1gLy), ®)
where ¢(lgLy) and f.¢(IgLy) are the LF and the total EMD of
the entire sample at IgLy. We divided the possible 1gLy range of
42-45 into bins of width 0.01; using smaller steps produced the
same result. For the i-th bin, we calculated the expected number

E; by integrating Eq. (8) over this bin. Meanwhile, the observed
lgLy distribution A can be expressed as

l,
N; =
o

Then, the probability P(N) for producing the observed dis-
tribution AV can be calculated using the Poisson distribution as

43.25 or 43.27 is in the bin
otherwise.

©))

Ni
et

PN =] | PaV) = (10)

i
A
i

Here, P(N) is a function of the LF normalisation, Nj.

Finally, assuming a logarithmically uniform prior distribu-
tion of Ny, we calculated the posterior probability distribution of
Ny using the Bayesian formula

dp(NoIN) _ P(N|No) an
dlgN, [ P(NINy)dlgNy
The inferred values of N, are 1.42f6:§;, 2.18ﬁéé, and

3.521340 x107? galaxy ' yr!dex™' for the slow, intermedi-
ate, and fast types, respectively. We show the resultant LFs in
Figure 4(b).

To compare with the average TDE LF from the ZTF, we
converted the LF per volume reported by Yao23 to an LF per
galaxy. This conversion requires the volume density of galax-
ies with M, ~ 10' M. Using the galaxy LF of Blanton et al.
(2003) derived from z ~ 0.1 SDSS galaxies, we obtained a vol-
ume density of 0.29—1.37 x 1072 Mpc™ by integrating with a
lower bound of M = —17. Figure 4(b) shows the converted TDE
LF in grey, which is two to three orders of magnitude lower than
the LF for our sample. This result indicates that, for TDE host
galaxies, the probability of another TDE occurring 5-19 years
earlier is much higher than the average.

We estimated the fraction of rTDEs with intervals Ar < 20
years in our sample. Table 3 list four rTDEs among the 16 ZTF
TDE:s, including AT 2019azh and AT 2024pvu with A¢ of more
than ten years, and AT 2020vdq and AT 2022dbl with At ~ 2
years. Thus, the lower limit of the fraction is ~25%. The average
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EMD of CRTS for TDEs with Ly = 10¥ergs™ is 3.2 to 4.3
years, covering 21-29% of the time range of 5-20 years. If we
assume that the rTDE rate does not vary with At and we ignore
multiple repetitions in the same galaxy, we estimate that obser-
vations of <6 rTDEs were missed. Therefore, we concluded that
~25-60% of optical TDEs are rTDEs. We estimated the rate of
rTDEs with Ar < 20 years following Somalwar et al. (2025) by
scaling the TDE rate of Yao23:

R(rTDE) ~ 25%-60% x ;()i x 3.2 1075 galaxy ™! yr™!
yr

~ 2-6 x 107 galaxy ! yr ™!, (12)

where 6 yr is the duration of the BTS TDE sample we used. Both
the fraction and the rate are higher than those in Somalwar et al.
(2025), who only consider Az < 5 years.

In our sample, there are at least two rTDEs with 5 < At < 20
years, considering that more are likely to be missed, while there
are only two with Ar < 5 years. Thus, most rTDEs appear to have
relatively long time intervals. Previous studies have overlooked
this long-interval rTDE population, potentially introducing sta-
tistical biases in r'TDE research and resulting in an incomplete
understanding of their origins.

3.3. Origin of rTDEs

We considered several possible origins of rTDEs and examined
whether they could account for the observations in this sample.

3.3.1. Two independent TDEs

We demonstrate in Section 3.2 that, if all rTDEs in the sample
are independent TDE:s, the inferred TDE rate would be two to
three orders of magnitude higher than the average. We examine
whether this scenario is feasible.

Post-starburst galaxies, also referred to as green valley galax-
ies, are known to have a higher TDE rate than the average. AT
2019azh is hosted in a post-starburst galaxy (Hinkle et al. 2021).
In addition, the host galaxy of AT 2024pvu has a NUV —r colour
of ~4.5, consistent with green valley galaxies (Schawinski et al.
2014; Belfiore et al. 2018). However, the TDE rate required to
account for the rTDEs in these two galaxies remains one to two
orders of magnitude higher than the average in post-starburst
galaxies.

Theoretical studies suggest that in some post-starburst galax-
ies, an unequal-mass SMBHB on the verge of merging can
increase the TDE rate through the Lidov-Kozai mechanism
or three-body scattering by up to several orders of magnitude
(Ivanov et al. 2005; Chen et al. 2009). This mechanism is gener-
ally considered unlikely to account for the overall high TDE rate
in post-starburst galaxies, as this close SMBHB stage lasts only
approximately 10° years (e.g., Stone et al. 2020). However, the
host galaxies of the rTDE in our sample may be in this stage
and have an extremely high TDE rate of ~10~2 galaxy ' yr~!
(Liu & Chen 2013). A close SMBH companion could poten-
tially be detected using the gap in the TDE’s X-ray light curve,
which arises from its gravitational disturbance of the TDE debris
fallback stream (Liu et al. 2014; Shu et al. 2020). Although no
such gap was observed in the X-ray monitoring of AT 2019azh
(Hinkle et al. 2021), we cannot rule out its existence, as the cur-
rent X-ray coverage is insufficient.

The TDE rate decreases with increasing SMBH mass, Mgy,
and is heavily suppressed at Mgy > 10® M, which is the Hills
mass for Sun-like stars (e.g. van Velzen 2018; Polkas et al. 2024;
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Hannah et al. 2025). We adopted M= 10%* for AT 2019azh
from Hinkle et al. (2021) and estimate Mgy ~ 107 M, using the
Myyige — Mg correlation of McConnell & Ma (2013). For such
a high Myy, even with a companion SMBH to increase the TDE
rate, a considerable fraction of TDEs would not be observed as
flares because the star falls into the event horizon before being
tidally disrupted. Thus, the high Mgy disfavors the scenario of
independent TDEs for AT 2024pvu.

3.3.2. Repeating partial TDEs

We considered the scenario of repeating partial TDEs, which is
proposed to explain periodic TDE-like flares, such as ASASSN-
14ko, eRASSt J045650.3-203750, and AT 2023ugm. In this
model, the star moves in a highly eccentric orbit around an
SMBH, with R,, allowing for a partial TDE (~1-2 R; for a frac-
tional mass loss >10%, Ryu et al. 2020a,b) and triggers a flare
each time it passes the periapsis. Adopting the observed intervals
in AT 2019azh and AT 2024pvu as the orbiting periods, we esti-
mate a to be 780 and 2850 AU using Mpy and Kepler’s third law.
Assuming Sun-like stars, R; is 0.65 and 2.0 AU for AT 2019azh
and AT 2024pvu, respectively. Assuming R, = a(1-e) = 1-2R,,
we estimate 1 — e ~ 1073 for both rTDEs.

In the rpTDE model, the series of flares produced by the star
should be regarded as a single event. We now assess the impact
this has on the optical TDE event rate.

We first estimated the average number of flares (N) pro-
duced by each rpTDE. At present, we cannot measure N directly
through observations in our sample. We considered two possi-
ble ranges of N: a few, as in eRASSt J045650.3-203750 (5),
and several dozen, as in ASASSN-14ko (>30). The former sce-
nario requires a fractional mass loss of >10%, whereas the
latter requires <5%. We favour the former for the following
reasons. First, the energies of the flare in our sample can vary
by several factors (Table 3), which does not match the situa-
tion in ASASSN-14ko, where the flare energies are similar. In
the rpTDE model, the flare energies may vary significantly due
to variations in the stellar structure. For example, a decrease in
stellar density after a pTDE may increase the fractional mass
loss of the next pTDE, or even lead to a full TDE (e.g. Liu et al.
2025). Therefore, observing significant variations in flare energy
may indicate that a series of rpTDEs is ending, supporting a
lower number of repetitions. Second, the average flare energy
in our sample is of the order of 10°!erg (Table 3), which
is higher than that of ASASSN-14ko (~10° erg; (Huang et al.
2025)) and comparable to typical values in the ZTF TDE sam-
ple (van Velzen et al. 2021; Yao et al. 2023). It would be more
reasonable to assume N of several, because N of several dozen
requires disruptions of large-mass stars with low probability.
Finally, for AT 2020vdq and AT 2022dbl, Somalwar et al. (2025)
and Linetal. (2024) found no earlier flares before the ZTF
detection, implying that the observed flare is the first in the
series. Such a scenario would be highly improbable if N were
several dozen. Therefore, it is reasonable to assume N of a few
for rpTDE:s.

An rpTDE is more likely to fall within a time-limited sample
than a single TDE. This selection effect can lead to an overesti-
mation of the TDE rate and the rpTDE fraction. There are a total
of 18 ZTF flares in our sample, considering that AT 2020vdq and
AT 2022dbl each contributed two flares. We assume that approx-
imately six to 12 of them were produced by rpTDEs and the
remaining six to 12 were produced by single TDEs. By dividing
the former by N, which is assumed to be three to ten, we esti-
mate the correction factor for the optical TDE rate to be 40—80%
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Table 3. Properties of rTDEs in the sample.

ID 4 At lgMBH E| /L Ey/ Ly 1 a B (1-e) Ihext ref
)] 2) (3) ) (5) (6) @) (®) ) (10)
AT 2022dbl  0.0284 1.9 6.4 E=16x10" E=79x%x10% 0.5 209 3x1073  2026/01 1.2
AT 2020vdq  0.045 25 6.1 E =20x10% E=13x10" 6.5 199  3x1073  2026/01 3
AT 2019azh  0.022 132 6.4 Ly =09-4x10% Ly=14x10% 03-15 759 8x10™* 2032 4
AT 2024pvu  0.048  17.1 7.9 E=12x10" E =6.6x10% 0.55 2853 7% 1074 2042 5

Notes. (1) Redshift. (2) Time interval between the two flares. (3) SMBH mass in unit of M. Data from the literature, except for AT 2024pvu.
(4),(5) Total energy E (or peak V-band luminosity Ly) of the first and second flares, in unit of erg (ergs™"). The total energy for AT 2019azh.I is
poorly constrained owing to the lack of data, so we only provide Ly. (6) Ratio of the energy (or Ly) of the second flare to that of the first flare.
(7)(8) Semi-major axis a (in unit of AU) and eccentricity e (given in 8 (1 — e)) in the rpTDE model. (9) Peak time of the next flare predicted by the
rpTDE model. (10) References: 1. Lin et al. (2024); 2. Makrygianni et al. (2025); 3. Somalwar et al. (2025); 4. Hinkle et al. (2021); 5. Langis et al.

(2026).

(~2x 107> galaxy™' yr~!, using the observed ZTF value; Ya023),
and the fraction of rpTDEs to be ~5-40%. If we include rpTDEs
with periods >20 years, the TDE rate decreases further, while the
fraction of rpTDEs increases.

Mechanisms are required to send stars onto highly eccen-
tric orbits with 1 — e ~ 1073, A widely accepted mechanism
involves a close stellar binary system being tidally dissociated
as it approaches the SMBH, with one star escaping and the
other captured into a highly eccentric orbit (Hills 1988). The
binary must be tight, with separation ap, < 10Rg, to survive
stellar scattering in the galactic nucleus (e.g., Hills 1988). The
semi-major axis of the captured star is primarily related to api,
(Cufari et al. 2022), which is roughly

g ~ Soin (MBH )2/3

2 \ M, '
This correlation shows a scatter of 0.5-2 according to simula-
tions (Yu & Lai 2024). Assuming M, = M., the inferred ay;, is
~17 for AT 2019azh and ~7 R, for AT 2024pvu. This is roughly
in line with the close-binary condition, taking into account the
scatter of the correlation, the measurement error of Mgy, and the
uncertainty of M,.

For a close binary, the R, of the captured star is approxi-
mately equal to the R, of the original binary’s centre of mass. A
natural interpretation of rpTDE is that this initial R, permits par-
tial disruption of the captured star (R, < 2 R;). In this scenario,
the first pTDE occurs when the binary system passes through
periapsis before dissociating. Both stars may undergo pTDE, but
only one flare would be observed because the time interval is
short. Subsequently, each return of the captured star to periapsis
triggers a flare, continuing until the star is fully disrupted or only
an unbreakable core remains.

We now examine whether the observed rpTDE fraction of
~5-40% can be explained within this framework. To estimate
the proportions of different types of TDEs, we considered only
single stars and close binaries, as wide binaries in the galac-
tic nucleus would transform into either single stars or close
binaries after scattering with fellow stars. We assumed that
rpTDE can occur in close binaries with R, that allows par-
tial TDE, whereas a single TDE occurs in single stars or in
close binaries with R, that allows full TDEs. According to
loss cone theory, the event rate of partial TDEs is roughly
twice that of full TDEs (Stone et al. 2020), so the fraction
of R, that satisfies the condition for partial TDE is approxi-
mately two-thirds. Consequently, the observed rpTDE fraction
further requires a fraction of close binaries among all stars,
roughly fiose ~ 7-60%. This fraction is much higher than that

13)

observed in nearby open star clusters, which is only $2% (apin <
10R, e.g. Patience et al. 2002). Recent theoretical studies show
that in galactic nuclei, gravitational perturbations from the
SMBH and flyby stars can convert ~20—-50% of wide binaries
into close binaries (Dodici et al. 2025; Hao-Tse Huang & Lu
2025). Assuming an initial binary fraction of ~40-60% (e.g.
Duchéne & Kraus 2013), these effects may increase fijose tO
~10-30%, meeting the requirement to explain rpTDEs using
the Hills mechanism. This high fraction further predicts a large
number of eclipsing binaries in the galactic nucleus, which
can be tested observationally through infrared time-domain
surveys.

Another way to enhance the rpTDE rate in the Hills mech-
anism is to consider a larger R, of the binary’s centre of mass.
The star is captured with R, > 2R, initially, with no partial TDE
occurring. After orbiting for a period of time, R, decreases or
R, increases, and a partial TDE can occur. The R, of the cap-
tured star can increase through tidal heating and tidal spin-up
(Liu et al. 2025). In addition, the R, of the captured star can
decrease under gravitational perturbation of the nuclear clus-
ter on a timescale of ~107—=10° years, while a remains almost
unchanged (Pan & Lai 2026). However, quantitative predictions
of how much R, can increase or R, can decrease require further
detailed numerical simulations.

Beyond the Hills mechanism, highly eccentric orbits can also
arise from the scattering within the S-star cluster (Bromley et al.
2012), including both internal scattering and scattering with
intruding stars. If AT 2019azh and AT 2024pvu are rpTDEs
formed via this channel, the scattering position has a distance of
~103 AU, coinciding with the inner edge of the S cluster in the
Milky Way (Eckart & Genzel 1996). However, the S cluster in
the Milky Way is not sufficiently dense to generate a large num-
ber of rpTDEs (Alexander 2017). Recently, Jiang & Pan (2025)
proposed a model for interpreting QPE observed years after a
TDE occurs, involving a collision between a pre-existing orbit-
ing star and the newly formed TDE disc. This model suggests
exceptionally abundant stars in the vicinity of SMBH, which can
be explained as a result of a recently faded AGN, where stars
were captured by the AGN accretion disc (Pan & Yang 2021)
or formed in the disc in situ (Fan & Wu 2023). Stars in such
rich stellar discs may fall towards the SMBH on highly eccen-
tric orbits through stellar scattering or the gravitational pertur-
bation of a massive object, such as a companion SMBH. The
rpTDEs formed in this channel would have semi-major axes
of ~10°~10* R, comparable to the size of the AGN outer disc
and consistent with the observations of our sample. However,
whether this mechanism can account for the observed rTDE rate
requires further investigation.
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3.3.3. Other possibilities and future observational tests

Since only two flares have been detected for the rTDEs in our
sample, we considered ‘double TDEs’ formed by sequential tidal
disruptions of binary stars when they encounter the SMBH (e.g.
Mandel & Levin 2015; Yu & Lai 2024). For typical parameters,
the time interval between two TDEs does not exceed several
months, and the combined light curve would be similar to that
of non-repetitive TDEs. Double TDEs produced by SMBHB can
have time intervals of up to several decades (e.g. Coughlin et al.
2018; Wu & Yuan 2018). However, the probability of a long
interval (>10 years) is less than 1%, which cannot explain the
high observed fraction of rTDEs. Therefore, we exclude double
TDE:s as the origin of rTDEs in our sample.

In summary, we favour the rpTDE model to explain the
rTDEs in our sample, although we cannot rule out the possibil-
ity of independent TDEs. The rpTDE model predicts that rTDEs
are periodic, which requires verification through future observa-
tions. In November 2025, a new flare was detected in IC 3599
(Grupe et al. 2025), potentially part of a series of TDEs with a
period of ~18 years, in addition to the two previously detected
flares. Follow-up observations of IC 3599 may provide conclu-
sive evidence for the existence of rTDEs with periods exceeding
ten years. The independent TDE model predicts that the time
intervals between rTDEs are uniformly distributed. This could
not be tested with the current small sample due to large statis-
tical uncertainties and will require larger rTDE samples in the
future.

4. Summary

Using CRTS data, we performed a systematic search for rTDEs
with intervals of 5-19 years in a sample of 16 ZTF BTS TDEs at
7 < 0.05. Using a ‘consecutive >50 excess’ threshold, we identi-
fied two CRTS flares in the host galaxies of AT 2019azh and AT
2024pvu. The peak V-band luminosities, 1gLy,peax, of the CRTS
flares are 43.26*03¢ and 43.25 +0.05, comparable to those of the
ZTF flares, with rest-frame intervals of 13.2 and 17.1 years.

AT 2024pvu.l was serendipitously observed by GALEX in
the FUV and NUV bands near the peak. The flare was detected
in both bands, with UV fluxes two orders of magnitude higher
than the host galaxy’s contribution, inferred from Swift/UVOT
data and optical-to-IR SED data. The flare’s UV and optical
SED can be well described by a blackbody with a temperature of
~19500 K, much higher than those of SNe and consistent with
those of TDEs.

We also estimated the expected number of SNe in the sam-
ple. First, we predicted the rates of SNe Ia and CCSNe in the
sample based on the stellar masses and star formation rates of
the galaxies. We then calculated the EMDs for the CRTS obser-
vations by assuming typical SN light curves. We find average
EMDs of 2.27 and 0.28 years for peak My of —19.4 and —18,
respectively. The expected number of SNe Ia in all 16 galaxies
is <0.068, and that of CCSNe is <0.01. With a total expected
number of <0.08, the probability that both flares are due to SN is
only 0.3%. Thus, AT 2019azh and AT 2024pvu are likely rTDEs.

Given that the average EMD of CRTS observations for TDEs
is only 2.7-4.9 years, detecting two TDEs in 16 galaxies indi-
cates an exceptionally high TDE rate 519 years prior to the ZTF
TDEs in this sample. Assuming a power-law LF, we estimate that
the TDE rate is two to three orders of magnitude higher than the
average. The fraction of rTDEs in the TDE sample is also high:
including two additional rTDEs identified by the ZTF with inter-
vals of ~2 years (AT 2020vdq and AT 2022dbl), at least four of
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the 16 rTDEs are repeating. Taking into account possible rTDEs
missed by the CRTS, we estimate the fraction of rTDEs with
time intervals shorter than 20 years to be ~25%—-60%.

We propose two interpretations for the high rTDE fraction.
The first is that the two TDEs are independent, and the TDE rate
in the galaxies in this sample was boosted by two to three orders
of magnitude by a parsec-scale SMBH companion. The second
is that both AT 2019azh and AT 2024pvu are rpTDEs from a star
on a highly eccentric (1 — e ~ 107%) orbit. In this scenario, the
observed optical TDE rate is overestimated. Assuming an aver-
age of several flares per rpTDE, we estimate a correction factor
for the rate of ~40—80%. We favour the rpTDE interpretation.
However, the channel through which the star enters such an orbit
remains unclear. It could result from the Hills mechanism or
scattering within an ultradense stellar disc left by a faded AGN.
We present predictions for each interpretation, which require
future observational tests.
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Appendix A: Data collection and reduction
A.1. Milky Way galactic extinction

For all the photometric data, we corrected for galactic extinction
using python package dust_extinction (Gordon 2024). We
adopted A, values from the BTS catalogue, and used models
from Fitzpatrick (1999) and Gordon et al. (2023) for UV bands
and other bands, respectively.

A.2. Light curve data

Here we briefly introduce how we collected and reduced the light
curve data other than CRTS, including ASASSN, Gaia, ATLAS,
ZTF and Swift UVOT.

We obtained ASASSN light curves of AT 2019azh and AT
2024pvu in V and ¢ bands from the website* generated using
image subtraction photometry. Due to the larger flux error of
ASASSN, we binned the data weekly.

We obtained the Gaia space telescope (Gaia; Hodgkin et al.
2021) G-band light curve of AT 2019azh from the alert system”.
The Gaia alert system does not provide magnitude error. How-
ever, AT 2019azh has G ~ 17 and the typical magnitude error is
<0.05 mag, ensuring the accuracy of the photometry.

We obtained the ATLAS light curves in ¢ and o bands from
the forced photometry server®. We selected photometry on the
difference images. We removed data taken under bad weather
(limit magnitude <19), and binned the light curve nightly.

We obtained the ZTF light curves in g and r bands from the
NASA/IPAC infrared science archive’ (IRSA). We removed bad
data points using observational logs following the ZTF Science
Data System explanatory supplement. We subtracted the host
flux using the median of the quiescent fluxes.

We downloaded the Swift UVOT data of AT 2024pvu from
the NASA’s Archive of Data on Energetic Phenomena®. We
made photometry on the UVOT images using uvotsource in
High Energy Astrophysics Software. We used an aperture with a
radius of 5", and calculated the background in two nearby circu-
lar regions without a source.

A.3. SED data

We collected the SED data of the whole galaxy as follows.

We obtained the GALEX photometries in the FUV and NUV
bands from the Mikulski Archive for Space Telescopes’. We also
downloaded the GALEX images of AT 2024pvu from the same
archive.

We queried photometries from SDSS in the u, g, r, i and
z bands using python package astroquery (Ginsburg et al.
2019), and selected model magnitudes. For some galaxies that
were not observed by SDSS, we collected the photometries from
the Panoramic Survey Telescope and Rapid Response System
(PanSTARRS; Chambers et al. 2016) in the g, r, i, z, and y bands
from the source catalogue'?, and selected the mean Kron aper-
ture magnitudes.

We obtained the photometries of 2MASS in the J, H, and
K bands and WISE in the W1 to W4 bands through IRSA. We

https://asas-sn.osu.edu/
http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaial9bvo/
https://fallingstar-data.com/forcedphot/queue/
https://irsa.ipac.caltech.edu/applications/Gator/
https://heasarc.gsfc.nasa.gov/
https://galex.stsci.edu/GR6/

10 https://catalogs.mast.stsci.edu/panstarrs/

© o N o L» A

A209, page 12 of 12

adopted the 2MASS magnitudes in the extended source cata-
logue if available; otherwise, we did not use 2MASS data in the
SED fitting because the photometries in the point source cata-
logue underestimate the whole galaxy’s flux. For the WISE mag-
nitudes, we checked whether the pipeline identified the galaxy
as a point source (ext_flg = 0). If so, we adopted the mag-
nitudes in the catalogue from profile fitting. Otherwise, i.e. the
galaxy should be treated as an extended source, we measured
Kron aperture fluxes on the WISE images using the python code
photutils (Bradley et al. 2025), instead of using the magni-
tudes in the catalogue.


https://asas-sn.osu.edu/
http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia19bvo/
https://fallingstar-data.com/forcedphot/queue/
https://irsa.ipac.caltech.edu/applications/Gator/
https://heasarc.gsfc.nasa.gov/
https://galex.stsci.edu/GR6/
https://catalogs.mast.stsci.edu/panstarrs/
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