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ABSTRACT

Off-nuclear tidal disruption events (TDEs) provide a rare probe of massive black holes (MBHs)
outside galactic nuclei. Only a handful are known, including five X-ray—selected candidates and two
optically selected events. We present observations of TDE 2025abcr, the second optically selected off-
nuclear TDE, discovered at a projected offset of 9.08 £0.02 kpc from the nucleus of its host galaxy. We
analyze X-ray, ultraviolet, optical, and infrared data from Swift, Keck, the Zwicky Transient Facility,
and the James Webb Space Telescope. Broad hydrogen and helium emission lines in the optical and
infrared confirm a TDE-H-He classification. From luminosity scaling relations and MOSFiT modeling,
we infer a BH mass of 10%-107 M, substantially smaller than the 108-3%941 A/ BH inferred for
the host-galaxy nucleus. We observe velocity evolution in the N III+He II emission complex, shifting
from —500kms~! at day —7 to +1000kms~! by day 429, which we interpret as radiative transfer
effects in an evolving reprocessing layer. The infrared spectral-energy distribution deviates from a
thermal blackbody, with vL, oc A\~213%0:04 gignificantly shallower than the Rayleigh-Jeans slope
of A™3. We rule out dust as the source of this infrared excess. Two possibilities remain: free—free
emission from reprocessing gas, or an unresolved stellar cluster at the TDE location. Reprocessed
emission provides a natural explanation for the infrared excess but an underlying stellar cluster of
mass log(M,./Mg) = 7.57 £ 0.02 and age <2 Gyr is also consistent with the data. If interpreted as
a stellar cluster, the inferred mass suggests a stripped remnant of a satellite galaxy. The wandering
MBH most likely originated in a minor merger with a smaller galaxy, although dynamical ejection from
the host nucleus cannot yet be ruled out.

Keywords: Supermassive black holes (1663) — Tidal disruption (1696) — Galaxies (573) — Accretion
disks (16) — Time domain astronomy (2109)

1. INTRODUCTION is a fundamental prediction of cold dark matter cosmol-
ogy (e.g., G. R. Blumenthal et al. 1984; S. D. M. White
& C. S. Frenk 1991). As galaxies merge, their central
black holes do not always immediately settle into the
nucleus of the remnant system, leaving behind a popula-
Email: kepatra@ucsc.edu tion of offset or “wandering” massive black holes (MBHs)

Hierarchical galaxy formation, in which structure
builds up through successive mergers of smaller systems,
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within galaxy halos (e.g., M. Tremmel et al. 2018; A.
Ricarte et al. 2021b). Although most of these wander-
ers are effectively invisible, they can occasionally reveal
themselves through transient accretion events, particu-
larly tidal disruption events (TDEs), when a star passes
too close to the MBH and is tidally disrupted (e.g.,
C. R. Evans & C. S. Kochanek 1989; J. Magorrian &
S. Tremaine 1999; A. Ulmer 1999; E. Ramirez-Ruiz &
S. Rosswog 2009; M. MacLeod et al. 2016).

TDESs occur when a star approaches an MBH within
its tidal radius, Ry = R*(M./M*)l/?’, such that the
pericenter distance R, satisfies R, < Ry, or equivalently
the penetration (impact) parameter 8 = Rr/R, 2 1
(J. G. Hills 1975; M. J. Rees 1988). Roughly half of
the stellar debris remains bound and eventually accretes,
producing a luminous flare observable across the electro-
magnetic spectrum (J. Guillochon & E. Ramirez-Ruiz
2013; S. Gezari 2021a). Over the past decade, time-
domain optical surveys such as the Zwicky Transient
Facility (ZTF; E. C. Bellm et al. 2019) and All-Sky Au-
tomated Survey for SuperNovae (ASAS-SN; B. Shappee
et al. 2014; C. S. Kochanek et al. 2017) have discov-
ered ~150 TDEs to the point where population-level
studies are now possible (S. van Velzen et al. 2021; E.
Hammerstein et al. 2023a; Y. Yao et al. 2023). These
events provide one of the few direct ways to study oth-
erwise quiescent MBHs, particularly for M, < 10% M
(M. MacLeod et al. 2012a; N. C. Stone & B. D. Metzger
2016; B. Mockler et al. 2019).

Nearly all optically discovered TDEs have been associ-
ated with the nuclei of their host galaxies, reflecting both
the central presence of MBHs (J. Kormendy & L. C. Ho
2013) and the selection biases inherent in existing TDE
search strategies (R. Stein et al. 2026). However, in the
presence of a population of wandering MBHs, a subset
of TDEs is expected to occur at measurable offsets from
galaxy centers. Such off-nuclear TDEs provide direct
observational evidence for wandering MBHs and offer a
way to probe their demographics and dynamical histo-
ries (K. C. Patra et al. 2025; Y. Yao et al. 2025). In
addition, their spatial separation from the host nucleus
reduces contamination from the surrounding stellar pop-
ulation and dust, enabling cleaner constraints on TDE
accretion physics (K. C. Patra et al. 2025; M. Guolo
et al. 2026).

A small but growing sample of off-nuclear TDEs
has now emerged. Most early candidates were iden-
tified in X-ray surveys and are often associated with
faint stellar systems such as globular clusters, ultra-
compact dwarf galaxies, or satellite galaxies (WINGS
J134849.88+263557.5, 3XMM J2150, EP240222a; W. P.
Maksym et al. 2013; D. Lin et al. 2018, 2020; C. C.

Jin et al. 2025). More recently, TDE 2024tvd became
the first optically selected off-nuclear TDE, with high-
resolution Hubble Space Telescope (HST) and James
Webb Space Telescope (JWST) imaging revealing a pro-
jected offset of 0.8 kpc from its host nucleus (K. C. Patra
et al. 2025; Y. Yao et al. 2025).

Detailed follow-up observations of TDE 2024tvd indi-
cate that the TDE originates from a wandering ~10¢ M,
MBH (K. C. Patra et al. 2025; Y. Yao et al. 2025; M.
Guolo et al. 2026). Of the three major possible origins
for the wandering MBH, ejection from the nucleus due
to gravitational-wave recoil can be ruled out, although
dynamical ejection via three-body interactions remains
a possibility (M. Volonteri & R. Perna 2005; S. Komossa
2012; L. Blecha et al. 2016). The most likely origin is a
past minor galaxy merger (e.g. M. Tremmel et al. 2018),
supported by the lack of tidal tails or kinematic signa-
tures of a major merger, as well as the possible presence
of a compact stellar system, such as a nuclear star cluster
(NSC) or a stripped satellite galaxy, around the MBH
(K. C. Patra et al. 2025, although see M. Guolo et al.
2026).

In this work, we present JWST and Keck obser-
vations of the second optically selected off-nuclear
TDE 2025abcr (Figure 1). It was discovered in the ZTF
alert stream and spectroscopically classified by R. Stein
et al. (2025) as an off-nuclear TDE on UT 2025-Nov-09.
The key questions raised by TDE 2025abcr are similar to
those posed by earlier off-nuclear events: what is the ori-
gin of the offset MBH, and what stellar reservoir enables
TDE production at such large galactocentric distances?
The former could reflect processes such as gravitational
recoil, dynamical ejection, or galaxy mergers, while the
latter likely depends on the presence of a dense stellar
system such as an NSC, which can enhance the TDE
rate by increasing the local stellar phase-space density
and facilitating efficient loss-cone refilling (J. Magorrian
& S. Tremaine 1999; N. C. Stone & B. D. Metzger 2016;
H. Pfister et al. 2020; D. Melchor et al. 2024). To ad-
dress these questions, we combine multi-wavelength ob-
servations spanning X-ray, ultraviolet (UV), optical, and
infrared (IR) bands and conduct spectral energy distri-
bution (SED) modeling of the TDE.

The paper is organized as follows: in Section 2 we
describe the observations of TDE 2025abcr. Section 3
presents the data analysis and modeling of the TDE
and host galaxy. In Section 4 we discuss the results
and their implications. Finally, in Section 5 we sum-
marize our conclusions. We use UT time throughout
this paper and assume a flat ACDM cosmology with
Hy=70km s~ Mpc~?!, Q, =0.3, and Qp = 0.7.
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Figure 1. JWST MIRI F560W image of TDE 2025abcr. The TDE is marked with the red circle and the host galaxy’s nucleus

with the red square.

2. OBSERVATIONS
2.1. X-ray

X-ray observations were obtained with the Neil
Gehrels Swift Observatory X-ray Telescope (XRT; D. N.
Burrows et al. 2005). The data were reduced using the
HEASoft software package (v6.35) and the latest calibra-
tion files from CALDB. Event files were reprocessed with
xrtpipeline, and source products were generated using
xrtproducts.

Source counts were extracted using a circular aperture
of radius 50" centered on the X-ray source identified in
the XRT image. Background counts were extracted from
a nearby source-free region using an annular aperture to
mitigate contamination from diffuse emission and field
sources. Exposure maps and ancillary response files were
generated with standard tools, and the appropriate re-
sponse matrix files were applied.

To improve signal-to-noise ratio (SNR), we con-
structed a stacked spectrum by combining all available
observations. The resulting spectrum was grouped to
ensure a minimum number of counts per bin prior to fit-
ting. Spectral modeling was performed in XSPEC (K. A.
Arnaud 1996).

The spectrum was fitted with an ab-

sorbed, redshifted  Comptonized disk  model,
TBabs*zashift*simpl*ezdiskbb. The Galactic
absorption was fixed at Ng = 1.55 x 10%2° em=2 (

HI4PI Collaboration et al. 2016), the redshift was
fixed at z = 0.04985 (D. H. Jones et al. 2009),

and the photon index was fixed at T' = 2.5 (A.
Mummery & S. A. Balbus 2021). The fit yielded
x? ~ 107 for 89 degrees of freedom. No additional
intrinsic absorption component was required by the
fit, and we find no evidence for neutral hydrogen
absorption beyond the Galactic column. The best-fit

model yields a scattering fraction f,, = 0.411'8:%2
and disk temperature kTnax = 0.057700557 keV.

The corresponding absorbed 0.3-10 keV flux is
Fx = 6.931’8:33 x 107 erg cm~2 s1, corresponding to
an absorbed luminosity of Ly = 4.167051 x 10! erg s~
The large uncertainties on the disk normalization reflect
the limited photon statistics of the stacked spectrum.

Count rates were binned to a minimum number of
counts per bin and corrected for exposure and back-
ground. These corrected count rates were converted to
absorbed 0.3-10 keV fluxes using a single counts-to-flux
conversion factor derived from the best-fit model of the
stacked spectrum, and corresponding luminosities were
computed assuming a luminosity distance appropriate
for z = 0.04985.

We detect a faint X-ray source offset by 6.7” from
the TDE. However, given the typical centroiding uncer-
tainty of XRT (~2-3"), it is not possible to determine
whether the emission originates from the TDE, the host
galaxy nucleus, or another source within the galaxy. A
stacked image combining all X-ray observations between
2025-Nov-09 and 2026-Jan-16 reveals an X-ray source
whose localization, within astrometric uncertainties, is
offset from both the TDE and the host nucleus. Fig-
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Stacked Swift XRT image of the region around TDE 2025abcr. The positions of the host galaxy nucleus (black)

and the TDE (white) are marked with “X”. White contours represent the Swift UVOT flux, which is consistent with the TDE
position. The astrometric position (colored dots) and uncertainty (dashed circles) of the X-ray source derived using three
methods are shown: the standard XRT position based on Swift star-tracker astrometry (blue), the UVOT-enhanced astrometric
solution (green), and the position obtained by aligning XRT sources with the 2MASS catalog (orange). Given the current data,
the origin of the X-ray emission is unclear; it may originate from the TDE, the host nucleus, or another source within the galaxy.
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Figure 3. X-ray light curve observed near the TDE location. The X-ray flux rapidly declines and becomes undetectable after

+40 days.

ure 2 shows the X-ray source localization relative to the
TDE and the host galaxy. We derived the X-ray source
position using three astrometric methods: the standard
XRT solution based on Swift star-tracker astrometry,
the UVOT-enhanced solution, and a solution obtained
by aligning XRT sources to the 2MASS reference frame.
All three methods showed an offset between the TDE
location and the X-ray source. Owing to this ambiguity,

we do not include the X-ray data in the SED analysis
(Section 3.3).

Nonetheless, the measured X-ray luminosity in the
0.3-10 keV band ranges between (7 — 25) x 10%! erg s~*
and shows a decline over time, eventually falling below
the XRT detection threshold around day 440 (Figure 3).
We combined all available observations to construct a
stacked X-ray spectrum (shown in Figure 10). The spec-
trum exhibits both a soft and a hard component. The



soft emission may be associated with the TDE accre-
tion flow, while the hard component could come from
low-level activity of the host galaxy nucleus (e.g., K.
Auchettl et al. 2017). However, without higher spatial
resolution observations (for example with Chandra), this
interpretation remains uncertain.

22. UV

UV observations of TDE 2025abcr were obtained
with the Swift Ultraviolet/Optical Telescope (UVOT;
P. W. A. Roming et al. 2005) in the UVW2, UV M2,
UVW1, and U bands (Figure 4). The data were re-
duced using the standard uvotsource task, with a 5"
source aperture and a larger nearby background region.
The UVOT fluxes were corrected for Galactic extinction
assuming F(B—V) = 0.013 mag (E. F. Schlafly & D. P.
Finkbeiner 2011) and the J. A. Cardelli et al. (1989)
extinction law with Ry = 3.1.

2.3. Optical

Publicly available ZTF g- and r-band photometry be-
tween 2025-Oct-02 and 2025-Dec-22 was used for pro-
ducing light curves (Figure 4) and in Modular Open-
Source Fitter for Transients (MOSFiT; J. Guillochon et al.
2018, see the Appendix) analysis.

We obtained an optical spectrum of TDE 2025abcr
(Figure 5) on 2025 December 13 (day +29) with the
Keck Cosmic Web Imager (KCWI; P. Morrissey et al.
2018) mounted on the Keck IT telescope atop Maunakea,
Hawai‘i. The observations were carried out under pro-
gram U208 (PI: C.-P. Ma) using both the blue and
red channels, providing usable wavelength coverage of
3500-8500 A. The instrument was configured with the
small slicer and the low-resolution BL and RL gratings,
yielding average spectral resolutions of R ~ 3600 and
R ~ 2000 in the blue and red channels, respectively.
The field of view was 8.4” x 20.4"” with a spatial sam-
pling of 0.35” per spaxel.

The observations were obtained under excellent con-
ditions, with an average airmass of 1.32 and a seeing of
0.5”. The total exposure time was 1035s on the blue
side, while the red channel was observed in three ex-
posures of 285s each to enable effective cosmic-ray re-
jection. The integral field unit (IFU) data cubes were
produced using the automated KCWI DRP pipeline (D.
Neill et al. 2023). Since the KCWI DRP pipeline produces
wavelengths in vacuum by default, we converted them to
air wavelengths using the prescription of D. C. Morton
(1991).

The local sky and host-galaxy background at the TDE
position was modeled with a two-dimensional polyno-
mial and subtracted prior to flux extraction. The TDE

5

flux was measured using an aperture with a radius of
3x the full width at half maximum (FWHM) of the
seeing disk. Assuming an A. F. J. Moffat (1969) PSF
under seeing-limited conditions, such an aperture en-
closes ~ 98% of the total point-source flux. We applied
a wavelength-independent aperture correction of 2%*
and added a 2% systematic uncertainty in quadrature
to the statistical flux errors. Flux calibration was per-
formed using a custom pipeline for KCWI IFU cubes
with the spectrophotometric standard star Feige 110,
which was observed with the same KCWI instrument
setup.

2.4. Infrared

TDE 2025abcr was observed with JWST using the
Mid-Infrared Instrument imager (MIRI; G. H. Rieke
et al. 2015), the MIRI Low Resolution Spectrometer
(LRS; G. H. Rieke et al. 2015), and the NIRSpec in-
tegral field unit (IFU) spectrograph (P. Jakobsen et al.
2022) as part of a Cycle 4 Director’s Discretionary (DD)
program (ID 12485; PI: K. C. Patra). MIRI imaging
(Figure 1) was obtained on 2025-Dec-16 (day +31) and
was used to determine a precise astrometric position of
the TDE. Spectroscopic observations with NIRSpec IFU
and MIRI LRS (Figure 6) were carried out on 2026 Jan-
uary 14 (day +60).

2.4.1. MIRI imaging

MIRI imaging was performed in the F560W filter us-
ing a large cycling dither pattern with 4 dither po-
sitions. The observations used the FASTR1 readout
with 20 groups per integration, 3 integrations per ex-
posure, and one exposure per dither position, result-
ing in a total of 12 integrations and a total expo-
sure time of 688s. The MIRI data were reduced us-
ing the standard JWST Calibration Pipeline (version
13.0.6; H. Bushouse et al. 2023), with an appropriate
CRDS context (jwst_1464.pmap). Stage 1 processing
applied detector-level corrections, including reference
pixel subtraction, non-linearity correction, dark current
subtraction, and ramp fitting to produce count-rate im-
ages. Stage 2 applied flat-fielding, flux calibration, and
WCS assignment, resulting in calibrated (_cal) prod-
ucts. Stage 3 combined the dithered exposures using the
drizzle algorithm to produce a final distortion-corrected
mosaic (_i2d).

2.4.2. NIRSpec IFU

NIRSpec IFU observations were obtained using a 4-
point dither pattern to improve spatial sampling and

11 Under Kolmogorov turbulence, the seeing FWHM varies
weakly with wavelength as A=92 (D. L. Fried 1966).
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Figure 5. Optical spectrum of TDE 2025abcr at phase +29 days observed with KCWI. For clarity, the blue and red sides
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are marked. The N III Bowen complex is also identified. The inset shows a zoomed-in view of the N I1I+He II lines which are
redshifted by ~ 1000 km s~'. The blue continuum and spectral features are consistent with a TDE-H-He classification.

mitigate detector systematics. Three grating/filter com- ~1-5 pm at medium-to-high spectral resolution. The
binations were used: G140H/F100LP, G235H/F170LP, observations used the NRSIRS2 readout pattern with
and G395M/F290LP, providing spectral coverage from 12, 18, and 15 groups per integration for the G140H,
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Figure 6. IR spectrum of TDE 2025abcr at phase +60 days observed with JWST NIRSpec and MIRI LRS. For clarity, the
displayed NIRSpec spectrum is binned by a factor of 10 for the G140H/F100LP and G235H/F170LP segments and by a factor
of 3 for the G395M /F290LP segment, while the MIRI LRS spectrum is shown at its native sampling. Prominent H and He

emission lines are marked.

G235H, and G395M settings, respectively, with one in-
tegration per exposure at each dither position. This re-
sulted in total exposure times of 3560s (G140H), 53105
(G235H), and 4435s (G395M).

Following K. C. Patra et al. (2025), the data were re-
duced using the standard JWST Calibration Pipeline
steps. The TDE spectrum was extracted using a cus-
tom aperture photometry procedure applied to the final
data cubes (see K. C. Patra et al. 2025, for details).
For each wavelength slice, a 1.2” x 1.2"” cutout centered
on the TDE was constructed. The host galaxy con-
tribution within this region was modeled as a smooth
two-dimensional polynomial surface, masking a central
circular region of radius 0.3” to exclude the TDE emis-
sion. This model was subtracted to isolate the TDE
flux, which was then measured within a circular aper-
ture of radius 0.2”. A wavelength-dependent aperture
correction was applied based on synthetic point spread
function (PSF) cubes generated with the STPSF package
(M. Perrin et al. 2025). The resulting spectrum was con-
verted from vacuum to air wavelengths following D. C.
Morton (1991) and shifted to the host-galaxy rest frame
at z = 0.04985.

2.4.3. MIRI LRS

The TDE coordinates were first determined to < 0.1”
accuracy using the previously obtained high-spatial-
resolution MIRI image. MIRI LRS observations were
then acquired using a bright offset star at (RA, Dec) =
(01:46:54.2745, —15:22:14.50), which was centered in the
LRS slit before applying the offset to the TDE position.
The acquisition was verified with a pointing verification
exposure in the F560W filter prior to the science expo-
sures. The LRS observations were performed using the
FASTRI1 readout pattern with 35 groups per integration
and 35 integrations per exposure. A total of two dither

positions were obtained, resulting in 70 integrations and
a total exposure time of 6988s.

The data were reduced using the standard JWST Cal-
ibration Pipeline with the appropriate CRDS context.
Stage 1 processing applied detector-level corrections, in-
cluding reference pixel subtraction, non-linearity correc-
tion, dark current subtraction, and ramp fitting. Stage 2
applied flat-fielding, wavelength calibration, flux cali-
bration, and WCS assignment to produce calibrated
(_cal) products. Stage 3 combined the dithered expo-
sures and performed background subtraction and outlier
rejection to generate the final two-dimensional rectified
spectra. One-dimensional spectra were extracted using
an aperture centered on the trace, with aperture correc-
tions applied based on the wavelength-dependent MIRI
LRS PSF.

3. ANALYSIS
3.1. TDE Astrometry

We performed astrometric calibration on the JWST
MIRI image using Gaia DR3 ( Gaia Collaboration et al.
2023) positions of stars within the field to refine the ab-
solute World Coordinate System (WCS) solution. The
initial WCS solution was found to be offset by 0.11” in
RA and 0.09” in Dec, and was corrected accordingly.

Using the astrometrically calibrated MIRI image, the
position of the TDE was measured to be RA, Dec
(J2000) = 01:46:55.4000, —15:22:15.87 in the ICRS
frame. The centroid of the host galaxy nucleus is lo-
cated at 01:46:56.0308, —15:22:14.837. The angular
separation between the TDE and the host nucleus is
9.32 4 0.02”, corresponding to projected physical sepa-
ration of 9.08 4+ 0.02 kpc.
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lines in the IR spectrum are blended. The profiles (particularly He I 1.083 um, H 1 1.282 pum, and H I 1.875 ym) show extended
red wings and peaks blueshifted on average by 180 + 40 kms™!.

3.2. Optical and IR spectroscopy the TDE-H-He spectroscopic classification. Prominent

Both the optical (Figure 5) and IR (Figure 6) spec-
tra show broad H and He emission lines, consistent with
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Figure 9. Evolution of the N III+He II emission complex
in velocity space. The top three spectra are adopted from
R. Stein et al. (2026); for clarity, only the smoothed versions
are shown. The bottom spectrum, at day 429, is from our
KCWTI observation.

N III emission (from Bowen fluorescence) is also de-
tected, which requires a strong EUV/soft X-ray radi-
ation field to resonantly pump He II and subsequently
excite N III transitions (G. Leloudas et al. 2019; F. Onori
et al. 2019; S. van Velzen et al. 2021). The presence
of Bowen fluorescence indicates efficient reprocessing in
dense, likely CNO-enriched gas in the vicinity of the
MBH. The IR spectrum contains a rich set of hydro-
gen recombination lines, including the Paschen, Brack-
ett, Pfund, and Humphreys series, along with He I and
He II emission.

Figures 7 and 8 show the major optical and IR emis-
sion lines in velocity space from our KCWI spectrum at
day 4+29 and our JWST spectrum at day 460, respec-
tively. The H Balmer lines are centered at zero veloc-
ity with a FWHM of ~ 3000 km s~!, consistent with
line widths observed in many optically selected TDEs
at around +30 days (e.g., T. Hung et al. 2017; T. W.-S.
Holoien et al. 2019; M. Nicholl et al. 2020). The Balmer
profiles are asymmetric, with extended red wings. The
IR lines are more blended and have lower SNR than the
optical lines. Nevertheless, they also show asymmetric
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red wings and slightly blueshifted peaks with a mean
offset of —180 & 40 kms™!, with respect to the host
galaxy’s rest frame. This is particularly evident in the
He I 1.083 pum, H T 1.282 ym, and H T 1.875 ym lines.
Such profiles can be interpreted as signatures of elec-
tron scattering in an optically thick medium, velocity
gradients in an expanding or inflowing gas, or radiative
transfer effects in a stratified outflow (e.g., N. Roth &
D. Kasen 2018; E. J. Parkinson et al. 2022)

An interesting feature of the optical spectra is the
behavior of the N IIT A\4641 + He II A\4686 complex,
which shows a clear monotonic velocity evolution. Based
on the optical spectral sequence presented by (R. Stein
et al. 2026), we observe that at early times (day —7),
the feature is blueshifted by ~ 500 km s~!, while at
later epochs it shifts progressively to the red, reaching
~ 1000 km s~! by day +29 in our Keck spectrum (Fig-
ure 9). This monotonic drift is not seen in the H Balmer
lines, indicating that the Bowen-emitting region is kine-
matically distinct from the hydrogen-emitting gas. Ad-
ditionally, the N III component strengthens relative to
He IT over time. Although a full radiative transfer anal-
ysis of the TDE emission region is beyond the scope
of this work, we discuss possible interpretations in the
context of reprocessed TDE emission in Section 4.

3.3. SED modeling

We constructed a multi-wavelength SED  of
TDE 2025abcr  using Swift/UVOT  observations
obtained on 2026 January 16 (day +62) in the UVIW2,
UV M2, and UVW1 bands, together with the JWST
NIRSpec+MIRI spectrum obtained on 2026-Jan-14
(day +60), and the KCWI optical spectrum obtained
on 2025-Dec-13 (day +28). The resulting SED is shown
in Figure 10. For completeness, we also show the
stacked X-ray spectrum, but do not include it in the
SED analysis because of the uncertain origin of the
X-ray emission.

All UV, optical, and IR data were shifted to the rest
frame in both wavelength and flux using the known red-
shift of the host galaxy. Wavelengths in air were used
consistently for all data sources. The flux densities were
converted to luminosity units as vL, in erg s~!. For
the KCWI and JWST spectra, only the continuum was
used in the SED analysis. Emission lines, together with
their wings out to +2 x FWHM, were masked. The re-
maining continuum was then rebinned into wavelength
bins much broader than the instrumental spectral reso-
lution in order to avoid correlated noise introduced by
the line-spread function and by astrophysical line broad-
ening. The continuum bins used for the SED fitting are
shown in the lower panel (residuals) of Figure 10.
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Figure 10. X-ray to IR SED of TDE 2025abcr. The best-fit blackbody model to the UV—optical-IR data is shown as the
dotted curve, the best-fit star cluster spectrum in gray, and the combined best-fit model as the solid black curve. The best-fit IR
slope is indicated, along with the Rayleigh—Jeans slope expected for a blackbody. For completeness, the full KCWI and JWST
spectra are shown in the upper panel; however, the emission lines were masked and the spectra binned for the SED fitting, as
shown in the residuals panel (bottom). The X-ray data were not included in the SED fitting.

We modeled the SED jointly with two components:
a single-temperature blackbody representing the TDE
continuum, and a stellar component representing an un-
resolved stellar cluster at the TDE location. A single-
temperature blackbody is a reasonable approximation
at this phase, when the TDE flux is still declining and
has not yet transitioned to a late-time plateau (e.g., S.
Gezari 2021b; S. van Velzen et al. 2021; E. Hammerstein
et al. 2023b; Y. Yao et al. 2023). The stellar component
was modeled using a precomputed grid of FSPS tem-
plates spanning ages from 0 to 14 Gyr and metallicities
log(Z/Zz) from —2 to +0.5, assuming a single stellar
population and a P. Kroupa (2001) initial mass func-
tion. To reduce compute time, we interpolated within
this grid instead of calling FSPS at each likelihood eval-
uation.

The free parameters of the model are the stellar mass
of the unresolved cluster, Mysc, its age, its metallicity
log(Z/Zg), the TDE blackbody radius log r[cm], and the
blackbody temperature logT[K]. Because the KCWI
spectrum was obtained substantially earlier than the
Swift and JWST observations, we introduced an addi-
tional multiplicative factor, fxcwri, to scale the KCWI
continuum relative to the day +60 SED. This effectively
assumes that the SED shape does not evolve strongly be-
tween days +28 and 4+62. That assumption is supported
by the weak rate of temperature change reported by R.
Stein et al. (2026). Moreover, using the Swift/UVOT
UVW2—-UVW1 color, we find no significant color evo-
lution: the color changes from —0.23 4+ 0.14 mag at day
+28 to —0.25 4+ 0.24 mag at day +62, corresponding
to a difference of —0.02 £ 0.28 mag—consistent with no



color evolution. We also included a nuisance parameter,
In Sy, to account for any additional unexplained scatter
beyond the formal measurement uncertainties.

Posterior distributions were sampled using emcee (D.
Foreman-Mackey et al. 2013) with 48 walkers and 10°
steps, discarding the first 30% of the chains as burn-in.
Convergence was evaluated by monitoring trace plots
for stability and calculating the integrated autocorrela-
tion time (7). We ensured that the total chain length
exceeded 507 for all parameters. The best-fit model is
shown in Figure 10, and the posterior distributions are
shown in Figure 16 in the Appendix.

The posterior distributions for the fitted parameters
are as follows: blackbody temperature logT [K] =
4.5970-0¢ " blackbody radius logr [cm] = 14.10 + 0.05,
KCWI scaling factor fxcwr = 1.721015. For the un-
resolved stellar component, we infer log(Mnsc/Mg) =
7.57 £ 0.02, an age of 0.7170%2 Gyr, and a metallicity
of log(Z/Zs) = 0.407097. A notable feature of the SED
is that the IR continuum deviates significantly from a
pure blackbody Rayleigh—Jeans tail. Fitting the IR con-
tinuum with a power law gives

l/Ll, x /\72.13:|:0.04’

which is substantially flatter than the Rayleigh—Jeans
expectation, vL, o« A72. We evaluate these parameters
and discuss their implications in Section 4.

3.4. Host galaxy spectra and properties

We extracted spatially-resolved spectra for the host
galaxy from our KCWI observations described in Sec-
tion 2. To reduce contamination from the TDE, we
masked the region within 1” of the TDE centroid and
then voronoi-binned the data to uniform SNR of ~60.
For each of the 68 resultant spatial bins, we performed
spectral fitting on the data using the penalized pixel-
fitting method (pPXF; M. Cappellari 2012, 2017), which
models each observed spectrum as a linear combination
of stellar template spectra convolved with a parameter-
ized line-of-sight velocity distribution (LOSVD). Aside
from features noted here, the pPXF configuration used
here is identical to that in E. R. Liepold et al. (2025).

For the stellar templates, we selected a subset of the
1273-template Indo-US library comprising of 526 stellar
templates where F. Valdes et al. (2004) presents well-
determined spectral types in their Table 2 and measure-
ments Teg, log(g) and [Fe/H] in their Table 3. The
spectral resolution of the Indo-US library is oj,s =
0.57A £0.03A (F. Valdes et al. 2004; A. Beifiori et al.
2011). In comparison, we determined the line spread
function (LSF) of the blue-side of the KCWI small
slicer (from arc-lamp exposures) to be well approxi-
mated by a Gaussian with o = 0.56 A ~ 35 km s~
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or 1.32A ~ 82 km s~! FWHM. Because of the close
match in spectral resolution between the templates and
KCWI, no broadening to the templates is needed to
match KCWT’s LSF.

We performed pPXF fitting on each spatial bin to de-
termine the stellar LOSVD. We fit for the first two
moments of the LOSVD: radial velocity and the veloc-
ity dispersion. The best-fitting LOSVD provides the
stellar radial velocity V and velocity dispersion o; Fig-
ure 11 shows the KCWI galaxy spectra and the LOSVD-
broadened stellar template fits for three representative
spatial bins at increasing radius from the galaxy cen-
ter. The spectra show the typical absorption features of
early-type galaxies and no significant nebular emission
lines in any of the spatial bins. From the light-weighted
combination of templates, we estimate the metallicity
averaged over the KCWTI field of view of the host galaxy
is [Fe/H] =~ +0.12.

We will present detailed properties of the spatially-
resolved stellar kinematics and the dynamically mea-
sured mass for the central black hole in the host galaxy
from triaxial orbit modeling (M. E. Quenneville et al.
2022; E. R. Liepold et al. 2023) in a separate paper.
Here, we use the M,—0 scaling relation and the host
galaxy’s stellar velocity dispersion ¢ to obtain a crude
estimate of the black hole mass M,. We find o to rise
sharply towards the center of the host galaxy, so the
value of o used to estimate M, depends on the aper-
ture over which the spatially resolved o is averaged (see,
e.g., discussion in Sec. 2 of N. J. McConnell & C.-P. Ma
2013). We perform a luminosity-average of ¢ from our
KCWI measurements and find (o) = 224 +4 km s~!
within the central radius R < 0.5”, (o) = 19949 km s~*
for 0.5” < R < 7" (where 7” is the outer reach of
our KCWI coverage), and (o) = 205 & 14 km s~! when
luminosity-averaged over all KCWI bins.

From the M,—0o relation of N. J. McConnell &
C.-P. Ma (2013), we infer a black hole mass of
log,o(Me/Mg) = 8.35 £ 0.41. This uncertainty takes
into account the intrinsic scatter of 0.38 dex in the
M, — o relation. We note that the velocity dispersion
reported by R. Stein et al. (2026), 0 = 324414 kms™!,
and the corresponding black hole mass, log(M,/Mg) =
9.41 +0.31, are substantially higher than our estimates.
We have performed a number of tests to assess the ro-
bustness of our measured velocity dispersions by vary-
ing, e.g., the number of velocity moments included in
the LOSVD, the multiplicative polynomial order used
to model the continuum shape, the choice of Indo-US
templates, and the spectral window used for fitting. All
of these tests show negligible (< 5 km s~!) impact on
our measurements.
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The host galaxy PGC 174145 lies in the 2MASS XSC
footprint (T. H. Jarrett et al. 2000), where it was found
to have a K-band magnitude (k_m_ext) of 11.583. With
extinction correction this yields Mg = —25.175, and ap-
plication of Equation (1) of E. R. Liepold & C.-P. Ma
(2024) suggests a total stellar mass of log(M,/Mg) =
11.52. PGC 174145 also lies in the WISE survey foot-
print (E. L. Wright et al. 2010), where it has W1 = 12.26
(wimpro) and W2 = 12.293 (w2mpro). Following the
stellar mass calibration in M. E. Cluver et al. (2014),
this suggests log(M./Mg) ~ 11.11, a factor of 2.5 lower
than the K-band-based estimate.

The K-band calibration from E. R. Liepold & C.-
P. Ma (2024) correlated K-band absolute magnitudes
against stellar masses measured from dynamical mod-
els and stellar population models with variable IMFs.
When comparing against prior galaxy stellar mass func-
tions derived from stellar population models with Milky-
Way-like IMFs, that work found mass scales which were
larger by a factor similar to the IMF mismatch parame-
ters measured for their galaxy sample, ~1.84. The stel-
lar mass calibration in M. E. Cluver et al. (2014) relied
on stellar masses from GAMA (E. N. Taylor et al. 2011),
which also used a Milky-way-like Chabrier IMF.

In Legacy Survey DR10 imaging, the host galaxy ap-
pears to be a morphologically regular elliptical. Ac-
cordingly, we can interpret the stellar mass as a bulge
mass and apply the M¢—Mpuige relation from N. J. Mc-
Connell & C.-P. Ma (2013) to infer M,. We estimate
log(Me/Mg) = 9.01£0.35 when using the K-band-based
stellar mass estimate and 8.58 £ 0.35 when using the
WISE magnitudes, a factor of 2-5 above estimates from
the M,—0o relation.

The host-galaxy analysis shows that TDE 2025abcr
occurred in the outskirts of a massive (log(M,/Mg) =~
11.1-11.5), quiescent, early-type galaxy, with no signs
of an active galactic nucleus (AGN), such as broad H
Balmer lines, narrow emission lines, or WISE colors in-
dicative of AGN activity. The galaxy likely harbors a su-
permassive black hole (SMBH) of mass log(M,/Mg) =~
8.4-9.0.

4. DISCUSSION
4.1. Infrared excess

There are three possible origins for the IR excess ob-
served in the SED of TDE 2025aber: (1) thermal emis-
sion from dust heated by the TDE, (2) an unresolved
stellar component, or (3) free—free emission from ionized
gas in a reprocessing gas layer or outflow.

e A dust echo is disfavored by the observed SED
shape: thermal dust emission near the sublimation tem-
perature (< 1500K) would be expected to peak at
wavelengths 2 2 ym and to decline more steeply blue-
ward of that peak, unlike the observed IR continuum of
TDE 2025abcer (N. Jiang et al. 2016; S. van Velzen et al.
2016; N. Jiang et al. 2021; S. van Velzen et al. 2021;
S. A. Dodd et al. 2023). We therefore rule out dust as
the dominant source of the IR excess.

e The second possibility is that the IR excess comes
from an unresolved stellar component, as illustrated in
Figure 10. If interpreted as starlight, the inferred stellar
mass (log Mnsc/Mg = 7.57+0.02) is large for a typical
NSC and would more likely suggest the compact core of
a stripped satellite galaxy (T. Boker et al. 2004; A. C.
Seth et al. 2014; N. Neumayer et al. 2020).
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Figure 12. Stellar population constraints in age—mass
space. The hatched region is ruled out by the observations: a
stellar population in this region would overpredict the flux in
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red contours show the MCMC posterior from the full SED
fit in age—mass space (Section 3.3), and the star represents
the highest-likelihood stellar age and mass. The boundary
between the allowed and excluded regions is obtained after
profiling over metallicity, so at each age and mass it reflects
the most conservative constraint.

R. Stein et al. (2026) likewise determined that
any underlying stellar component at the position of
TDE 2025abcr must be low mass, deriving an upper
limit of log M,/Mg < 7.4 by assuming a similar g-
band mass-to-light ratio (M/L) as EP240222A (C. C.
Jin et al. 2025). However, that limit is necessarily
age dependent, because the stellar M /L changes with
age. Older stellar populations have higher M /L, mean-
ing that for the same observed luminosity they can be
more massive than younger populations. So the inferred
stellar-mass upper limit is best treated as a function of
age rather than as a single number. This is the ap-
proach we adopt in Figure 12. For each point in age—
mass space, we ask whether a stellar population would
overproduce any observed UV, optical, or IR flux point
after profiling over metallicity. The resulting exclusion
boundary therefore gives the most conservative upper
limit on stellar mass as a function of age. We find that
for young populations (< 1 Gyr), stellar masses above
log M, /Mg =~ 7.8 are excluded, whereas for older pop-
ulations the limit becomes progressively weaker, reach-
ing log M,/Mg =~ 8.2-8.4 by ~ 10 Gyr. The highest-
likelihood solution, marked in Figure 12 by a star, lies
safely within the allowed region and favors a young stel-
lar population (< 2 Gyr).

Such a young satellite population contrasts with the
inferred old ~ 10 Gyr age of the early-type host galaxy.
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However, satellite populations need not closely track the
stellar populations of their central galaxies. The Satel-
lites Around Galactic Analogs (SAGA) Survey analyzed
378 satellite galaxies and found no significant correla-
tion between satellite quenching and host color or host
star formation rate (M. Geha et al. 2024). SAGA also
found that quenching proceeds sufficiently slowly that
star-forming satellites persist over a wide range of dis-
tance from the central galaxy, and that the quenched
fraction rises toward the inner ~ 100 kpc rather than
being determined simply by whether the central galaxy
is old or passive.

These results support a scenario in which the stellar
component associated with TDE 2025abcr is the rem-
nant core of a low-mass satellite that continued form-
ing stars until relatively recently and was quenched
only within the last 1-2 Gyr, for example during in-
fall into the halo of the giant elliptical host. This is also
broadly consistent with recent work on the TDE delay-
time distribution, which finds that the TDE rate peaks
at ~ 1 Gyr after the most recent burst of star forma-
tion (M. Shepherd et al. 2026). In other words, a stellar
population of age ~ 1 Gyr is the most likely to host a
TDE at the time of observation.

e The third possibility is that the IR excess is intrinsic
to the TDE, arising either from free—free emission within
a dense, stratified reprocessing layer/outflow or from
viewing-angle effects. The free—free absorption opacity
is frequency dependent, with ag oc A2. This can produce
an IR continuum that is shallower than the Rayleigh—
Jeans tail of a single blackbody, because photons at dif-
ferent wavelengths thermalize at different depths and
therefore emerge from regions with different tempera-
tures and physical conditions. The observed continuum
therefore reflects radiative transfer through an extended,
scattering-dominated medium rather than emission from
a single thermal photosphere (e.g., N. Roth et al. 2016).

In the N. Roth et al. (2016) framework, the emer-
gent continuum slope depends on the coupled structure
of density, temperature, ionization, opacity, and geome-
try, as well as on where photons thermalize in the flow.
Therefore, the observed IR slope cannot be uniquely in-
verted into a photospheric density law without a self-
consistent radiative-transfer model. This is particularly
important if the optical and IR emission originates from
different regions, since the analytic mapping between
spectral slope and density assumes a continuous atmo-
sphere with a smooth thermalization structure.

As an illustrative estimate, if one applies Equation (6)
of R. Margutti et al. (2019) to the measured IR slope,
vL, oc \™213 one obtains a formally steep density pro-

file, p o< r~5%, which would indicate a wind with a
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strongly decreasing mass-loss rate. However, this in-
ference is highly model-dependent. Such a steep decline
would imply a sharp truncation of the photospheric lay-
ers, with the optical depth dropping over a narrow radial
range, approaching an exponential cutoff. It is unclear
whether this is consistent with the extended, continu-
ously stratified, and time-dependent outflows expected
in TDEs (N. Roth et al. 2020).

In addition, the IR slope may be affected by the tem-
perature and ionization structure of the flow, by devia-
tions from spherical symmetry, and by viewing-angle ef-
fects in an anisotropic reprocessing layer. In particular,
radiation hydrodynamical simulations show that similar
broad spectral slopes, comparable to the one observed
for TDE 2025abcr, can arise from the same underlying
system viewed at different inclinations, consistent with
this event being observed significantly off-axis (e.g., L. L.
Thomsen et al. 2022a). Thus, while the observed IR
continuum is broadly consistent with emission from an
extended reprocessing medium, inferring a unique pho-
tospheric structure from the slope is not straightforward
and likely requires detailed time-dependent radiative-
transfer calculations.

Intrinsic TDE emission (free—free or viewing-angle ef-
fects) currently provides the most plausible explanation
for the IR excess since it is a natural prediction of repro-
cessed emission in TDEs (e.g., N. Roth et al. 2016; W.
Lu & C. Bonnerot 2020; L. L. Thomsen et al. 2022b),
and has been interpreted as such for early IR emission
from TDE 2019azh (T. M. Reynolds et al. 2025). Fur-
thermore, unlike the stellar-cluster interpretation, which
requires a young < 2 Gyr stellar population, intrinsic
TDE emission does not require any special conditions.
However, the presence of a young stellar cluster at the
TDE location cannot currently be ruled out. A straight-
forward way to distinguish between these possibilities is
to obtain additional spectroscopic data at a later epoch,
once the TDE has settled onto its UV—optical plateau.
By that stage, the reprocessing layer should have weak-
ened substantially, and any associated free—free emission
is expected to decline. However, if the IR excess orig-
inates from an underlying stellar cluster, the IR flux
should remain approximately at its current level.

4.2. FEwvidence for an Evolving Reprocessing Layer

The spectroscopic evolution of TDE 2025abcr suggests
that the line-forming and reprocessing region is evolving
rapidly on a timescale of weeks. The key observational
facts are as follows:

1. The N TIII A4641 + He II 4686 complex
shows a clear velocity evolution, shifting from

~ —500 km s~! at day —7 to ~ +1000 km s~ !
by day +29.

2. The N IIT component strengthens relative to He II
over the same period.

3. The H Balmer lines on day +29 are asymmetric
but do not show any velocity shift with respect
to the galaxy’s rest frame. The IR emission lines
on day +60 are also asymmetric but do show a
blueshift of ~ 200 km s~1.

4. The X-ray flux declines over a similar timescale
and becomes undetectable by ~day +30 (assuming
that the X-ray flux is associated with the TDE).

5. IR SED slope is shallower than a blackbody

4.2.1. Line evolution and the inner reprocessing region

The N IIT + He II complex likely arises in a denser and
more compact region that is more directly coupled to
the EUV /soft X-ray radiation field (G. Leloudas et al.
2019; F. Onori et al. 2019; M. Nicholl et al. 2020; P.
Charalampopoulos et al. 2022). If the observed veloci-
ties of order 10% km s~' were interpreted as Keplerian
motion around a ~ 10° M, MBH, the corresponding
orbital timescale would be ~ 30yr, far longer than the
few-week evolution observed in the N III + He II com-
plex. The monotonic velocity drift of the N IIT + He II
complex therefore cannot be Keplerian orbital motion
of some emitting “clump” of gas. A more natural in-
terpretation is that the observed velocity shift reflects
a changing view of a (possibly) asymmetric inner ve-
locity field, driven by evolving optical depth, geometry,
and illumination (N. Roth & D. Kasen 2018; M. Nicholl
et al. 2020; E. J. Parkinson et al. 2022). In this picture,
the early-time blueshift may develop because the Bowen
emission is weighted toward the near side of an asym-
metric flow, while at later times the emitting surface
shifts and the receding side contributes more strongly,
producing the observed redward drift. The lack of cor-
responding velocity evolution in the H Balmer lines sug-
gests that the bulk of the hydrogen-emitting gas is either
more extended, more symmetric, or both, and is there-
fore less sensitive to changes in the inner ionizing source.

The asymmetric extended red wings seen in the H
Balmer lines on day +29 and in the IR emission lines
on day 460 are consistent with formation in an electron-
scattering-dominated photosphere, where repeated scat-
terings in an expanding reprocessing layer broaden the
lines and produce a characteristic red wing. The
blueshifted peaks observed in the IR lines also quali-
tatively match the predictions of N. Roth & D. Kasen



(2018), in which line formation in an expanding, opti-
cally thick outflow produces a blueshifted emission peak
together with an asymmetric red wing. Similar profiles
were previously observed in TDE 2019qiz (M. Nicholl
et al. 2020), and a few others (see P. Charalampopoulos
et al. 2022). The Balmer lines, however, do not show a
similar blueshift, indicating evolving physical conditions
within the outflow between day +29 and day +60.

The fading of the X-ray emission—if indeed associated
with the TDE—also supports an evolving inner repro-
cessing region. Changes in the soft X-ray/EUV source,
or increasing obscuration of the accretion flow by the
reprocessing gas, should directly affect the ionization
structure and the part of the flow that dominates the
observed line emission. The X-ray fading could there-
fore trace either intrinsic weakening of the high-energy
source or increasing obscuration by the evolving repro-
cessing layer, both consistent with rapid changes in the
inner geometry of the system (N. Roth & D. Kasen 2018;
M. Nicholl et al. 2020; R. Stein et al. 2021; E. J. Parkin-
son et al. 2022; A. Malyali et al. 2024).

4.2.2. Bowen fluorescence and ionization-state evolution

Changes in density, optical depth, or covering fraction
could also alter the efficiency of line formation and help
explain the strengthening of N III relative to He II. The
N IIT A4640 line is produced through the He II Lya —
O III — N III resonance chain, and its luminosity de-
pends on both the ionizing continuum and the local
conditions in the line-forming gas (J. Schachter et al.
1989; G. Leloudas et al. 2019; F. Onori et al. 2019). The
strengths of the O IIT and N III fluorescence lines can de-
pend sensitively on the ionization balance of oxygen and
nitrogen. From their ionization potentials, both O III
and N III are favored in a radiation field with abundant
photons in the ~ 30-50 eV range. If photons above ~ 50
eV are too abundant, however, oxygen and nitrogen will
be driven to higher ionization states such as O IV and
N IV, thereby reducing the populations available to par-
ticipate in the Bowen cascade and suppressing the N III
A4640 line relative to He II A4686.

In a multi-zone TDE outflow, the weak early-time
N III A\4640/He II \4686 ratio may reflect either an ini-
tially hard ionizing spectrum that over-ionizes O and N
or emission weighted toward higher-ionization regions,
while the subsequent strengthening of N III A\4640 may
indicate that the ionizing continuum softens with time
or that the emission becomes weighted toward regions
with more favorable conditions for O 11T and N III. A
useful observational test of this interpretation would be
to observe the associated O III Bowen lines, especially
the strong near-UV feature around 3133 A and the op-
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Figure 13. Unsharp-masked JWST MIRI F560W image.
The galaxy emission has been largely subtracted out, leaving
behind just the nucleus and the TDE. The red curves trace
the flux contours of the galaxy for reference. No tidal tails
or other large-scale structures indicative of a major galaxy
merger are evident.

tical lines near 3444-3750 A. If Bowen fluorescence is
driving the observed evolution, these O III lines should
show the same qualitative trend as N ITT A4640.

We therefore interpret the data as evidence for a
rapidly evolving inner reprocessing region. More specif-
ically, the coupled evolution of the Bowen complex and
the fading X-ray emission is consistent with the emer-
gence, buildup, or rapid reconfiguration of an asymmet-
ric reprocessing layer surrounding the inner accretion
flow. A full radiative-transfer treatment is beyond the
scope of this work, but such modeling should provide a
more definitive explanation for the observed line evolu-
tion.

4.3. Origin of the wandering black hole

We estimate the mass of the MBH responsible for the
TDE using MOSFiT (J. Guillochon et al. 2018; B. Mockler
et al. 2019), finding log(M./Mg) = 6.70+0.11 (see Ap-
pendix for details). An independent estimate based on
empirical scaling relations between black hole mass and
TDE peak luminosity gives a value of log(M,/Mg) =
6.1£0.5 (A. Mummery et al. 2024b; R. Stein et al. 2026).
Although neither method is perfect—and more reliable
black hole mass estimates are now generally thought
to come from late-time SED modeling with relativistic
accretion disk models (e.g., A. Mummery et al. 2024a;
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A. Mummery & S. van Velzen 2025)—the two methods
have been shown to produce self-consistent black hole
mass estimates to within ~ 0.5 dex (C. R. Angus et al.
2026). Therefore, we conservatively state that the TDE
MBH has a mass of log(M,/Mg) = 6 — 7.

e The wandering MBH is substantially less massive
than the SMBH expected in the nucleus of the host
galaxy, for which we infer log(M,/Mg) = 8.35 £ 0.41
from the Mq—0o relation. This mass difference disfavors a
gravitational-wave recoil origin (e.g., S. Komossa 2012).
If the off-nuclear MBH were the remnant of a merger in-
volving the central SMBH, its mass would be expected
to be greater than that of the nuclear SMBH. The much
lower MBH mass inferred from TDE 2025abcr therefore
argues against this scenario. Also, the recoiling-SMBH
scenario requires the absence of an SMBH in the galaxy
nucleus. Although there is currently no definitive evi-
dence for or against a central SMBH from radio or X-ray
emission, or from AGN signatures, our KCWI data show
a sharp rise in stellar velocity dispersion toward the nu-
cleus, hinting that a central SMBH is likely present. A
dynamical detection of a nuclear SMBH would therefore
strongly disfavor the recoil scenario.

Moreover, for 1084 My nuclear SMBH, a solar-type
main-sequence star has a nominal tidal radius smaller
than the Schwarzschild radius, and observable TDEs
from such stars are strongly suppressed by relativistic
direct capture above M, ~ 108 M, except possibly for
favorable combinations of black hole spin and orbital pa-
rameters (M. Kesden 2012; J. Law-Smith et al. 2017).
Although evolved stars can still be disrupted by more
massive SMBHs, such events are expected to produce
much slower, longer-lived transients than the otherwise
standard UV /optical event observed here (M. MacLeod
et al. 2012b). We therefore conclude that a recoiling
1084 Mg, nuclear SMBH is unlikely to have produced
this TDE.

e Another possibility for the origin of the wandering
MBH is dynamical ejection through three-body inter-
actions in a nucleus hosting multiple MBHs, in which
the lightest MBH is expelled from the center (e.g., M.
Volonteri & R. Perna 2005; S. Naoz et al. 2020). In such
interactions, the escaping MBH is expected to leave with
a speed comparable to the binary orbital velocity; repre-
sentative values are of order a few 102 km s~!, although
extreme cases can reach several 10° km s~! for very
tight binaries (e.g., L. Hoffman & A. Loeb 2007a,b; A.
Gualandris & D. Merritt 2008; M. Bonetti et al. 2018).
Based on the H Balmer lines, we do not find a signifi-
cant velocity offset between the TDE emission lines and
the systemic redshift of the host galaxy, measuring only
7427 km s—!. Although the IR lines show a blueshift

of ~ 200 km s~!, this is more naturally explained by
radiative-transfer effects (N. Roth & D. Kasen 2018). In
the absence of detailed radiative-transfer modeling, how-
ever, we conservatively adopt an upper limit of < 200
km s~! on the line-of-sight velocity offset of the wander-
ing MBH relative to the host galaxy. This constraint ap-
plies only to the line-of-sight component; the MBH could
still have a larger transverse velocity, or it may have
undergone substantial deceleration through dynamical
friction and now be near apocenter. Thus, we cannot
entirely rule out a dynamical-ejection origin.

e A third possibility is that the wandering MBH was
brought in by a galaxy merger. In this scenario, the
satellite galaxy is tidally stripped, leaving behind a com-
pact stellar core that remains bound to the MBH and
can efficiently refill the loss cone, thereby enhancing the
TDE rate. We do not detect tidal tails or other obvious
merger signatures in deep Legacy Survey DR10 imaging
(A. Dey et al. 2019), in our high-resolution JWST im-
ages, or in an unsharp-masked version of the host-galaxy
image constructed to enhance faint tidal structures (Fig-
ure 13). We therefore find no evidence for a recent major
merger.

A minor merger, however, remains a strong possibility
(M. Tremmel et al. 2018). Minor mergers can naturally
produce wandering MBHs embedded within a compact
dense cluster of stars without creating large-scale dis-
turbances within the host galaxy (e.g., A. Ricarte et al.
2021a; T. Naab et al. 2009; P. F. Hopkins et al. 2010;
A. C. Seth et al. 2014; S. A. Dodd et al. 2021; K. C.
Patra et al. 2025). Using the A. E. Reines & M. Volon-
teri (2015) black hole-galaxy stellar mass relation, a
108 — 10" M, MBH would correspond to a progenitor
satellite with stellar mass of order ~ 10'° M. Rela-
tive to the ~ 1015 M host galaxy, this implies a mass
ratio of ~ 1:30, consistent with a minor merger. Subse-
quent tidal stripping could then plausibly leave behind
only < 108 M, in stars bound to the wandering MBH,
consistent with our inferred upper limit on the currently
surviving stellar population. A definitive detection of an
underlying compact stellar cluster at the TDE position
would strengthen this case.

5. CONCLUSION

We have presented a multi-wavelength study of
TDE 2025abcr, the second optically selected off-nuclear
TDE. The TDE is located at a projected offset of
9.08 £+ 0.02kpc from the host-galaxy center and shows
broad H and He emission in both the optical and IR
confirming a TDE-H-He classification. From MOSFiT
modeling and luminosity-based scaling relations, we in-
fer a TDE MBH mass of ~ 10°-107 M, far smaller



than the 10%4 M. SMBH expected in the host nu-
cleus. The TDE emission lines show asymmetric red
wings, and in the case of IR lines, a blueshifted peak
by ~ 200 km s~!, indicating line formation within a
dense, electron-scattering-dominated reprocessing out-
flow. We also observe velocity evolution in the N IIT +
He II emission complex, which we interpret as evidence
for changing radiative transfer conditions in an evolv-
ing reprocessing layer. In addition, the IR SED shows
a clear excess above a simple thermal continuum, with
a slope shallower than the Rayleigh—Jeans expectation.
The viable explanations are free—free emission from a
dense, evolving reprocessing outflow, or an unresolved
stellar population at the TDE location.

These results support a picture in which
TDE 2025abcr occured around a wandering MBH
most likely delivered by a minor galaxy merger, al-
though dynamical ejection from the nucleus cannot
yet be excluded. Future observations can directly
test the origin of the IR excess: if it is powered by
free—free emission, it should fade as the reprocessing
layer weakens, whereas emission from a stellar cluster
should remain constant. Late-time UV-optical-IR, SED
measurements will therefore be especially valuable.
Additional spectroscopy, particularly of the Bowen
fluorescence lines in the UV, could further clarify the
evolution of the ionizing continuum and the physical
state of the line-forming gas.

TDE 2025abcr is only the second optically discov-
ered off-nuclear TDE, after TDE 2024tvd. While
TDE 2025abcr shows a clearly resolvable host-galaxy
offset in ground-based data, TDE 2024tvd showed only
an astrometric offset from the ground and required high-
resolution HST and JWST imaging for confirmation.
This suggests that TDEs with smaller offsets (< 17),
for which ground-based data do not provide robust off-
set measurements, are perhaps being classified as nu-
clear TDEs. A conservative lower limit on the optical
off-nuclear TDE fraction is therefore ~ 2/150 ~ 1%, al-
though the true fraction could be higher. TDE 2024tvd
and TDE 2025abcr highlight the potential of off-nuclear
TDEs as probes of black hole demographics beyond

17

galaxy centers and motivate systematic searches for sim-
ilar events in the Roman—LSST datasets.

ACKNOWLEDGMENTS

K.C.P. thanks Wenbin Lu for helpful discussions. The
UCSC transients team is supported in part by STcl
grant JWST-DD-12485 and by a fellowship from the
David and Lucile Packard Foundation to R.J.F. E.R.L.
and C.-P.M. acknowledge support of NSF AST-2206307,
the Heising-Simons Foundation, and the Miller Insti-
tute for Basic Research in Science. J.L.W. acknowl-
edges the support of NSF AST-2206219. E.R.R. ac-
knowledges the Heising-Simons Foundation and NSF:
AST-1852393, AST-2150255, and AST-2206243.

This work is based in part on observations made with
the NASA/ESA/CSA James Webb Space Telescope.
The data were obtained from the Mikulski Archive for
Space Telescopes (MAST) at the Space Telescope Sci-
ence Institute, which is operated by the Association
of Universities for Research in Astronomy, Inc., under
NASA contract NAS 5-03127 for JWST.

All JWST data used in this paper can be found in
MAST: doi:10.17909 /tas2-wf16. These observations are
associated with program 12485(PI Patra). Support for
program 12485 was provided by NASA through a grant
from the Space Telescope Science Institute, which is op-
erated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS 5-03127.

Some of the data presented herein were obtained at
Keck Observatory, which is a private 501(c)3 non-profit
organization operated as a scientific partnership among
the California Institute of Technology, the University of
California, and the National Aeronautics and Space Ad-
ministration. The Observatory was made possible by
the generous financial support of the W. M. Keck Foun-
dation. The authors wish to recognize and acknowledge
the very significant cultural role and reverence that the
summit of Maunakea has always had within the Na-
tive Hawaiian community. We are most fortunate to
have the opportunity to conduct observations from this
mountain.

REFERENCES

Angus, C. R., Smith, A. J., Magill, D., et al. 2026, arXiv
e-prints, arXiv:2601.04406,
doi: 10.48550/arXiv.2601.04406

Arnaud, K. A. 1996, in Astronomical Society of the Pacific
Conference Series, Vol. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes,
17

Auchett], K., Guillochon, J., & Ramirez-Ruiz, E. 2017,
ApJ, 838, 149, doi: 10.3847/1538-4357/aa633b

Beifiori, A., Maraston, C., Thomas, D., & Johansson, J.
2011, Astronomy & Astrophysics, 531, A109,
doi: 10.1051/0004-6361,/201016323

Bellm, E. C.; Kulkarni, S. R., Graham, M. J., et al. 2019,
PASP, 131, 018002, doi: 10.1088/1538-3873 /aaeche


https://doi.org/10.17909/tas2-wf16
http://doi.org/10.48550/arXiv.2601.04406
http://doi.org/10.3847/1538-4357/aa633b
http://doi.org/10.1051/0004-6361/201016323
http://doi.org/10.1088/1538-3873/aaecbe

18

Blecha, L., Sijacki, D., Kelley, L. Z., et al. 2016, MNRAS,
456, 961, doi: 10.1093/mnras/stv2646

Blumenthal, G. R., Faber, S. M., Primack, J. R., & Rees,
M. J. 1984, Nature, 311, 517, doi: 10.1038/311517a0

Boker, T., Sarzi, M., McLaughlin, D. E., et al. 2004, AJ,
127, 105, doi: 10.1086,/380231

Bonetti, M., Haardt, F., Sesana, A., & Barausse, E. 2018,
MNRAS, 477, 3910, doi: 10.1093 /mnras/sty896

Burrows, D. N.; Hill, J. E., Nousek, J. A., et al. 2005, Space
Science Reviews, 120, 165,
doi: 10.1007/s11214-005-5097-2

Bushouse, H., Eisenhamer, J., Dencheva, N., et al. 2023,,
1.12.5 Zenodo, doi: 10.5281 /zenodo.10022973

Cappellari, M. 2012,, Astrophysics Source Code Library,
record ascl:1210.002

Cappellari, M. 2017, MNRAS, 466, 798,
doi: 10.1093/mnras/stw3020

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ,
345, 245, doi: 10.1086/167900

Charalampopoulos, P., Leloudas, G., Malesani, D. B., et al.
2022, A&A, 659, A34, doi: 10.1051/0004-6361,/202142122

Cluver, M. E., Jarrett, T. H., Hopkins, A. M., et al. 2014,
The Astrophysical Journal, 782, 90,
doi: 10.1088,/0004-637X/782/2/90

Dey, A., Schlegel, D. J., Lang, D., et al. 2019, AJ, 157, 168,
doi: 10.3847/1538-3881/ab089d

Dodd, S. A., Law-Smith, J. A. P., Auchettl, K.,
Ramirez-Ruiz, E.; & Foley, R. J. 2021, ApJL, 907, L21,
doi: 10.3847/2041-8213 /abd852

Dodd, S. A., Nukala, A., Connor, I., et al. 2023, ApJL, 959,
119, doi: 10.3847,/2041-8213 /ad1112

Evans, C. R., & Kochanek, C. S. 1989, ApJL, 346, L.13,
doi: 10.1086/185567

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman,
J. 2013, PASP, 125, 306, doi: 10.1086/670067

Fried, D. L. 1966, Journal of the Optical Society of America
(1917-1983), 56, 1372, doi: 10.1364/JOSA.56.001372

Gaia Collaboration, Vallenari, A., Brown, A. G. A, et al.
2023, A&A, 674, A1, doi: 10.1051/0004-6361 /202243940

Geha, M., Mao, Y.-Y., Wechsler, R. H., et al. 2024, ApJ,
976, 118, doi: 10.3847/1538-4357 /ad61e7

Gelman, A., & Rubin, D. B. 1992, Statistical Science, 7,
457, doi: 10.1214/ss/1177011136

Gezari, S. 2021a, ARA&A, 59, 21,
doi: 10.1146 /annurev-astro-111720-030029

Gezari, S. 2021b, ARA&A, 59, 21,
doi: 10.1146 /annurev-astro-111720-030029

Gualandris, A., & Merritt, D. 2008, ApJ, 678, 780,
doi: 10.1086/586877

Guillochon, J., Nicholl, M., Villar, V. A., et al. 2018, ApJS,
236, 6, doi: 10.3847/1538-4365/aab761

Guillochon, J., & Ramirez-Ruiz, E. 2013, ApJ, 767, 25,
doi: 10.1088,/0004-637X/767/1/25

Guolo, M., Mummery, A., van Velzen, S., et al. 2026, arXiv
e-prints, arXiv:2602.12272,
doi: 10.48550/arXiv.2602.12272

Hammerstein, E., van Velzen, S., Gezari, S., et al. 2023a,
ApJ, 942, 9, doi: 10.3847/1538-4357 /aca283

Hammerstein, E., van Velzen, S., Gezari, S., et al. 2023b,
AplJ, 942, 9, doi: 10.3847/1538-4357 /aca283

HI4PI Collaboration, Ben Bekhti, N., Floer, L., et al. 2016,
A&A, 594, A116, doi: 10.1051,/0004-6361/201629178

Hills, J. G. 1975, Nature, 254, 295, doi: 10.1038/254295a0

Hoffman, L., & Loeb, A. 2007a, MNRAS, 377, 957,
doi: 10.1111/j.1365-2966.2007.11694.x

Hoffman, L., & Loeb, A. 2007b, MNRAS, 377, 957,
doi: 10.1111/j.1365-2966.2007.11694.x

Holoien, T. W.-S., Huber, M. E., Shappee, B. J., et al.
2019, ApJ, 880, 120, doi: 10.3847/1538-4357 /ab2ael

Hopkins, P. F., Croton, D., Bundy, K., et al. 2010, ApJ,
724, 915, doi: 10.1088,/0004-637X/724/2/915

Hung, T., Gezari, S., Blagorodnova, N., et al. 2017, ApJ,
842, 29, doi: 10.3847/1538-4357 /aa7337

Jakobsen, P., Ferruit, P., Alves de Oliveira, C., et al. 2022,
A&A, 661, A80, doi: 10.1051/0004-6361 /202142663

Jarrett, T. H., Chester, T., Cutri, R., et al. 2000, The
Astronomical Journal, 119, 2498, doi: 10.1086,/301330

Jiang, N.; Dou, L., Wang, T., et al. 2016, ApJL, 828, L14,
doi: 10.3847/2041-8205/828/1/L14

Jiang, N., Wang, T., Hu, X., et al. 2021, ApJ, 911, 31,
doi: 10.3847/1538-4357 /abe772

Jin, C. C., Li, D. Y., Jiang, N., et al. 2025, arXiv e-prints,
arXiv:2501.09580, doi: 10.48550/arXiv.2501.09580

Jones, D. H., Read, M. A., Saunders, W., et al. 2009,
MNRAS, 399, 683, doi: 10.1111/j.1365-2966.2009.15338.x

Kesden, M. 2012, PhRvD, 86, 064026,
doi: 10.1103/PhysRevD.86.064026

Kochanek, C. S., Shappee, B. J., Stanek, K. Z., et al. 2017,
PASP, 129, 104502, doi: 10.1088/1538-3873/aa80d9

Komossa, S. 2012, Advances in Astronomy, 2012, 364973,
doi: 10.1155/2012/364973

Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511,
doi: 10.1146/annurev-astro-082708-101811

Kroupa, P. 2001, MNRAS, 322, 231,
doi: 10.1046/j.1365-8711.2001.04022.x

Law-Smith, J., MacLeod, M., Guillochon, J., Macias, P., &
Ramirez-Ruiz, E. 2017, ApJ, 841, 132,
doi: 10.3847/1538-4357 /aa6{fb


http://doi.org/10.1093/mnras/stv2646
http://doi.org/10.1038/311517a0
http://doi.org/10.1086/380231
http://doi.org/10.1093/mnras/sty896
http://doi.org/10.1007/s11214-005-5097-2
http://doi.org/10.5281/zenodo.10022973
http://doi.org/10.1093/mnras/stw3020
http://doi.org/10.1086/167900
http://doi.org/10.1051/0004-6361/202142122
http://doi.org/10.1088/0004-637X/782/2/90
http://doi.org/10.3847/1538-3881/ab089d
http://doi.org/10.3847/2041-8213/abd852
http://doi.org/10.3847/2041-8213/ad1112
http://doi.org/10.1086/185567
http://doi.org/10.1086/670067
http://doi.org/10.1364/JOSA.56.001372
http://doi.org/10.1051/0004-6361/202243940
http://doi.org/10.3847/1538-4357/ad61e7
http://doi.org/10.1214/ss/1177011136
http://doi.org/10.1146/annurev-astro-111720-030029
http://doi.org/10.1146/annurev-astro-111720-030029
http://doi.org/10.1086/586877
http://doi.org/10.3847/1538-4365/aab761
http://doi.org/10.1088/0004-637X/767/1/25
http://doi.org/10.48550/arXiv.2602.12272
http://doi.org/10.3847/1538-4357/aca283
http://doi.org/10.3847/1538-4357/aca283
http://doi.org/10.1051/0004-6361/201629178
http://doi.org/10.1038/254295a0
http://doi.org/10.1111/j.1365-2966.2007.11694.x
http://doi.org/10.1111/j.1365-2966.2007.11694.x
http://doi.org/10.3847/1538-4357/ab2ae1
http://doi.org/10.1088/0004-637X/724/2/915
http://doi.org/10.3847/1538-4357/aa7337
http://doi.org/10.1051/0004-6361/202142663
http://doi.org/10.1086/301330
http://doi.org/10.3847/2041-8205/828/1/L14
http://doi.org/10.3847/1538-4357/abe772
http://doi.org/10.48550/arXiv.2501.09580
http://doi.org/10.1111/j.1365-2966.2009.15338.x
http://doi.org/10.1103/PhysRevD.86.064026
http://doi.org/10.1088/1538-3873/aa80d9
http://doi.org/10.1155/2012/364973
http://doi.org/10.1146/annurev-astro-082708-101811
http://doi.org/10.1046/j.1365-8711.2001.04022.x
http://doi.org/10.3847/1538-4357/aa6ffb

Leloudas, G., Dai, L., Arcavi, I., et al. 2019, ApJ, 887, 218,
doi: 10.3847/1538-4357 /ab5792

Liepold, E. R., & Ma, C.-P. 2024, The Astrophysical
Journal, 971, 129, doi: 10.3847/2041-8213/ad66b8

Liepold, E. R., Ma, C.-P., & Walsh, J. L. 2023, The
Astrophysical Journal Letters, 945, L35,
doi: 10.3847/2041-8213/acbbcf

Liepold, E. R., Ma, C.-P., & Walsh, J. L. 2025, The
Astrophysical Journal, 980, 58,
doi: 10.3847/1538-4357 /adadb0

Lin, D., Strader, J., Carrasco, E. R., et al. 2018, Nature
Astronomy, 2, 656, doi: 10.1038/s41550-018-0493-1

Lin, D., Strader, J., Romanowsky, A. J., et al. 2020, ApJL,
892, L25, doi: 10.3847/2041-8213 /ab745b

Lu, W., & Bonnerot, C. 2020, MNRAS, 492, 686,
doi: 10.1093/mnras/stz3405

MacLeod, M., Guillochon, J., & Ramirez-Ruiz, E. 2012a,
ApJ, 757, 134, doi: 10.1088,/0004-637X/757/2/134

MacLeod, M., Guillochon, J., & Ramirez-Ruiz, E. 2012b,
AplJ, 757, 134, doi: 10.1088/0004-637X /757/2/134

MacLeod, M., Guillochon, J., Ramirez-Ruiz, E., Kasen, D.,
& Rosswog, S. 2016, ApJ, 819, 3,
doi: 10.3847/0004-637X/819/1/3

Magorrian, J., & Tremaine, S. 1999, MNRAS, 309, 447,
doi: 10.1046/j.1365-8711.1999.02853.x

Maksym, W. P., Ulmer, M. P., Eracleous, M. C., Guennou,
L., & Ho, L. C. 2013, MNRAS, 435, 1904,
doi: 10.1093/mnras/stt1379

Malyali, A., Rau, A., Bonnerot, C., et al. 2024, MNRAS,
531, 1256, doi: 10.1093 /mnras/stae927

Margutti, R., Metzger, B. D., Chornock, R., et al. 2019,
ApJ, 872, 18, doi: 10.3847/1538-4357 /aafa01

McConnell, N. J., & Ma, C.-P. 2013, ApJ, 764, 184,
doi: 10.1088,/0004-637X/764,/2/184

Melchor, D., Mockler, B., Naoz, S., Rose, S. C., &
Ramirez-Ruiz, E. 2024, ApJ, 960, 39,
doi: 10.3847/1538-4357 /actee0

Mockler, B., Guillochon, J., & Ramirez-Ruiz, E. 2019, ApJ,
872, 151, doi: 10.3847/1538-4357/ab010f

Moffat, A. F. J. 1969, A&A, 3, 455

Morrissey, P., Matuszewski, M., Martin, D. C., et al. 2018,
ApJ, 864, 93, doi: 10.3847/1538-4357 /aad597

Morton, D. C. 1991, ApJS, 77, 119, doi: 10.1086,/191601

Mummery, A., & Balbus, S. A. 2021, MNRAS, 504, 4730,
doi: 10.1093/mnras/stab1184

Mummery, A., Nathan, E., Ingram, A., & Gardner, M.
2024a, arXiv e-prints, arXiv:2408.15048,
doi: 10.48550/arXiv.2408.15048

Mummery, A., & van Velzen, S. 2025, MNRAS, 541, 429,
doi: 10.1093/mnras/staf938

19

Mummery, A., van Velzen, S., Nathan, E., et al. 2024b,
MNRAS, 527, 2452, doi: 10.1093 /mnras/stad3001

Naab, T., Johansson, P. H., & Ostriker, J. P. 2009, ApJL,
699, L178, doi: 10.1088/0004-637X/699/2/1.178

Naoz, S., Will, C. M., Ramirez-Ruiz, E., et al. 2020, ApJL,
888, L8, doi: 10.3847/2041-8213/ab5e3b

Neill, D., Matuszewski, M., Martin, C., Brodheim, M., &
Rizzi, L. 2023,, Astrophysics Source Code Library, record
ascl:2301.019 http://ascl.net/2301.019

Neumayer, N., Seth, A., & Boker, T. 2020, A&A Rv, 28, 4,
doi: 10.1007/s00159-020-00125-0

Nicholl, M., Wevers, T., Oates, S. R., et al. 2020, MNRAS,
499, 482, doi: 10.1093/mnras/staa2824

Onori, F., Cannizzaro, G., Jonker, P. G., et al. 2019,
MNRAS, 489, 1463, doi: 10.1093 /mnras/stz2053

Parkinson, E. J., Knigge, C., Matthews, J. H., et al. 2022,
MNRAS, 510, 5426, doi: 10.1093/mnras/stac027

Patra, K. C., Foley, R. J., Earl, N., et al. 2025,
https://arxiv.org/abs/2510.12572

Perrin, M., Long, J., Osborne, S., et al. 2025,, 2.1.0 Zenodo,
doi: 10.5281/zenodo.15747364

Pfister, H., Volonteri, M., Dai, J. L., & Colpi, M. 2020,
MNRAS, 497, 2276, doi: 10.1093 /mnras/staal962

Quenneville, M. E., Liepold, E. R., & Ma, C.-P. 2022, The
Astrophysical Journal, 926, 30,
doi: 10.3847/1538-4357 /ac3e68

Ramirez-Ruiz, E., & Rosswog, S. 2009, ApJL, 697, L77,
doi: 10.1088,/0004-637X/697/2/L.77

Rees, M. J. 1988, Nature, 333, 523, doi: 10.1038/333523a0

Reines, A. E., & Volonteri, M. 2015, ApJ, 813, 82,
doi: 10.1088/0004-637X /813/2/82

Reynolds, T. M., Thomsen, L., Mattila, S., et al. 2025,
arXiv e-prints, arXiv:2506.18489,
doi: 10.48550/arXiv.2506.18489

Ricarte, A., Tremmel, M., Natarajan, P., & Quinn, T.
2021a, ApJL, 916, L18, doi: 10.3847/2041-8213/ac1170

Ricarte, A., Tremmel, M., Natarajan, P., Zimmer, C., &
Quinn, T. 2021b, MNRAS, 503, 6098,
doi: 10.1093 /mnras/stab866

Rieke, G. H., Wright, G. S., Boker, T., et al. 2015, PASP,
127, 584, doi: 10.1086/682252

Roming, P. W. A., Kennedy, T. E., Mason, K. O., et al.
2005, Space Science Reviews, 120, 95,
doi: 10.1007/s11214-005-5095-4

Roth, N., & Kasen, D. 2018, ApJ, 855, 54,
doi: 10.3847/1538-4357 /aaaec6

Roth, N., Kasen, D., Guillochon, J., & Ramirez-Ruiz, E.
2016, ApJ, 827, 3, doi: 10.3847/0004-637X/827/1/3

Roth, N., Rossi, E. M., Krolik, J., et al. 2020, SSRv, 216,
114, doi: 10.1007/s11214-020-00735-1


http://doi.org/10.3847/1538-4357/ab5792
http://doi.org/10.3847/2041-8213/ad66b8
http://doi.org/10.3847/2041-8213/acbbcf
http://doi.org/10.3847/1538-4357/ada4b0
http://doi.org/10.1038/s41550-018-0493-1
http://doi.org/10.3847/2041-8213/ab745b
http://doi.org/10.1093/mnras/stz3405
http://doi.org/10.1088/0004-637X/757/2/134
http://doi.org/10.1088/0004-637X/757/2/134
http://doi.org/10.3847/0004-637X/819/1/3
http://doi.org/10.1046/j.1365-8711.1999.02853.x
http://doi.org/10.1093/mnras/stt1379
http://doi.org/10.1093/mnras/stae927
http://doi.org/10.3847/1538-4357/aafa01
http://doi.org/10.1088/0004-637X/764/2/184
http://doi.org/10.3847/1538-4357/acfee0
http://doi.org/10.3847/1538-4357/ab010f
http://doi.org/10.3847/1538-4357/aad597
http://doi.org/10.1086/191601
http://doi.org/10.1093/mnras/stab1184
http://doi.org/10.48550/arXiv.2408.15048
http://doi.org/10.1093/mnras/staf938
http://doi.org/10.1093/mnras/stad3001
http://doi.org/10.1088/0004-637X/699/2/L178
http://doi.org/10.3847/2041-8213/ab5e3b
http://ascl.net/2301.019
http://doi.org/10.1007/s00159-020-00125-0
http://doi.org/10.1093/mnras/staa2824
http://doi.org/10.1093/mnras/stz2053
http://doi.org/10.1093/mnras/stac027
https://arxiv.org/abs/2510.12572
http://doi.org/10.5281/zenodo.15747364
http://doi.org/10.1093/mnras/staa1962
http://doi.org/10.3847/1538-4357/ac3e68
http://doi.org/10.1088/0004-637X/697/2/L77
http://doi.org/10.1038/333523a0
http://doi.org/10.1088/0004-637X/813/2/82
http://doi.org/10.48550/arXiv.2506.18489
http://doi.org/10.3847/2041-8213/ac1170
http://doi.org/10.1093/mnras/stab866
http://doi.org/10.1086/682252
http://doi.org/10.1007/s11214-005-5095-4
http://doi.org/10.3847/1538-4357/aaaec6
http://doi.org/10.3847/0004-637X/827/1/3
http://doi.org/10.1007/s11214-020-00735-1

20

Schachter, J., Filippenko, A. V., & Kahn, S. M. 1989, ApJ,
340, 1049, doi: 10.1086/167457

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103,
doi: 10.1088/0004-637X/737/2/103

Seth, A. C., van den Bosch, R., Mieske, S., et al. 2014,
Nature, 513, 398, doi: 10.1038 /naturel3762

Shappee, B., Prieto, J., Stanek, K. Z., et al. 2014, in
American Astronomical Society Meeting Abstracts, Vol.
223, American Astronomical Society Meeting Abstracts
#223, 236.03

Shepherd, M., French, K. D., Stone, N. C., et al. 2026,
arXiv e-prints, arXiv:2604.04831.
https://arxiv.org/abs/2604.04831

Stein, R., van Velzen, S., Kowalski, M., et al. 2021, Nature
Astronomy, 5, 510, doi: 10.1038/s41550-020-01295-8

Stein, R., Carney, J., Andreoni, 1., et al. 2025, Transient
Name Server AstroNote, 317, 1

Stein, R., Carney, J., Ward, C., et al. 2026, arXiv e-prints,
arXiv:2602.10180, doi: 10.48550/arXiv.2602.10180

Stone, N. C., & Metzger, B. D. 2016, MNRAS, 455, 859,
doi: 10.1093/mnras/stv2281

Taylor, E. N., Hopkins, A. M., Baldry, I. K., et al. 2011,
Monthly Notices of the Royal Astronomical Society, 418,
1587, doi: 10.1111/j.1365-2966.2011.19536.x

Thomsen, L. L., Kwan, T. M., Dai, L., et al. 2022a, ApJL,
937, L28, doi: 10.3847/2041-8213 /ac911f

Thomsen, L. L., Kwan, T. M., Dai, L., et al. 2022b, ApJL,
937, L28, doi: 10.3847/2041-8213 /ac911f

Tremmel, M., Governato, F., Volonteri, M., Pontzen, A., &
Quinn, T. R. 2018, ApJL, 857, L.22,
doi: 10.3847/2041-8213/aabcOa

Ulmer, A. 1999, ApJ, 514, 180, doi: 10.1086 /306909

Valdes, F., Gupta, R., Rose, J. A., Singh, H. P., & Bell,
D. J. 2004, The Astrophysical Journal Supplement Series,
152, 251, doi: 10.1086/386343

van Velzen, S., Mendez, A. J., Krolik, J. H., & Gorjian, V.
2016, ApJ, 829, 19, doi: 10.3847/0004-637X/829/1/19

van Velzen, S., Gezari, S., Hammerstein, E., et al. 2021,
ApJ, 908, 4, doi: 10.3847/1538-4357 /abc258

van Velzen, S., Gezari, S., Hammerstein, E., et al. 2021,
ApJ, 908, 4, doi: 10.3847/1538-4357 /abc258

Volonteri, M., & Perna, R. 2005, MNRAS, 358, 913,
doi: 10.1111/j.1365-2966.2005.08832.x

White, S. D. M., & Frenk, C. S. 1991, ApJ, 379, 52,
doi: 10.1086,/170483

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.
2010, The Astronomical Journal, 140, 1868,
doi: 10.1088,/0004-6256,/140/6,/1868

Yao, Y., Ravi, V., Gezari, S., et al. 2023, ApJL, 955, L6,
doi: 10.3847/2041-8213 /acf216

Yao, Y., Chornock, R., Ward, C., et al. 2025, ApJL, 985,
148, doi: 10.3847/2041-8213 /add7de


http://doi.org/10.1086/167457
http://doi.org/10.1088/0004-637X/737/2/103
http://doi.org/10.1038/nature13762
https://arxiv.org/abs/2604.04831
http://doi.org/10.1038/s41550-020-01295-8
http://doi.org/10.48550/arXiv.2602.10180
http://doi.org/10.1093/mnras/stv2281
http://doi.org/10.1111/j.1365-2966.2011.19536.x
http://doi.org/10.3847/2041-8213/ac911f
http://doi.org/10.3847/2041-8213/ac911f
http://doi.org/10.3847/2041-8213/aabc0a
http://doi.org/10.1086/306909
http://doi.org/10.1086/386343
http://doi.org/10.3847/0004-637X/829/1/19
http://doi.org/10.3847/1538-4357/abc258
http://doi.org/10.3847/1538-4357/abc258
http://doi.org/10.1111/j.1365-2966.2005.08832.x
http://doi.org/10.1086/170483
http://doi.org/10.1088/0004-6256/140/6/1868
http://doi.org/10.3847/2041-8213/acf216
http://doi.org/10.3847/2041-8213/add7de

21

@ r ® U+3.0 ® UVM2 +5.0
@ g+1.0 @ UVWI1+14.0 © UVW2 + 6.0
@ B+20

pp
N
o
&

250 =25 0 25 50 75 100 125 150 175
Phase [rest days]

Figure 14. MOSFiT fitting to the UV and optical light curves of TDE 2025abcr.

APPENDIX

A. MOSFIT ANALYSIS

We modeled the Swift UV and ZTF optical photometry with MOSFiT, which employs an Monte Carlo Markov Chain
(MCMC) framework using the emcee sampler (D. Foreman-Mackey et al. 2013). We assessed convergence using the
potential scale reduction factor, requiring a value < 1.2 (A. Gelman & D. B. Rubin 1992); this criterion was satisfied
after approximately 5000 steps with 150 walkers. The best-fit TDE model to the multi-band light curves and the
posterior distributions of the fitted parameters are shown in Figures 14 and 15, respectively.

B. ADDITIONAL FIGURES
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Figure 15. Posterior distributions of the fitted MOSFiT parameters. The solid blue line represents the median of the posterior
distribution, while the dashed black lines show the 16th and 84th percentiles.
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