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Abstract

We present the first multiepoch broadband radio and millimeter monitoring of an off-nuclear tidal disruption
event (TDE) using the Very Large Array, the Atacama Large Millimeter/submillimeter Array, the Allen
Telescope Array, the Arcminute Microkelvin Imager Large Array, and the Submillimeter Array. The off-nuclear
TDE AT 2024tvd exhibits double-peaked radio light curves and the fastest-evolving radio emission observed from
a TDE to date. With respect to the optical dlscovery date, the first radio flare rises faster than F, ~ ¢ at
At = 88-131 days and then decays as fast as F ~ 1° The emergence of a second radio flare is observed at
At ~ 194 days with an initial fast rise of F,, ~ ¢'® and an optically thin decline of F, ~ r~'2. We interpret these
observations in the context of a self-absorbed and free—free absorbed synchrotron spectrum, while accounting for
both synchrotron and inverse Compton cooling. We find that a single prompt outflow cannot easily explain these
observations and that it is likely that either there is only one outflow that was launched at At ~ 80 days or there
are two distinct outflows, with the second launched at At ~ 170-190 days. The nature of these outflows, whether
sub-, mildly, or ultrarelativistic, is still unclear, and we explore these different scenarios. Finally, we find a
temporal coincidence between the launch time of the first radio-emitting outflow and the onset of a power-law
component in the X-ray spectrum, attributed to inverse Compton scattering of thermal photons.
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1. Introduction

Tidal disruption events (TDEs) occur when a star is torn apart
by the extreme tidal forces of a massive black hole (MBH;
J. G. Hills 1975; M. J. Rees 1988). These cataclysmic events
produce radiation across the electromagnetic spectrum, provid-
ing valuable information on the demographics of MBHs, the
resulting accretion processes, the fast outflows generated during
stellar disruption and disk formation, and the various physical
mechanisms governing TDEs (K. D. Alexander et al. 2020;
S. van Velzen et al. 2021; E. Hammerstein et al. 2023; Y. Yao
et al. 2023; M. Guolo et al. 2024). Most TDEs are observed in
galactic nuclei, with a small offset from the host nucleus serving
as a classification criterion in many cases (E. Hammerstein
et al. 2023). However, a distinct subset known as off-nuclear
TDEs occurs outside the central regions of galaxies and can be
associated with wandering (A. Ricarte et al. 2021a, 2021b) or
recoiling (N. Stone & A. Loeb 2011) BHs, with only a handful
of off-nuclear TDE candidates discovered so far (D. Lin et al.
2018, 2020; A. J. Goodwin et al. 2025a; 1. Grotova et al. 2025;
M. Guolo & A. Mummery 2025; C. C. Jin et al. 2025; Y. Yao
et al. 2025b). Studying these events presents a unique
opportunity to probe MBH populations beyond galactic nuclei,
investigate the potential presence of intermediate-mass BHs
(IMBHs), and explore the dynamics of MBHs before and after
coalescence in nontraditional environments.

The interaction between the fast outflows from TDEs (e.g.,
unbound tidal debris stream, winds from the accretion disk, and
relativistic jets) and the surrounding medium can generate
shocks, producing nonthermal synchrotron emission (e.g.,
K. D. Alexander et al. 2020). Since this nonthermal emission
typically peaks at radio wavelengths, radio observations play a
key role in studying the interaction region. Early-time radio
emission, detected within the first few weeks to months after
optical discovery, has been observed in approximately 30% of
optically detected TDEs (K. D. Alexander et al. 2020), revealing
a wide range of outflow properties. For example, the kinetic
energy associated with these outflows spans several orders of
magnitude, from ~10*-10° erg for subrelativistic and mildly
relativistic outflows (e.g., ASASSN-14li, K. D. Alexander et al.
2016; J. Krolik et al. 2016; AT 2019dsg, R. Stein et al. 2021;
Y. Cendes et al. 2022) to ~10°'-107 erg for relativistic jets
(e.g., Swift J1644+4-57, B. A. Zauderer et al. 2011; E. Berger
et al. 2012; T. Eftekhari et al. 2018; P. Beniamini et al. 2023;
AT 2022cmc, I. Andreoni et al. 2022; L. Rhodes et al. 2023; the
possible off-axis relativistic jet from AT 2018hyz, T. Matsumoto
& T. Piran 2023; 1. Sfaradi et al. 2024; Y. Cendes et al.
2025).

Subrelativistic outflows, with typical velocities of up to a
few times O.lc, are typically associated with the unbound
stellar debris stream, accretion-driven winds, or stream—stream
collisions (e.g., ASASSN-14li, K. D. Alexander et al. 2016;
the first flare from AT 2020vwl, A. J. Goodwin et al. 2023;
potentially AT 2019dsg, Y. Cendes et al. 2022; see also
R. Stein et al. 2021, for an alternative explanation). If these
outflows originate from the unbound stellar debris or accretion
disk winds, the resulting radio emission provides a rare
opportunity to probe the circumnuclear medium (CNM) on

scales of 10"°-10"7 cm. Relativistic jets probe the CNM, or the
interstellar medium (ISM), at much larger distances, typically
10'7-10'° cm. On the other hand, radio emission from stream—
stream collisions can shed light on the density structure of the
unbound tidal debris stream.

Approximately 40% of optically discovered TDEs exhibit late-
time radio brightening months to years after stellar disruption
(Y. Cendes et al. 2024; K. D. Alexander et al. 2025). Additionally,
some TDEs show multiple flares in their radio light curves on
different timescales (e.g., ASASSN-150i, A. Horesh et al. 2021a;
A. Hajela et al. 2025; AT 2019azh, 1. Sfaradi et al. 2022;
AT 2020vwl, A. J. Goodwin et al. 2023). Several mechanisms
have been proposed to explain these late-time flares, and they are
broadly divided into (a) those that invoke an outflow that is
launched around the time of optical discovery and is either
interacting with a complex density structure (A. Horesh et al.
2021b; T. Matsumoto & T. Piran 2024) or initially pointing away
from our line of sight (T. Matsumoto & T. Piran 2023;
C. T. Christy et al. 2024; 1. Sfaradi et al. 2024; Y. Cendes
et al. 2025), and (b) those that require a delayed launch of an
outflow (potentially accretion-driven outflow; D. Giannios &
B. D. Metzger 2011; A. Horesh et al. 2021a; Y. Cendes et al.
2022; 1. Sfaradi et al. 2022; A. J. Goodwin et al. 2025b; A. L. Piro
& B. Mockler 2025).

TDE-driven fast outflows also provide a natural laboratory for
studying the microphysics of both nonrelativistic and relativistic
shock waves. Electrons at the shock front are accelerated to
relativistic velocities, typically forming a power-law energy
distribution. Observations of the optically thin regime of the
synchrotron spectrum offer a unique probe of this power-law
index, which encodes information about the process of particle
acceleration (e.g., D. Caprioli 2024). A fraction of the post-shock
energy is divided between the electrons and the magnetic field,
often assumed to be in equipartition for the lack of better
observational guidance (R. A. Chevalier 1998; R. Barniol Duran
et al. 2013). However, when measurements of the synchrotron
cooling spectral break are available, deviations from equiparti-
tion are often observed (e.g., AT 2019dsg, Y. Cendes et al. 2021;
AT 2018hyz, Y. Cendes et al. 2022; ASASSN-19bt, C. T. Christy
et al. 2024).

So far, radio observations have been reported for only three
off-nuclear IMBH TDEs and TDE candidates. The IMBH TDE
EP240222a was not detected with a 5o upper limit of
vL, < 107 ergs™" (C. C. Jin et al. 2025). The other two IMBH
TDE candidates, HLX-1 and eRASSt J142140-295321, revealed
low levels of radio luminosity of vL, =~ 5 x 10°® erg s™' and
3 x 10¥7ergs !, respectively (N. A. Webb et al. 2012;
A. J. Goodwin et al. 2025a). However, the classification of
these two transients as IMBH TDEs remains uncertain. This
Letter discusses AT 2024tvd, the first off-nuclear TDE selected
from optical sky surveys, which is also the first bona fide off-
nuclear TDE with bright radio emission.

AT 2024tvd was discovered in the Zwicky Transient
Facility (ZTF; E. C. Bellm et al. 2019; M. J. Graham et al.
2019) g band at a magnitude of 19.68 on 2024 August 25
(J. Sollerman et al. 2024) with the 48-inch Samuel Oschin
Schmidt telescope at Palomar Observatory (P48). It was then
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Figure 1. Radio images of the field of AT 2024tvd. Left panel: the first VLA observation in X band at Az = 88 days, resulting in a null detection of the TDE and a
detection of the nucleus of the host. Right panel: the VLA C-band image at Ar = 160 days, showing both the emission from the TDE and the emission from the host
galaxy. The positions of the TDE and the nucleus obtained from the HST image (Y. Yao et al. 2025b) are marked with a cross and a plus sign, respectively. The size
of the VLA clean beams is shown with a yellow ellipse in the lower left corner of each VLA image. The VLA images are scaled differently in order to show the full

range of flux densities from the TDE and from the host galaxy nucleus.

classified as a TDE based on the broad H and Hell in the
spectrum, its central location in its host galaxy, and the long-
lasting UV emission (S. Faris et al. 2024). The off-nuclear
position of AT 2024tvd was first reported by Y. Yao et al.
(2025a), and an MBH mass of 10°-10’ M., at an offset of
0.8 kpc from the host nucleus was then estimated by Y. Yao
et al. (2025b). The origin of the off-nuclear position of this
TDE is likely to be a recoiling MBH from a triple MBH
interaction or an MBH in the least massive galaxy of a minor
galaxy merger. The reported redshift of AT 2024tvd is
7=0.04494, and we adopt a luminosity distance of 200 Mpc
based on a standard ACDM cosmology with §,, = 0.3,
Q, = 0.7, and a Hubble constant Hy = 70 km s! Mpcfl. All
times and dates are given in UT.

In this Letter, we present comprehensive radio monitoring
of AT 2024tvd (Section 2), and we find it to be the first radio-
bright off-nuclear TDE and the TDE with the fastest evolution
of the radio emission observed to date (Section 3). We model
the radio emission from AT 2024tvd in the context of a self-
absorbed synchrotron model, and we account (for the first time
for a TDE in the radio) for both free—free absorption (FFA) by
the material in front of the radio-emitting shock and inverse
Compton (IC) cooling by the thermal optical/UV photons (see
Section 4). We discuss the astrophysical implications of our
analysis in Section 5, and we present our conclusions in
Section 6.

2. Radio Observations

Following the optical classification of AT 2024tvd as a TDE
(S. Faris et al. 2024), and the analysis of its off-nuclear
position (first reported by Y. Yao et al. 2025a; see also
Section 3), we triggered the Karl G. Jansky Very Large Array
(VLA) on 2024 November 21, which corresponds to
Ar = 88 days (At is the time since optical discovery in the
frame of the observer), under our approved program to follow
up TDEs (VLA 24A-386; PI: Alexander). This X-band
observation (¥ = 10 GHz) resulted in a nondetection at the
coordinates of the TDE. Instead, a point-source emission at the
coordinates of the host’s nucleus was detected (see left panel

of Figure 1). Broadband follow-up observations in S—Ku bands
(centered around 3-15GHz) of the field of AT 2024tvd,
conducted on 2025 January 3, corresponding to A¢ = 131 days,
showed a point source at the position of the TDE and a point
source at the position of the host galaxy nucleus in 3, 6, and
10 GHz (we first reported the 10 GHz detection from this
observation in I. Sfaradi et al. 2025 and present a 6 GHz image
in the right panel of Figure 1). Following this detection, we
initiated a broadband, multiepoch campaign, using the VLA,
the Atacama Large Millimeter/submillimeter Array (ALMA),
the Arcminute Microkelvin Imager Large Array (AMI-LA;
J. T. L. Zwart et al. 2008; J. Hickish et al. 2018), the Allen
Telescope Array (ATA; W. Farah et al. 2025, in preparation,
A. W. Pollak et al. 2025, in preparation), and the Submilli-
meter Array (SMA). We emphasize here that our analysis
takes into account the underlying emission from the host
galaxy nucleus for observations that do not resolve the
transient and the host (see detailed discussions in
Sections 2.1 and 2.4 and Appendix B).

2.1. Karl G. Jansky Very Large Array

We observed the field of AT 2024tvd with the VLA under
our dedicated TDE program (VLA 24A-386; PI: Alexander)
and a Director's Discretionary Time (DDT) program (VLA
25A-483; PI. Sfaradi). In all of our observations we used
J17354-3616 as a phase calibrator. 3C 147 and 3C 48 were
used as bandpass and absolute flux calibrators. Our first four
observations were conducted while the VLA was in its most
extended A configuration. The fifth observation with the VLA
was conducted with the transitional A—D configuration. All of
the following observations were made while the VLA was in
the more compact C and D configurations. We used the
Common Astronomy Software Applications (CASA; CASA
Team et al. 2022) packages and the VLA calibration pipeline
to flag and calibrate the data. Additional manual flagging was
applied when needed.

We used the CASA task TCLEAN to produce clean images
of the field of AT 2024tvd. Our S- and C-band images taken in
A configuration showed both the emission from the host
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Table 1
Summary of the Radio Flux Measurements

Observation Date At v F, Image rms Telescope
(DD-MM-YYYY) (days) (GHz) (mJy) (mJy)

21-11-2024 88 10 <0.0165 0.0055 VLA:A
03-01-2025 131 3 0.06 + 0.02 0.013 VLA:A
03-01-2025 131 6 0.27 + 0.03 0.008 VLA:A
03-01-2025 131 10 0.60 + 0.06 0.011 VLA:A
03-01-2025 131 13 0.90 + 0.10 0.018 VLA:A
03-01-2025 131 15 1.01 £ 0.10 0.015 VLA:A
03-01-2025 131 17 1.10 + 0.11 0.014 VLA:A
11-01-2025 139 97.5 0.22 + 0.03 0.027 ALMA
Note.

Summary of the radio flux density measurements for the off-nuclear TDE AT 2024tvd. At is the time since optical discovery (in the observer frame), v is the
observed central frequency, and F, is the flux density (and 1o uncertainty); the image rms is also reported. In the “Telescope” column we specify different VLA
configurations. Note that when analyzing VLA observations obtained in C and D configuration we removed a power-law fit to the observed host nucleus emission
(see Appendix B). In addition, we cross-calibrated the ATA fluxes at Ar = 249 days with the VLA and removed the excess emission from the ATA observations
owing to the contamination from the larger beam of the ATA. A full version of this table is accessible online in a machine-readable table format.

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

nucleus and the TDE (see Figure 1). When producing images
while the VLA was in A configuration, we measure the flux
density of both the transient and the host, if present, by using
the CASA task IMFIT and the task IMSTAT to calculate the
image rms. We then estimate the error of the flux density to be
a quadratic sum of the error produced by the CASA task
IMFIT and a 10% calibration error (K. W. Weiler et al. 1986).
For observations taken in the VLA C or D configuration we
measure only the flux density from the point source coincident
with the TDE. Since we have measurements of the flux density
from the nucleus, and since the flux density measured from
these compact configuration images is contaminated by the
host emission, when modeling the emission from the TDE we
subtracted a power-law fit to the host nucleus emission as
discussed in Appendix B.

Our observation from 2025 February 14, at At = 173 days,
was conducted in a hybrid array, A — D. We then used only
the long baselines by setting the TCLEAN parameter
uvrange > 15k\ to minimize the level of host contamina-
tion. While this procedure results in an elongated beam, it
allows us to separate the host emission from the TDE
emission. For this observation, we measure the flux density
as the flux at the position of the optical transient (and not
fitting a point source with IMFIT) and estimate the
uncertainty to be a quadratic sum of the image rms calculated
by the CASA task IMSTAT and a more conservative 15%
calibration error (to account for possible systematic errors
when using only long baselines).

We provide the flux density measurements in Table 1 and
different images of the field of AT 2024tvd in Figure 1.

2.2. Atacama Large Millimeter/Submillimeter Array

Following our first detection with the VLA we obtained
millimeter-band observations with ALMA in four epochs
under two DDT programs (2024.A.00024.T and 2024.
A.00034.T; PI. Sfaradi). We used ALMA Bands 3 and 5 with
the central frequencies of 97.5 and 203 GHz, respectively,
J1550+4-0527 as an absolute flux and bandpass calibrator, and
J17534-2848 as a phase calibrator. We used the standard
National Radio Astronomy Observatory (NRAO) calibrated
images, fitted the point source with CASA task IMFIT, and

used CASA task TMSTAT to obtain the image rms. We provide
the flux density measurements in Table 1.

2.3. Arcminute Microkelvin Imager Large Array

AMI-LA is a radio interferometer that consists of eight
antennas, each 12.8 m in diameter, with a maximum separation
of 110 m. It observes with a 5 GHz bandwidth around a central
frequency of 15.5 GHz. We observed the field of AT 2024tvd
with AMI-LA with high cadence starting 2025 January 12, at
Ar = 140 days, and reported the first detection in A. Horesh
et al. (2025). We reduced, flagged, and calibrated our
observations using reduce_dc, a customized AMI-LA data
reduction software package (Y. C. Perrott et al. 2013). Images
of the field of AT 2024tvd were produced using CASA task
TCLEAN in an interactive mode. We fit the source at the
optical position of the TDE with the CASA task IMFIT and
calculated the image rms with the CASA task TMSTAT. We
estimate the error of the peak flux density to be a quadratic
sum of the error produced by the CASA task IMFIT and a
10% calibration error. We provide the flux density measure-
ments in Table 1.

2.4. Allen Telescope Array

We observed the field of AT 2024tvd with the ATA under
our program (P062; PI. Sfaradi) starting on 2025 March 20,
which corresponds to At = 207 days. The ATA is a radio
interferometer that comprises 42 dishes, each with a diameter
of 6.1 m, and can utilize up to four independent frequency
tunings in the range of 1-10 GHz, each with a width of
~700MHz (J. S. Bright et al. 2023). Our observations were
centered around 1.5, 3, 5, and 8 GHz using 3C 286 to calibrate
the absolute flux scale and bandpass response and 17354362
to calibrate the time-dependent complex gains. We used a
customized pipeline (https://github.com/joesbright/ ATARI/)
utilizing CASA to reduce the observations and CASA task
TCLEAN for imaging.

The flux density measured by the ATA is contaminated by
the background owing to the large beam of the ATA.
Therefore, we cross-calibrated all the flux density measure-
ments obtained with the ATA by removing the excess
emission seen in the ATA observation on 2025 May 1 (at
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Figure 2. Radio luminosity evolution of a selection of known TDEs
(ASASSN-141i, K. D. Alexander et al. 2016; ASASSN-150i, A. Horesh
et al. 2021a; AT 2019dsg, R. Stein et al. 2021; AT 2018hyz, Y. Cendes
et al. 2022; AT 2019azh, A. J. Goodwin et al. 2022; 1. Sfaradi et al. 2022;
AT 2020vwl, A. J. Goodwin et al. 2023) and AT 2024tvd (this work; 10 GHz
marked with red stars; 15.5 GHz marked with orange stars). Observations of
the same TDE are connected with lines, and 3¢ upper limits are plotted with
triangles. The radio emission from the off-nuclear TDE AT 2024tvd reveals an
extremely fast evolution compared to other TDEs, with a fast rise between
At = 88 and 131 days, followed by a fast decline up to At = 173 days. Then,
at At = 194 days, and about ~20 days since the last observation of the first
radio flare, a second fast-rising radio flare emerges.

At = 249 days), compared to the flux density measured by the
VLA on 2025 April 29 (at At = 247 days). We estimate the
error of the peak flux density to be a quadratic sum of the error
produced by CASA task IMFIT and a 15% calibration error.
We provide the flux density measurements in Table 1.

2.5. Submillimeter Array

Beginning 2025 April 21 (Ar = 239days), several
observations of AT 2024tvd were conducted with the SMA,
as part of the Pursuit of Extragalactic Transients with the SMA
(POETS) Large-Scale SMA program (2022B-S046; PI:
E. Berger). SMA observations were conducted with the array
in compact configuration (6, =35 x 3.2), tuned to a local
oscillator frequency of 225.5 GHz, providing spectral coverage
in the ranges of 209.5-221.5 GHz and 229.5-241.5 GHz. For
all observations, 3C 279 was observed as a bandpass
calibrator, Vesta was observed as the flux calibrator, and
16424398 and 16584347 were observed as gain calibrators,
with a 12-minute cycle time cadence.

Analysis of the data was performed using the SMA
COMPASS pipeline (G. K. Keating et al. 2025, in prep-
aration), which derives bandpass and gains calibration tables,
and flags outlier visibilities and baselines where limited or no
coherence is seen on calibration targets. Flux calibration uses
the Butler-JPL-Horizons 2012 (B. Butler 2012) model for
Vesta. The data were imaged, and deconvolution was
performed via the CLEAN algorithm (J. A. Hogbom 1974).
We provide the flux density measurements in Table 1.
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Figure 3. Radio light curves of the off-nuclear TDE AT 2024tvd at different
frequencies. We plot temporal power laws for different segments of these light
curves (with the reference initial time being the optical discovery), showing
the fast rise and decay in both flares.

3. Radio Emission from AT 2024tvd: Broad Considerations

Next, we present the entire set of radio observations we have
obtained at Ar < 284 days. We begin by examining the overall
evolution of the radio emission from AT 2024tvd over
~200 days, with observations spanning from the centimeter
to the millimeter bands. We discuss the emission from the host
galaxy nucleus in Appendix B. In Figure 2 we plot the 10 GHz
light curve of AT 2024tvd compared to other known radio-
bright TDEs. Figure 3 presents light curves in different
centimeter and millimeter bands together with temporal
power-law indices with respect to the optical discovery date. In
Figure 4 we present the different spectral energy distributions
(SEDs) with the best-fitting broken power-law functions (see
detailed discussion in Section 4.1). Overall, as seen from these
plots, this TDE exhibits two episodes of fast-evolving radio
emission, with distinct broadband evolution in each flare.

Our 10 GHz observation at At = 88 days did not reveal any
detectable emission from the TDE with a luminosity upper limit
of UL, < 7.9 x 10%*ergs™'. At Ar = 131 days the 10 GHz flux
density is >40 times larger than the initial upper limit, and the
broadband SED indicates an optically thick emission, with a
possible transition to the radio spectral peak around 17 GHz at
an observed peak luminosity of vL, ~ 9 x 10®ergs™'. The
following broadband SEDs, up to At = 173 days, exhibit a fast
decline of the peak flux density and of the peak frequency
(see left panel of Figure 4). In addition, the spectral shape of
the SED evolved as well. The first ALMA observation, at
At = 139-141 days, showed an optically thin spectral slope
higher than F, ~ v~ % (based on the detection at 97.5 GHz and
the upper limit at 203 GHz). A later VLA+ALMA SED,
obtained at Ar = 151-154 days, revealed an optically thin
emission of F,, ~ v~ %> These spectral slopes, together with the
SED obtained at Ar = 131 days, imply the presence of an
evolving spectral break frequency in the SED. This break
frequency, typically associated with the cooling frequency v.. (in
which the synchrotron-emitting electrons quickly lose energy to
radiation; see detailed discussion in Section 4), evolved from
17 GHz < v. < 97.5 GHz to v, > 97.5 GHz between these two
epochs.
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Figure 4. Broadband radio SEDs of the off-nuclear TDE AT 2024tvd. The left panel shows the radio SEDs of the first radio flare, and the right panel is for the second
radio flare. Detections obtained with different radio telescopes are marked with different markers (circles for the VLA, diamonds for ALMA, squares for AMI-LA,
and pentagons for the ATA), and triangles mark 3o upper limits. We fitted these SEDs with the broken power-law function described in Equation (4) (see detailed

discussion in Section 4.1).

At Ar = 194 days, a rebrightening of the radio emission was
observed with AMI-LA at 15.5 GHz. The evolution of this
second radio flare is extremely peculiar. The observed peak
luminosity is a factor of ~3 higher than the observed peak
luminosity of the first radio flare. Furthermore, the temporal
evolution of the broadband SEDs does not follow the temporal
evolution of the first radio flare. The optically thin emission,
seen in the millimeter bands, showed a fast decline, and the
spectral peak flux, on the other hand, rises while its peak
frequency slowly moves to the lower-GHz bands.

In the first flare, assuming for now the optical discovery date
as the reference time, the rise from the first upper limit
(At = 88 days) to the first radio detection (At = 131 days) is at
least as fast as F,, ~ . Then, the radio spectral peak declines
as F, ~ r~°, and the peak frequency also declines quickly,
v, ~ £=>. For the second flare, the detailed 15.5 GHz light
curve we obtained (see Figure 3) exhibits an extremely fast
evolution of F|s55GHy 8 which then changes to
Fissgu, ~ t'. Furthermore, the optically thin emission of
the second flare, observed in the millimeter bands, revealed an
unprecedented fast decline of F, ~ r'* (see Figure 3).

About 40% of the optically discovered TDEs show a late-
time brightening of the radio emission (Y. Cendes et al. 2024).
Naturally, as these TDE:s rise at late times, a fast evolution of
their radio emission with reference to their optical discovery
date is expected. More specifically, when fitting the rise or the
decay of the radio light curve with a temporal power law,
F, ~ t% a power-law index of |a| > 3 is achieved. For
example, the radio spectral peak of AT 2018hyz evolved as
F, >~ £ (Y. Cendes et al. 2022). However, even compared to
other radio-bright TDEs, the temporal evolution of the radio
emission observed for AT 2024tvd is the fastest ever seen in
TDEs (see Figure 2).

~ [l

The late-time emergence of the radio emission (for each
flare separately) can mean that (a) a prompt subrelativistic
outflow was launched around the time of optical discovery,
interacting with a complex medium; (b) a delayed subrelati-
vistic outflow was launched at At > 0 days; (c) a relativistic jet
was launched around the time of optical discovery and the
emission from this jet is entering our line of sight at late times;
or (d) a relativistic jet was launched at late times and we
observed it either on- or off-axis. In Section 4, we consider
these different scenarios for the origin of the radio-emitting
outflow(s). We discuss the astrophysical implications of our
findings in Section 5.

4. Detailed Modeling of the Radio Emission

Radio emission from transients is typically associated with
synchrotron radiation generated in shocks as a result of fast-
moving outflows. In the following subsections, we explore the
possibilities of a prompt outflow (launched around the time of
optical discovery), delayed outflows, and off-axis relativistic
jets. In the standard picture of synchrotron radiation, at the
shock front, electrons are accelerated to relativistic velocities
and gain a power-law distribution of Lorentz factors,
N@)dyoc~y™?dy, v > v,, where v, is the Lorentz factor
of the lowest-energy electrons, and magnetic fields are
compressed and generated owing to the runaway Weibel
instability (E. S. Weibel 1959; R. A. Chevalier 1998; R. Sari
et al. 1998). The presence of synchrotron self-absorption
(SSA) results in a broken power-law synchrotron spectrum,
where the exact spectral shape depends on the order of the
minimal frequency v,, (which corresponds to +,,), the SSA
frequency v, and the cooling frequency v, (which corre-
sponds to ), above which electrons are losing significant
energy to radiation (see J. Granot & R. Sari 2002 for the exact
spectral shapes).
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So far, the radio TDE literature has focused on synchrotron
cooling as the dominant cooling mechanism. However, another
important electron cooling mechanism is (external) IC cooling
in which thermal optical/UV photons are scattered to the
X-ray band by the relativistic electrons at the shock front.
This is most commonly used in the analysis of supernovae
(R. A. Chevalier & C. Fransson 2006; R. Margutti et al. 2012;
A.J. Nayana et al. 2025), and we consider it here for the first
time in the context of TDEs (see detailed discussions in
Section 4.2 and Appendix A). In the slow-cooling regime,
where v,, < v, and in the regime where v,, < vg,, the radio
spectral peak is at v, and a power-law index of F, ~ 1/ /% s
expected for the optically thick regime above v,,. If v,, > vq,,
the optically thick regime is expected to have a shallower slope
of F,, ~ 2. In the optically thin regime, and for vy, < v,, the
flux density is B, ~ v~®~D/2 for v < v, and F, ~ Pl for
v > v.. For v, > v, the optically thin regime is dominated by a
single power law, F, ~ v, Finally, in cases where the
material in front of the synchrotron-generating shock is dense,
external FFA can dominate in radio wavelengths and suppress
the synchrotron emission. This external FFA was not
considered so far for radio-emitting TDEs, and we apply it
for the first time in our analysis in Section 4.2.

A common assumption is that a fraction, €,, of the post-
shock energy density, u,, = %pvi (where p is the density of
the surrounding ambient medium and vy, is the velocity of the
shock), is deposited in the relativistic electrons. A different
fraction, ep, is deposited in the energy density of the magnetic
fields, up = Bz/ 8m. The assumption of equipartition implies
that €, = €. Here the prefactor of 9/8 in the post-shock energy
assumes it to be the thermal energy of a strong shock with
an adiabatic index of v = 5/3, but we note that an order-of-
unity correction to this energy is introduced for different
scenarios (see the discussion in the Appendix of L. DeMarchi
et al. 2022).

In Section 4.1, we analyze individual broadband SEDs in
the context of an SSA model for different physical scenarios.
While this form of analysis is very useful when inferring the
physical parameters of the shock and its environment, it does
not take into account the dynamics of the outflow. Therefore,
with the purpose of also accounting for the shock dynamics, in
Section 4.2 we apply a time-dependent model to the radio
observations of the first flare in the context of a nonrelativistic
outflow that interacts with a simple density profile.

4.1. Analysis and Modeling of Individual SEDs

For a self-absorbed synchrotron spectrum, the radius of
the radio-emitting region and the magnetic field strength can
be inferred from the spectral peak of the radio emission. Here
we use the Newtonian formalism introduced in R. A. Chevalier
(1998) since the inferred velocities in the spherical outflow
scenario are subrelativistic (see following subsections);
however, we note that in the case of a relativistic outflow
the formalism introduced in R. Barniol Duran et al. (2013) is
more suitable. If the spectral peak is dominated by v, and
Vea < Vs R. A. Chevalier (1998) showed that the radius is
given by

p+5pp+6 32p+12
6cg F)

1/@2p+13) .
Vs
R = s 1)
of (p — 2)mP 3l TOEP 2 ] (2c1)
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and the magnetic field strength is

2/(2p+13)
B — 3671'36'5 Vi (2)
a2f2 (P _ 2)25'63E12(D_2)E/Sad12 2¢ ’

where F, is the peak flux density at the intersection between
the optically thick and thin regimes of the synchrotron self-
absorbed SED; d| is the distance to the TDE; f is the emission
volume filling factor; o = €./ep; ¢i, 5, and cg are constants
provided in A. G. Pacholczyk (1970); and E; is the electron’s
rest-mass energy. Under the assumption of a strong shock, the
number density of the surrounding, preshock, ambient medium
is given by
ne = —— e B, 3)
Omp,my,

where my,, is the mass of a proton and ., is the mean molecular
weight per electron (throughout our analysis we assume a fully
ionized hydrogen composition, i.e., ., = 1).

To obtain the peak flux density and its frequency, we adopt
here a broken power-law function (see Equation (1) in
J. Granot & R. Sari 2002)

y =SBy v —sp, |~ 1/s
E=hl(2) "+ (1) , )
P P

where F, is the flux density at the intersection between the
optically thick and thin regime at v,. In the v, < v, scenario,
By = 5/2 and B, = —(p — 1)/2. We fix*® the smoothing
parameter, s, to 1.25p—0.18p.

We use emcee (D. Foreman-Mackey et al. 2013) to
determine the best-fit parameters and infer their posterior
distributions using flat priors. We use 200 walkers with 5000
steps for each chain and discard the first 100 steps for burn-in.
For both the first and second radio flares, the broadband SEDs
obtained with the VLA, ATA, and AMI-LA do not probe the
transition from the spectral peak to the optically thin regime to
its full extent. Therefore, when fitting for the power-law index
of the electrons, p, we combine VLA and ALMA observations
separated by 2-3 days. For the first flare, we infer p based on
VLA+ALMA observations at At = 151-154 days and apply it
to observations at At = 131, 160, and 173 days. For the second
flare, we infer p based on VLA+ALMA observations at
At = 247-248 days and apply it to observations at At =
218 days, 241-242 days, and 284 days. We note that while our
fitting process constrains F, and v, at At = 131 days, this SED
shows mostly optically thick emission, with only a slight
transition to the radio spectral peak at the high frequencies
in 13-17 GHz. In addition, for the SED fitted at Ar =
241-242 days we used only ATA and AMI-LA data, and the
ATA observations suffer from contamination because of its
large beam. Therefore, we treat the inferred values from these
epochs with caution. The results of these fits are reported in
Table 2, and we plot the best-fitting models in Figure 4.

Based on the analysis above, we infer F), ~ r®and Uy~ 1
during the first flare and F, ~ ' and v, ~ ¢ during the late
phases of evolution of the second flare. We next use these best-

5

30 We note here that this value is given by J. Granot & R. Sari (2002) for a
wind-like density profile, i.e., p o< r 2. We later find that a steeper density
profile is more suitable. However, the choice of the smoothing parameter does
not change our conclusions.
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Table 2
Broken Power-law Fits to Individual SEDs

At F, v, P
(days) (mly) (GHz)

131 2081028 13.2713 2.14%
151-154 0.78%9%7 571503 2.1450%
160 0.52409%3 4287038 2.14°
173 0.41 + 0.05 3.4370% 2.14*
218 3.87 + 025 6.03+04] 2.17°
241-242 5.86 + 0.49 512708 2.17*
247-248 446703 4407937 2.17 £ 0.10
284 529 + 022 2.80 + 0.20 2.17°

Notes. Best-fitting parameters of the radio SEDs using Equation (4). The
reported times and peak frequencies are in the frame of the observer.

# Marks observations for which the power-law index of the electron
distribution is fixed (see discussion in Section 4.1).

fitting parameters to derive the physical parameters of the
shock. In the following subsections we explore different
outflow scenarios using the results from the individual fits. In
Section 4.2 we do a time-dependent analysis in the context of a
subrelativistic outflow for the first radio component only.

4.1.1. A Prompt, Nonrelativistic Outflow

First, we assume (1) that the outflow was launched around the
time of optical discovery, (2) equipartition (¢, = eg = 0.1), and
(3) an emission filling factor f = 0.5, to derive (i) the
equipartition radius (Equation (1)), (ii) the magnetic field strength
(Equation (2)), (iii) the density profile of the surrounding medium
(Equation (3)), and (iv) the energy of the event by assuming that
the energy in the magnetic fields is a fraction of the post-shock
energy

B
Ups = fgl—V, (5)

where V = %f R? is the volume of the emitting region. In

Figure 5 we present the results of this analysis, and we provide
the inferred physical parameters in Table 3.

We find that the inferred velocities are subrelativistic for
both flares (see Figure 5). Interestingly, the radius derived
from the first SED of the second radio flare matches the radius
evolution during the first radio flare. This suggests that both
radio flares are a result of the same outflow. However, we
cannot estimate the radius of the emitting region during the
second radio flare before the first broadband SED. Therefore,
the fact that the initial radius estimation during the second
radio flare matches the observed evolution during the first
radio flare might also be a coincidence. These results also
imply significant acceleration, R ~ r*> and R ~ > for the first
and second radio components, respectlvely The initial
equipartition energy of the first flare is ~4 x 10*%erg at
Ar =131 days and then declines with time. The energ gy of the
second flare increases with time, reaching ~6 x 10% erg at
Ar = 284 days, a factor of ~10 higher than the first flare (see
Figure 5). This overall behavior motivates the scenarios of two
distinct delayed outflows and/or off-axis relativistic jets.

The inferred density of the surrounding medium depends on
the velocity of the shock (Equation (3)). Here we estimate the
velocity for each epoch by vy, = R/ At since we are conducting
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a time-independent analysis (see Section 4.2 for a time—
dependent analysis). For the first flare, we find n, = (4. 0+ ) X
10cm= at R = (2.10701) x 10%cm and a very steep
density profile, n, ~ r~° (see bottom panel of Figure 5).
However, extrapolating this density profile to the time of the
first radio nondetection (Ar = 88 days) and assuming a similar
velocity to the velocity measured at Ar = 131 days results in a
10 GHz flux density higher than the radio upper limit that was
obtained at this time, even when accounting for external FFA
by the dense medium in front of the radio-emitting shock.

Therefore, this density profile cannot explain the entire radio
emission up to At = 173 days. One possibility is that there is a
change in the density profile at R < 2 x 10'® cm. In the case of
a density cavity, the emission at Ar = 88 days is too faint to be
detected. On the other hand, if there is an overdensity at these
small radii, the radio emission can be suppressed by FFA by
the dense medium in front of the shock. We discuss the
densities needed to suppress the emission by FFA in
Section 4.2 and Appendix A. Finally, the same analysis for
the second radio flare (assuming a prompt outflow) requires a
change in the density profile around (4 — 6) x 10'°cm and
additional acceleration.

4.1.2. Delayed, Nonrelativistic Outflows

From the analysis above, the shock velocity is neither
constant nor decelerating for fi,y,cn, = 0 days, where we define
Haunch as the launch time (in days from optical discovery) of
the radio-emitting outflow. While one possibility for this
observed behavior is shock acceleration, e.g., due to the
propagation of the shock in a steep density profile of p ~ r°,
with s > 3 density profile (E. Waxman & D. Shvarts 1993), it
is also possible that one or two outflows were launched at
Haunch > 0 days, resulting in an apparent shock acceleration. To
estimate the outflow launch time, we fit the equipartition radius

with a function of the form R(Ar) = (M) which

Aty — Haunch
assumes a constant outflow expansion velocity of vy, =

. We set Aty = 131 and 247 days for the first and

Aty — taunch
second flares, respectively. R and fiuncn are free parameters.
emcee is used to estimate the posteriors of the best-fitting
parameters. For the first flare the outflow launching time is
tlaunch = 84718 Jsdays and the radius at Afy = 131days is

= (2.1 £0.1) x 10'°cm; for the second flare funch =
170 + 10days and R = (1.0 + 0.1) x 10"7 cm.

The equipartition radius and magnetic field strength do not
depend on f,nch. However, since n, o< BZVS;Z (Equation (3))
and we infer higher velocities, the assumption of a delayed
outflow results in lower number density than in the case of
Haunch = Odays. While the required densmes are lower, the
need for a steep n,(r) profile stays (n, ~ r~ * here vs. n,~r -3
in the prompt outflow scenario). In addition, if the first and
second flares are manifestations of the same outflow (i.e., they
share the same fjauncn), @ dens1ty enhancement is still needed,
and a shallower (n, ~ r—>) density profile is inferred at radii
>6 x 10" cm (see the blue and red density profiles in Figure 5
and the reported values in Table 3). If the second radio flare is
a result of an additional delayed outflow with fuypen =
170 days, then we find a mildly relativistic shock with
Vsn =~ 0.5¢, and no need for density enhancement at large
radii. Since the velocity we infer is still only mildly relativistic,
the Newtonian formalism is sufficient, and we do not use the
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Figure 5. Physical parameters inferred from the fits of the individual SEDs and nonrelativistic equipartition analysis (see Sections 4.1.1 and 4.1.2). The top left panel
shows the temporal evolution of the equipartition radius (filled circles for the first flare; filled squares for the second flare). Best-fitting R(¢) evolutions for an
assumed constant expansion of outflows that were launched at fjpynch = 84f§5 days and 170 £ 10 days are also plotted (dotted—dashed lines). The top right panel
shows the equipartition energy. The bottom panel shows the density profile for an outflow that was launched at time of optical discovery (filled blue circles for the
first flare; filled blue squares for the second flare) and for an outflow that was launched 84 days after optical discovery (filled red circles for the first flare; filled red
squares for the second flare). In addition, we plot the density profile for a delayed outflow for the second flare only in yellow squares. Also plotted are the density
profiles inferred for other radio-bright TDEs. The best-fitting parameters at Az ~ 242 days are marked with a lighter shade to emphasize our uncertainty in the flux

measurements of the ATA due to its larger beam.

relativistic formalism discussed in R. Barniol Duran et al.
(2013). Finally, we note that in this model the lack of emission
at early times, in both radio flares, is purely due to the delayed
launching of the outflow(s), and we do not need to invoke
FFA. We provide the results of this analysis in Table 3, and we
plot the different density profiles in the bottom panel of
Figure 5.

4.1.3. Relativistic Jets Observed Off-axis

Another scenario that can explain the emergence of radio
emission at late times in TDEs is a relativistic jet that is
initially observed off-axis (D. Giannios & B. D. Metzger 2011;
P. Beniamini et al. 2023; T. Matsumoto & T. Piran 2023).
T. Matsumoto & T. Piran (2023) introduced a generalized
equipartition formalism, demonstrating that a relativistic
emitter observed off-axis can be disguised as an apparent o

n-axis Newtonian outflow. Forward modeling of the synchro-
tron emission suggested that the peculiar evolution of the radio
emission from both Swift J1644+57 (P. Beniamini et al. 2023)
and AT 2018hyz (I. Sfaradi et al. 2024) can be a result of a
relativistic off-axis jet.31 In this context, P. Beniamini et al.
(2023) derived that the fastest possible observed rise is
F, ~ t'° (achieved for a flat density profile and a top-hat jet)
and the fastest decline is ', ~ ¢ ”. These closure relations can
explain the fast rise, F, 2 t9, observed in the first flare for
Haunech = 0days. However, the extremely steep rise of the
second flare (F, 2, 1'®) and the declines of both flares (F, ~ ¢ °
and r~'? for the first and second flares, respectively) are too
fast for an off-axis jet launched promptly after discovery, thus

31 .. . . .

An on-axis jet but with a wide angular structure carrying more energy than
the jet core can also produce a late-time rebrightening similar to that seen in
Swift J16444-57 (P. Mimica et al. 2015).
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Table 3
Physical Parameters from a Nonrelativistic Equipartition Analysis of Individual SED Fits
At R B I53 e Ups
(days) (10' cm) (G) (ecm™) (erg)
First Radio Flare
faunen = O day 131 2.105013 0.761040 0.0621000 @.0718) x 104 (44713 % 10%
151-154 3.07703% 0377493 0.078+3897 (5.8%23) x 10 (32109 x 104
160 3.39903 0.2919:%% 0.082709%8 (3.343) x 10° (2.7:)45 1048
173 3.8179% 0.24+993 0.085931% 2.1728) x 103 (2.675%) x 104
faunch = 84 days 131 0.17 + 0.01 (5.17%9) x 10
151 0.18 £+ 0.01 (1.1:)_3 x 103
160 0.17 + 0.02 (7.41339) x 102
173 0.17 + 0.03 (5.6133) x 102
Second Radio Flare
faunch = O day 218 6.051042 0.32700% 0.107793% 2479 x 10° (1.9793) x 10%
241-242 8.661 149 0.26°9% 0.14 + 0.02 (9.6f§.8) x 102 (3.7F 09) x 10%
247-248 8.857032 0.23+393 0.14 + 0.01 (7.5739) x 102 (3.140%) % 104
284 151 + 1.1 0.14 £ 0.02 021 £ 0.02 (1.3%93) x 10? (.94 x 109
faunch = 84 days 218 0.17 + 0.01 (9.1737) x 10?
241-242 0.21 £ 0.03 (4.1539) x 102
247-248 0.21 £ 0.01 (3.3503) x 102
284 029 + 0.02 657%
fauneh = 170 days 218 049 + 0.03 (1.3793) x 102
241-242 0.47 + 0.06 83781
247-248 0.44 + 0.03 7312
284 0.51 + 0.04 21+

Note. The physical parameters of the outflows and their environment based on the broken power-law fits to the individual radio SEDs (Sections 4.1, 4.1.1, and 4.1.2)
are listed. The radius and magnetic field strength are calculated using Equations (1) and (2), respectively. The normalized velocity, (3, is defined by

R/(At —

faunch) = Bc. The number density is calculated using Equation (3). The last column is of the post-shock equipartition energy, and it is calculated using

Equation (5). Since the radius, magnetic field, and equipartition energy are not time dependent, we do not repeat these values for different f},,,cn (this is marked with “—").

These reported values assume ¢, = € = 0.1, and f = 0.5.
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Figure 6. Radio light curves of AT 2024tvd as in Figure 3 with power-law
evolution for #,nen = 80 days.

requiring #aunch > 0 days in both cases. We set #1,u,cn based on
the requirement that the emission decline at most as steeply as
F, ~ 3, and we note that this is a conservative approach,
as the emission is expected to follow F, ~ ¢ ”, and we
observe p ~ 2.15 for both flares. This approach results in
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Haunch =, 80 days for the first flare and #,ynen 2, 190 days for the
second flare. For reference, in Figure 6 we present the radio
light curves with the temporal indices for the case of
Naunch =~ 30 days.

We explore the possibility of an off-axis jet model by
generalizing the method devised by T. Matsumoto & T. Piran
(2023). In this model, the observables are transformed from
the rest-frame quantities by the relativistic Doppler factor

_ 1 — i
ép = T Geosd)’ where I' = N and 6 is the angle

between the direction of motion of the jet and the line of
sight of the observer. R. Barniol Duran et al. (2013)
generalized equipartition analysis by accounting for electrons
that radiate at 1,,. This introduces additional factors that
arise from the fact that the energy of the electrons is higher
(see discussion in their Section 4.2.1). We generalize the
T. Matsumoto & T. Piran (2023) derivation by accounting for
these electrons and for a general power-law index of the
relativistic electrons, p. We find the following (a full
derivation is in Appendix D):

~opirs

Reqg = (107 cm)[159 x [520]”

p+6 2(p+6) 3p+19
p+13 J2p+13
X Fp mJydL 8 yp 10(] + 2)” 2[7+l362[7+l3
- p+s ptS

2p+13f 2[1+l3f 2p+13 F(S 2p+13 52,7+13 (6)
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Eeq = (336 x 10 erg)[159] 2-13 [520] 215

3p+14 20p+14) 5p+27
X F2p+1zd 2/)+17) —l (1 + ) 7/)+1z
p,ml]y“L,2 p 10 <)
2p +2 D) 171(2 P 3(p+D
2p+13 2p+13
X[1+( 1 elew Ty £y
2(p+1D) _7p+29

X fZ/Hrl? F(S 7,)+l3€7p+13 (7)

where Fj, ), is the peak flux den51ty in mly; dj,g is the
luminosity distance normalized to 10% cm; Up10 18 the observed
peak frequency normalized to 10 GHz; z is the redshift to the
source; f4 and fy are the area and volume filling factors,

respectively; ¢ = (EB/fe)/( "’+2), and £ = 1 4 ¢, . For this
2w - )|

as the minimal Lorentz factor of the radiating electrons.

To derive the physical parameters of an off-axis jet, we
follow the same procedure outlined in T. Matsumoto &
T. Piran (2024) and C. T. Christy et al. (2024). The radius, R,
and the time of observation since the jet was launched, ¢, are
related by the time measured with a photon emitted by a
relativistically moving source with normalized velocity [ at an
angle 6,

relativistic case we consider v, = max [2 Ef,,

t= d+ IR Z)R 1 — Bcosh).

3
We then solve numerically for the radius in Equations (6) and
(8) for viewing angles # = 30°,45°,60°, and 90°. For the
surrounding density profile we assume a strong shock, i.e.,
< where N, is the number of emitting electrons

®)

ne:W’

(Equation (D2)) and V = f,, 7TR3 o/ I'* is the emitting volume.
We assume f4 = fy, = 1, which accounts only for energy within
1/T from our line of sight.

We note that for an assumed e, = 0.1 the large Lorentz
factors we infer for some of the viewing angles result in
Vea < Vs, Ve, Which is not consistent with our observations (we
find a steeper spectral slope in the optically thick regime than all
the cases discussed in J. Granot & R. Sari 2002 with v, < vy,).
Our observations imply v, < 1.5 GHz < v, and, in order to be
self-consistent, we rederive the generalized equipartition
formalism introduced in T. Matsumoto & T. Piran (2023) for
the correct frequency ordering (Appendix D) and add the
requirement of v,, < 1.5 GHz. We note that this requirement is
necessary, as we do not observe the actual position of v,,, and
therefore we assume that it is below our observing range. The
inferred e, are thus upper limits in this case. Finally, we also
assume equipartition, €, = €g. The results of this analysis are
shown in Figure 7 and summarized in Table 4.

For the first radio flare we find that a relativistic jet launched
~80 days after optical discovery at § >~ 60°-90° can explain
the observed emission with moderate Lorentz factors and
density profiles similar to those seen in other radio-bright
TDEs. Smaller viewing angles require larger I' and density
profiles: for § = 30° we find I" ~ 30 and a density profile ~3-4
orders of magnitude larger than seen in Swift J16444-57 at
radii >10"®cm (see top panels of Figure 7).

For the second radio flare we infer #j,y,cn = 190 days (based
on the requirement of F,, ~ r in the optically thin regime),
which is only ~4 days before the first detection of the second
radio flare. Therefore, any relativistic jet has to be either only
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slightly off-axis or only mildly relativistic for us to see it that
soon (see bottom panels of Figure 7). Overall we find moderate
Lorentz factors, I" <10, and densities n, < 100 up to
~10" cm for all the viewing angles we have tested. By
relaxing the requirement of a delayed jet for the second flare
and assummg a prompt off-axis jet, we infer I' > 10 and
Ey 2 10°" erg for < 60°. In this scenario, an extreme density
profile of p ~ r~'% is inferred. Therefore, we conclude that an
off-axis relativistic jet launched around the time of optical
discovery is disfavored.

4.2. Multiepoch Time-dependent Modeling of the First Radio
Flare

We next refine our nonrelativistic analysis by adopting a
time-dependent model to fit the emission from the first radio
flare only, and we show that it can be explained by a shock
wave interacting with a single power-law density profile. We
attempted the same approach for the second flare. However,
more epochs of observations are needed to constrain the
evolution of the optically thin regime. We leave the modeling
of the second radio flare beyond equipartition for future work.

We assume that the emission is from a shock wave traveling
with roughly constant velocity, r (At) = Boc (At — faunch), and
interacting with a single power-law density profile n.(r) =
no(r/ro) %, where ry = Byc(Aty — tiaunch), and we choose
Aty = 131days as our reference time (the time of the first
radio detection).>” We use the model presented in Appendix C
to self-consistently calculate the different synchrotron break
frequencies, and specifically Equation (C11) to calculate F,
and v,. We then use Equation (4) to calculate the SED shape
before and after the spectral peak. The shape parameter around
the peak, s, is defined for each transition in J. Granot & R. Sari
(2002). We use sharp breaks for other spectral breaks that are
not around the peak, and we follow the power-law indices
discussed in J. Granot & R. Sari (2002). This results in a self-
absorbed synchrotron spectrum F, g, (t). We also calculate the
FFA optical depth as in G. B. Rybicki & A. P. Lightman
(1986; see also A. J. Nayana et al. 2025):

Al v) = [ 0018 x T2 2gun2(dr', )
where T, is the temperature of the electrons in the surrounding
medium, we use a Gaunt factor gi = 5 and a charge of Z = 1,
and we assume full ionization of the medium. We then calculate
Vg by setting 7rpa (7, vg) = 1. The resulting spectrum is given
by () = F () x €™ = F, () x e"®/"0”_ Finally,
we also account for the effects of IC cooling by thermal
optical /UV photons. IC cooling effects are typically neglected
in the TDE literature. However, they are relevant for the first
radio flare, as the thermal emission from the TDE is still bright.

We fit this model to all of the radio data from the first flare
(up to Ar< 173 days) assuming fiuynen = 84 days.33 The free
parameters are (3o, ng, k, p, and €g. In this fitting process we fit

32 Note that we find in our analysis k > 3. This steep profile should lead to an
acceleration of the shock wave (E. Waxman & D. Shvarts 1993). However, for
simplicity, we do not account for this acceleration and assume constant
expansion. We leave the introduction of more complicated hydrodynamics to
future work.

3 We note that a prompt outflow leads to inconsistencies with the data when
IC cooling is accounted for (see Appendix A). Therefore, we assume a delayed
outflow and use funen inferred based on the equipartition analysis in
Section 4.1.2.
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Figure 7. Physical parameters from the generalized equipartition analysis of a relativistic off-axis jet. The top panels show the results for the first radio flare,
assuming fiaunch = 80 days, and the bottom panels show the results for the second radio flare for #,yncn = 190 days. The left panels show the evolution of the radius
with time, the middle panels show the equipartition energy vs. proper velocity (we mark the temporal evolution with an arrow), and the right panels display the
inferred density profile compared to other radio-bright TDEs. We show the results of this analysis for observer angles of 6 = 30°, 45°, 60°, and 90°. For each
observing angle we use the largest €, (up to €, = 0.1) that satisfies the relation v, < 1.5 GHz in all of our epochs (see discussion in Section 4.1.3).

for the synchrotron cooling frequency and check that our
results are consistent with the location of the IC cooling
frequency, vic, based on the optical/UV luminosity (Y. Yao
et al. 2025, in preparation) and the Lorentz factor of the IC
cooling (Appendix A). We do not fit for vc in our fitting
process, as the uncertainty of the optical/UV luminosity
translates to high uncertainties on the fitted parameters.

We further assume that the temperature of the electrons in
the surrounding medium is 7, = 10°K, filling factors of
fa=1,and f= 0.5. We also assume**e, = 0.001 since there is
a degeneracy between €, and eg. We use emcee to determine
the best-fitting parameters and infer their posterior distribution.
We use the following flat priors: 0.005 < By < 0.9,
1 < logy(no/[em™3]) < 11, 1 < k < 9, log,(2.001) <
log;o(p) < log,(3), and —7 < log(ep) < log,(0.33). We

34 We can also fit the data when assuming €, = 0.01; however, the assumption
of e, = 0.001 provides better constraints on p. We note that increasing €, by an
order of magnitude increases ez and decreases the density by an order of
magnitude while keeping all other physical parameters the same.

12

use 200 walkers with 30,000 steps for each chain and discard
the first 1000 steps for burn-in. We plot the different SEDs and
the 10 GHz light curve together with lines drawn from the
resulting posterior distribution in Figure 8.

We find that this approach accounts for all of the nontrivial
observables of the first radio flare. The early 10 GHz upper
limit is easily explained by the combination of FFA and the
delayed outflow. The late emergence of the radio emission and
the unprecedentedly fast evolution of the radio spectral peak is
explained by a rather steep density profile of n(r)=
no(r/ro) 3891 (see the best-fitting density profile in the
bottom right panel of Figure 8). We also find ng
10°2%%2em™ at ro ~ 2.1 x 10" cm (see a summary of
the model parameters in Table 5). In addition, the change in
the optically thin spectral index between the first and second
epochs of our ALMA observations is naturally explained as
the result of the synchrotron cooling frequency evolving from
~50GHz to v, = 100 GHz at later times. Finally, since our
millimeter-band observations constrain the evolution of the
cooling frequency, our fit constrains ¢z for the given
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Table 4
Physical Parameters Derived from the Relativistic Off-axis Equipartition Analysis of Individual SED Fits (Section 4.1)
At Req E.q g e
(days) (10" cm) (erg) (cm~3)
First Radio Flare ~Haunch = 80 days
6 = 45° 131 427 + 0.01 (8.7 £ 1.0) x 10% 130 + 04 (2.0 £ 0.4) x 10
€ = e = 0.01 151-154 5.94 + 0.01 (5.6 £ 0.7) x 10% 125 + 06 (4.2799) x 102
160 6.70 + 0.01 49100 x 10% 127 £ 0.7 (2.879%) x 102
173 779 + 0.02 (5.0 £ 1.0) x 10% 13.0 £ 1.6 (22449 % 102
6 = 90° 131 123 £+ 0.01 (1.1 £ 0.2) x 105 3.90 £ 0.15 (3.510D) x 102
€. = ez = 0.06 151-154 1.70 + 0.01 (6.7 + 0.9) x 10% 37 + 02 71583
160 1.92 + 0.01 (5.9 + 0.8) x 10% 38 + 02 49+
173 223 + 0.02 6.0 £ 1.5) x 10% 39 + 05 37417
Second Radio Flare ~Haunch = 190 days
0 = 45° 218 2.12 + 0.03 (1.8 £ 0.2) x 10% 38 + 0.2 11+ 2
€. =e5=0.1 241-242 4.0 + 0.07 (6.5 £ 1.0) x 10% 47 £ 0.6 17+6
247-248 453 + 0.03 (6.7449) x 10% 51 £ 03 1874
284 7.44 £ 0.06 (1.2 £0.1) x 10% 49 + 03 6 + 1
0 = 90° 218 0.73 + 0.01 (8.5 £ 0.8) x 10% 0.84 £ 0.07 0.6 + 0.1
€. = ez =0.1 241-242 1.35%09¢ .10 x 10% 0.94 £ 0.15 05 + 02
247-248 1.05% 53¢ (1.419%) x 10% 0.8+9% 0.3792
284 1.7+3% (2.8758 x 10% 09 + 02 0.1479%7

Note. Physical parameters of a relativistic off-axis jet and its environment based on the broken power-law fits of individual radio SEDs and the generalized
equipartition analysis described in Section 4.1.3 and Appendix D. We report here the values for observing angles of 45° and 90° (Figure 7 also shows the results for
6 = 30° and 60°). We set different launch times of the jet for the first and second flares based on the requirement that the decline of the radio emission will not exceed
F,~ 13 We report here the largest value of €, (up to €, = 0.1) that satisfies the condition v,, < 1.5 GHz (see details in Section 4.1.3).

€. = 0.001. We find log,(eg) = —1.9 £ 0.3, implying
deviation from equipartition. In the bottom left panel of
Figure 8 we plot the evolution of Vg, Vsyne, and vg. The cooling
frequency is 1. = min [V, ¥1c], and our model is consistent
with Vgyne > vic (Within 1o uncertainty) in all epochs for which
we observe a cooling spectral break in the optically thin
regime. Therefore, we conclude that our model is self-
consistent with the location of the IC cooling frequency even
though we are not explicitly accounting for it in our fitting
process. On the other hand, we explicitly account for it when
we apply the same model for a prompt outflow (which we
disfavor because of the required high energetics and densities;
see Appendix A).

5. Discussion

The radio emission from the first radio-bright off-nuclear
TDE AT 2024tvd exhibits two rapidly evolving radio flares at
late times, with the following main features in order:

1. An initial deep upper limit, vL, < 8 X 10%¢ erg s~ !, about
88 days after optical discovery, followed by bright radio
emission, vL, ~ 3 x 10°%ergs™', at Ar = 131 days.

2. A fast decline of the broadband SED, with a peak flux
that evolves as F, ~ 1 © between 131 and 173 days after
optical discovery.

3. The transition of the cooling frequency from ~50 GHz at
At = 131-141 days to 2100 GHz at At ~ 154 days.

4. Fast rebrightening at At = 194 days, initially rising as
F, ~ % in the centimeter bands, and a fast decay,
F, ~ 2, of the millimeter-band emission.

13

5. A rise of the peak flux density of the broadband SED in
the range of Ar = 218-284 days, accompanied by a
decline of the peak frequency.

The radio emission from AT 2024tvd stands out compared
to other radio-bright TDEs. Some TDEs, most notably
ASASSN-150i (A. Horesh et al. 2021a; A. Hajela et al.
2025) and AT 2020vwl (A. J. Goodwin et al. 2023, 2025b),
also exhibit two distinct radio flares. For both ASASSN-150i
and AT 2020vwl, the separation in time between the two flares
is significantly larger than what we observe for AT 2024tvd,
and their radio emission evolves on a much longer timescale
(see Figure 2). A fast rise is also observed for the late-time
component of AT 2019azh (I. Sfaradi et al. 2022). However, it
is fainter than both flares of AT 2024tvd, and it is present in
addition to a prompt emission component (A. J. Goodwin
et al. 2022). Another notable example is ASASSN-19bt, in
which a transition in the spectral evolution is observed and
associated with either one outflow interacting with a complex
CNM or two distinct outflows (C. T. Christy et al. 2024).

The peculiar evolution of the radio emission from
AT 2024tvd, and specifically the emergence of two late-time
radio flares, raises the following questions: (1) Can a single
outflow produce both flares? (2) When and why were the
radio-emitting outflow(s) launched? (3) What is the nature of
these outflows (i.e., spherical nonrelativistic outflow vs.
relativistic jet)? We address these questions in the following
discussion (a summary of the possible scenarios is reported in
Table 6).
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Figure 8. Results from the time-dependent model applied to the first radio flare, for #i,,,c, = 84 days. The top left panel shows the broadband SEDs, with models
drawn from the posterior distributions obtained by using emcee. The top right panel is for the 10 GHz light curve, with lines drawn from the posterior distributions.
The evolution of the broadband SED, and especially the change of the optically thin spectral slope, can be easily explained by the transition of the cooling break
frequency from ~60 GHz around Ar = 131 days to 2100 GHz at Ar 2> 154 days. The bottom left panel presents the temporal evolution of the synchrotron break
frequencies (v, < 0.1 GHz at all times and is not displayed here). The black vertical lines represent the range of observed frequencies at each time. We note that
while we do not fit for vc, represented here in a blue region based on the best-fitted parameters and the optical /UV luminosity, our observations are consistent,
within 1o uncertainties with its temporal evolution. Finally, the bottom right panel displays the density profile around AT 2024tvd compared to other radio-bright
TDEs (marked with colored diamonds). The density profile we infer for AT 2024tvd is marked with a red shaded region (marking 1o uncertainty); a lighter shade is

for the extrapolated radii.

5.1. The Nature of the First Radio Flare

Newtonian equipartition analysis of the emission from the
first radio flare suggests that for an outflow that was launched
promptly after the optical discovery the shock is accelerating.
The shock velocities we infer in this case are ~0.06¢-0.085¢,
and they are in agreement with the velocities expected from
accretion-driven winds and the unbound tidal debris stream
(L. E. Strubbe & E. Quataert 2009; J. Krolik et al. 2016;
K. D. Alexander et al. 2020; C. Bonnerot & W. Lu 2020).
However, a prompt outflow from AT 2024tvd requires an
extremely high post-shock energy, of a few x 10°%erg, and
CNM densities, n, ~ 2 X 107ecm™ at ~3 x 10"°cm (see
Appendix A). Instead, our time-dependent analysis suggests that
a delayed Newtonian outflow, launched at #,ypch = 84f§5 days,
naturally explains all emission features without invoking
extreme energetics and densities, thus favoring the delayed
outflow scenario in the context of nonrelativistic ejecta.

Physically, a delayed emergence of the radio emission might
arise from a relativistic jet that initially points away from our
line of sight (e.g., T. Matsumoto & T. Piran 2023; 1. Sfaradi
et al. 2024, in the context of TDEs). However, in this scenario
it is challenging to explain the fast decay of F, ~ 1 with the
expected F,, ~ ¢t (P. Beniamini et al. 2023), which would

14

Table S
Physical Parameters of the Time-dependent Model for the First Radio Flare
Parameter Definition Value
b ch Outflow launch time [days] 84
tg Normalization time [days] 131
Bo Velocity normalized by ¢ 0.17 + 0.01
ro = Boto Radius at £,{10'® cm] 2.1 £ 0.1
o Density at rglcm™3] 10°2 £ 02
k PL index of the density —3.8 £ 0.1
P PL index of the electrons 2.15 £ 0.10
€B Energy fraction in the B fields 1071003
€ Energy fraction in the electrons 1073

Note. The model parameters of the time-dependent model described in
Section 4.2. Parameters marked with f are fixed in our modeling. Note that ry
is not fitted in our model but evaluated assuming constant expansion.

imply a nonphysical spectral slope of p ~x 6. Therefore, we find
that a prompt off-axis jet is an unlikely scenario. We estimate
that the earliest outflow launch time for an off-axis jet is at
At ~ 80 days (by requiring F,, ~ ¢~°), similar to the inferred
taunch for a nonrelativistic outflow. In this context, we favor
6 = 60° as smaller viewing angles require higher Lorentz
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A Summary of the Different Possible Scenarios for Each Radio Flare

First Radio Flare

Second Radio Flare

Prompt nonrelativistic
outflow

Requires high densities (1, ~ 2 x 107 em ™ at 3 x 10'® cm) and
post-shock energy (a few x 10°% erg) to explain the early upper
limit and the fast evolution of the broadband SED; therefore, it
is disfavored.

The observed fast rise and decay of the radio emission require
either a density cavity or larger densities than those inferred
for the first radio flare at small radii (producing FFA). We
conclude that this scenario is disfavored.

Prompt relativistic
outflow

Does not explain the F, ~ t® decay and requires an unphysically
steep spectral slope of p ~ 6. Therefore, it is unlikely that the
first radio flare is a result of a prompt relativistic off-axis jet,
and we conclude that this scenario is disfavored.

The temporal power laws are extremely fast (F,, ~ ¢'® during the
rise and F,, ~ ¢~ '? in the optically thin regime) and do not
follow the closure relations for a prompt off-axis jet. There-
fore, this scenario is disfavored.

Delayed nonrelativistic
outflow

An outflow launched at fi,yncn ~ 84 days can easily explain the
initial upper limit and the fast evolution of the radio emission.
This scenario requires a relatively steep density profile,

n, ~ r~*8 but with densities similar to other radio-bright TDEs.
We find this scenario to be possible.

There are two possible scenarios of a delayed outflow: (1) the
same outflow that produced the first radio flare launched at
Haunch =~ 84 days and interacting with a complex density
profile, and (2) a second, mildly relativistic, delayed outflow
launched at fj,y5cn &~ 170 days. We conclude that both of these
scenarios are possible.

Delayed relativistic
outflow

To achieve a decline of F,, ~ 1>, we require fiaunch ~ 80 days. In
this scenario, an observing angle of § 2 60° is more likely based
on the inferred high densities for lower observing angles.
Therefore, we find this scenario to be possible.

To achieve a decline of F,, ~ 1>, we require faunch ~ 190 days.
This scenario requires fine-tuning of the jet launching time
and the physical parameters for us to observe it, and we find it
to be possible but less likely than the nonrelativistic scenario.

factors and higher densities, which are less physical at the
inferred large radii (see top panel of Figure 7).

Overall, our analysis points at a delayed outflow (either
nonrelativistic or ultrarelativistic), launched at Ar ~ 80 days
for the origin of the first radio flare. Interestingly, the X-ray
analysis conducted by Y. Yao et al. (2025b) concluded that the
X-ray emission during the first ~80 days is best described by a
thermal multitemperature disk model with no evidence for a
Comptonization component. A Comptonization component
emerges at At 2> 80 days (see Figure 5 in Y. Yao et al. 2025b).
We find it intriguing that the onset of a detectable
Comptonization in the X-rays is roughly simultaneous with
the inferred radio outflow launching time, and we speculate
that the origin of the first radio flare is an accretion-driven
outflow. Thermal X-ray emission from TDEs is typically
associated with the accretion around the MBH. Therefore, it is
possible that the spectral change in the X-ray emission is
related to the accretion state of the disk. A disk—outflow
relation is used to explain the observed radio—X-ray connec-
tion for X-ray binaries (XRBs; R. P. Fender et al. 2004).
There, the emergence of optically thin radio emission is
associated with a jet launched following a transition in the
accretion state seen in the X-rays. In some cases discussed in
the context of XRBs, the Comptonization component in the
hard X-rays can be a result of upscattering of thermal disk
photons by a hot e~ corona and/or dynamical Comptonization
by infalling material (e.g., L. Titarchuk & E. Seifina 2021). If
the emergence of the nonthermal X-ray component is due to
the latter, a fraction of the infalling material can result in an
outflow. Finally, a disk—outflow connection was also proposed
for TDE accretion disks at late times when the accretion rate
decreases below ~0.03Mpqq (D. Giannios & B. D. Metz-
ger 2011). However, the inferred outflow launch day (At
~ 80 days) is probably too early for the accretion rate to drop
to these sub-Eddington values.
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5.2. The Nature of the Second Radio Flare

The origin of the second radio flare is difficult to explain
with a prompt outflow scenario (both nonrelativistic and
relativistic), as it was first detected at Ar ~ 194 days and
initially rose as fast as F, ~ 8 (with a transition to F,, ~ i
about a month later). A prompt nonrelativistic outflow would
require either large densities at R < 6 x 10'®cm to explain the
late turn-on of the radio emission with absorption in front of
the shock suppressing the radio emission or a density cavity
at these radii. In addition, a density enhancement at
R>6 x 10'®cm is needed if both radio flares are from the
same nonrelativistic outflow (in the equipartition formalism).
Therefore, the second radio flare is less likely to be a result of a
prompt nonrelativistic outflow. On the other hand, the
observed increase in the equipartition energy and the fast
evolution of the optically thin emission can also be explained
by an off-axis relativistic jet, as emission from more parts of
the jet is entering our line of sight at late times (see, e.g., Swift
J16444-57; P. Beniamini et al. 2023, AT 2018hyz; 1. Sfaradi
et al. 2024). However, we find that even for an off-axis jet
Haunch == 190 days is needed to match F,, ~ 3 in the optically
thin regime. This is only ~4days before the first radio
detection of this flare. Therefore, we conclude that in the of
f-axis jet scenario either the jet is only mildly relativistic, if it
is significantly off-axis (I'G < 1 for 6 ~ 90°), or, if the jet is
ultrarelativistic, it is only slightly off-axis (I' ~ 12 for
6 ~ 30°). Although we find this scenario possible, we note that
it requires some fine-tuning of the physical parameters.

Analysis of the broadband SEDs of the second flare in the
Newtonian limit results in a radio-emitting outflow at larger
radii than the radii inferred for the first flare (for a nonrelativistic
outflow). In addition, the first estimation of the equipartition
radius during this second flare is consistent with the temporal
evolution of the equipartition radius during the first radio flare.
Therefore, it is possible that a single outflow is producing both
radio flares. The inferred density profile in a single outflow
scenario, assuming faunch = 84f25 days (which is the preferred
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outflow launch time), points to a flattening of the density profile
followed by a shallower density profile. For this reason, we
consider the possibility that the rebrightening of the radio
emission is due to one delayed outflow interacting with a
complex density profile (as was previously suggested by
T. Matsumoto & T. Piran 2024). Alternatively, it is also
possible that a second outflow was launched at fiunen =
170 £ 10 days. A higher shock velocity of ~0.5¢ is needed for
such an outflow, as well as lower densities, roughly matching
the extrapolation of the first delayed radio flare in the
framework of the equipartition analysis, but with a shallower
profile of n, ~ r 2.

Overall, our analysis of the emission from the second flare
favors either (1) a scenario in which the same outflow that was
launched around f,4,cn &~ 80 days is interacting with a
complex density profile or (2) a scenario of a second distinct
outflow launched at f,,ncn &~ 170 days for a subrelativistic
outflow or at fiyunch &~ 190 days for a relativistic outflow. We
note that the high-GHz emission observed with ALMA at At
= 227 days is too high compared to the low-GHz emission,
and we cannot account for it in our equipartition analysis. We
leave the analysis of this emission to future time-dependent
modeling. While observations are still being acquired and we
defer a full time-dependent modeling of the second flare to a
later letter, we discuss the astrophysical implications of our
findings below.

5.3. Astrophysical Implications

AT 2024tvd is the first bona fide off-nuclear TDE with
extensive radio coverage, and it also exhibits one of the most
peculiar radio light curves observed for a TDE to date. We
raise here the possibility that the unique radio evolution is
related to the off-nuclear position of the MBH and to the
possible IMBH TDE scenario (Y. Yao et al. 2025b inferred
that the BH mass can be as low as 10° M_,). For example, if the
two flares are a result of multiple accretion-driven outflows, or
discrete ejections of dense blobs of material (also referred to as
a “knot ejection”; see, e.g., A. L. King et al. 2016), it is unclear
why multiple outflows are not observed in all TDEs, and can
be a result of the different mass scaling if AT 2024tvd is an
IMBH TDE. Furthermore, if the double-peaked radio light
curve is a result of a complex density profile, it can be related
to the origin of this off-nuclear MBH (i.e., a recoiling MBH or
an MBH from a minor galaxy merger) and the stellar
population around it. On the other hand, it is important to
note that there is a wide range of radio properties observed for
different TDEs. Therefore, it is possible that this unique
behavior is just another layer of an already complex landscape
of TDE:s in the radio. In the following discussion, we explore
several astrophysical scenarios for the radio emission from
AT 2024tvd in an attempt to explain the origin of both radio
flares with a single outflow.

T. Matsumoto & T. Piran (2024) suggested that double-
peaked radio light curves can result from the flattening of the
density profile at the Bondi radius. Interestingly, in our
equipartition analysis we find that the outflow radius at the
time of the second radio flare is ~6 x 10'® cm, similar to the
Bondi radius inferred by T. Matsumoto & T. Piran (2024) for a
10° M., BH and an ISM temperature of 10’ K. However, this
temperature is higher than expected for a warm ISM. On the
other hand, as the environment of a non-AGN MBH is
determined by the mass and energy injection from the
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surrounding stellar population (E. Quataert 2004; A. Genero-
zov et al. 2015), a density break is also expected at the
stagnation radius, R;, that separates the inflow to the MBH
from the outward stellar winds (A. Generozov et al. 2015;
A. Yalinewich et al. 2018):

R,~25 GMZBH
vW
MBH V. -2
~3 x 10 cm ( ua ) s (10)
10° M., J\ 1000 km s~!

where Mgy is the mass of the BH and v,, is related to the
heating of the gas by stellar winds. Based on the normalization
of Equation (10) and the density we infer at ~R,, a high pre-
TDE accretion rate is expected for a 10° M., BH:

M~ 47rRS2mpne (Ry)vee

- ne(Ry) )( R, )3/2
~ 0.03M,
Edd(4 % 104 em 3 )\3 x 101 cm

—1/2
Mgy /
X ,
10° M.,
Mg \!/2

where the freefall velocity v = ( n

(11)

is estimated at the

stagnation radius. Therefore, if the double-peaked radio light
curve is a result of a break in the density profile at the
stagnation radius, high accretion rate and wind velocities are
needed. This implies a very young stellar population of
T ~ 107 yr around this off-nuclear MBH (A. Generozov et al.
2015). Equation (10) is scaled to achieve a stagnation radius
roughly at the same radius that we infer for the density break
for Mgy > 10° M. In order to achieve the same radius in the
IMBH scenario, lower wind velocities are required, which
result in an older stellar population. While the presence of the
stagnation radius explains the observed break in the density
profile, the slopes of the inferred density profiles, especially at
r < Ry, are relatively steep and are not easily explained in this
scenario.

A different natural explanation for the break in the density
profile is that the radio-emitting shock first interacts with either
the stellar debris or an early launched spherical outflow and
only later interacts with the CNM. Since these early outflows
are expected to travel at a velocity of a few x 10*kms™ ', if
they are launched around the time of optical discovery, they
can reach a radius of a few x 10'®cm at the time of first radio
detection (Ar = 131 days). Therefore, it is possible that an
accretion-driven outflow that was launched at Ar ~ 80 days
after optical discovery is first catching up with this early
outflow, producing the first radio flare, and that the late
rebrightening is due to the transition of the outflow to the
CNM. This scenario can potentially explain the two distinct
density structures and the steep density profile as being
measured at the edge of an early spherical outflow or of the
stellar debris. On the other hand, our analysis assumes a
spherical outflow and that the geometry of the stellar debris in
this scenario is inconsistent with the radii we infer. That is, the
stellar debris stream is expected to be gravitationally bound
and stretch only a few tens of solar radii in diameter
(E. R. Coughlin et al. 2016). For a gravitationally bound
stellar stream stretching a few x 10'®cm and with a width of
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~10"2cm, the radio-emitting region appears smaller than it
appears for a spherical interaction region and has an area
filling factor of f4 ~ 10~*. The radius of the emitting region
scales as f;g/ 19°(J. Krolik et al. 2016). Therefore, the radii we
infer in the case of an interaction with a gravitationally bound
stream are larger by more than an order of magnitude than for
a spherical outflow and are not consistent with a subrelativistic
tidal debris stream. We also emphasize that while the
equipartition radius and the double-peaked radio light curve
motivate a broken power-law density profile around the MBH,
we cannot explain the accelerating shock during the second
radio flare.

The discussion above is focused on a subrelativistic outflow.
However, a double-peaked radio light curve is also expected,
in some cases, for relativistic jets observed off-axis. For
example, a double-peaked nonthermal emission component is
sometimes discussed in GRBs for some viewing angles if the
jet is structured (P. Beniamini et al. 2020), or when the reverse
shock crosses the ejecta as it decelerates, resulting in two
emission zones peaking at different times (E. Abdikamalov &
P. Beniamini 2025). However, in the case of AT 2024tvd, even
if we set the jet launch day to #j,uncn ~ 80 days, the temporal
evolution of the optically thin emission during the rebrighten-
ing is F, ~ 1% which is too fast even for an off-axis jet (see
Figure 6). O. Teboul & B. D. Metzger (2023) presented
another scenario in which some relativistic jets launched by
TDEs can only be observed at late times (see also W. Lu et al.
2024). In cases of misalignment between the spin of the MBH
and the orbital plane of the disrupted star, the disk/jet structure
will precess and a large quasi-spherical structure might be
formed. The jet can then escape prior to, or at, the alignment
with the spin of the MBH, depending on the alignment
mechanism, i.e., magneto-spin versus hydrodynamic. Based on
the observed timescales for AT 2024tvd and for an MBH with
10° M., hydrodynamic alignment of the disk/jet system, due
to internal stresses within the accretion disk, is more likely.
Furthermore, O. Teboul & B. D. Metzger (2023) find that for
such a BH mass and for a disk viscosity parameter o =~ 0.1 the
alignment timescale is ~193 days, similar to our first detection
of the second radio component. Therefore, we consider it
plausible that both radio flares are a result of the same jet
entering our line of sight as it precesses and that the onset of
the second radio flare is at the alignment of the orbital plane
with the MBH spin. However, in that case, the jet needs to
align directly into our line of sight, or significantly decelerate
and expand to a quasi-spherical outflow. This is somewhat
supported by the high velocities we infer during the second
radio flare even in the Newtonian regime. Further modeling is
needed to determine the likelihood of this scenario.

6. Summary and Conclusions

This work presents the radio emission from the first
optically selected off-nuclear TDE, AT 2024tvd. Our extensive
radio campaign results in broadband observations in the range
of 1.5-230 GHz, spanning from 88 days to ~10 months after
optical discovery, making AT 2024tvd one of the best-studied
TDEs in radio wavelengths so far. In addition to its
nontraditional position ~0.8 kpc from the host nucleus, the
temporal evolution of the radio emission from this TDE is
unprecedented. Its double-peaked radio light curve is evolvin%
faster than any other known TDE, with F,, ~ % and ~t!
during the first and second radio components, respectively. In
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addition, the broadband SEDs revealed changes in the spectral
slope of the optically thin regime and a monotonically
declining radio spectral peak during the first radio component.
However, a fast optically thin decline and an increasing radio
spectral peak are observed during the second radio component.

Our analysis focuses on the nature of the radio-emitting
outflow /outflows, i.e., relativistic versus nonrelativistic, and
their launch time (promptly after optical discovery vs. delayed
outflow). The overall emission is consistent with nonrelativis-
tic, mildly relativistic, and/or ultrarelativistic outflows. How-
ever, based on the temporal indices, it is unlikely that an
outflow that was launched at, or around, the time of optical
discovery is responsible for any of the radio components, and
there is strong evidence for delayed outflow(s). The first radio
component is consistent with an outflow that is launched at
Haunch =~ 80 days, which coincides with the emergence of a
Comptonized spectral component in the X-rays, possibly
hinting toward an accretion-driven outflow.

The second flare is consistent with either a mildly relativistic
(~0.5¢) outflow launched at #j,,,cn, =~ 170 days or a relativistic
jet (up to T" ~ 12 for § = 30°, launched at fi,uncn =~ 190 days,
only ~4 days before the first detection of the second radio
component). On the other hand, we note that we cannot rule out
a scenario in which both flares are from the same subrelativistic
outflow that was launched at fj,y,.p & 80 days. In this case the
double-peaked radio light curve is a manifestation of a shock
wave interacting with a broken power-law density profile. We
show that such a density break is expected around the stagnation
radius. We also raise the possibility that either the stellar debris
or an early launched spherical outflow is the medium with
which the delayed outflow first interacts before reaching the
more distant CNM, resulting in the apparent transition in the
density profile.

It is also worth highlighting that AT 2024tvd is the first
radio-bright, bona fide off-nuclear TDE, and it is also the TDE
with the fastest evolution observed to date. We therefore put
forward the idea of a connection between the unique radio
emission and the off-nuclear (and possibly intermediate-mass)
origin of the MBH. On the other hand, it is also relevant to
point out that the evolution of the thermal emission from this
TDE observed in optical-UV-X-ray wavelengths is rather
standard for a TDE (Y. Yao et al. 2025b). Furthermore, radio
emission from TDEs does not seem to follow a well-defined
evolution, and the emission has been observed to evolve
quickly and peak on different timescales for different TDEs.
Therefore, it is also possible that the unique evolution of the
radio emission and the off-nuclear position are not related.

In order to break some of the model degeneracies and
determine whether the radio-emitting outflows are relativistic
or nonrelativistic, high-resolution, very long baseline inter-
ferometry observations are required to resolve a jet structure
and/or detect the movement of a relativistic jet. Polarization
measurements at different times can also help differentiate
between subrelativistic and relativistic outflows since the
emission is expected to be more polarized around the time of
the peak of a jetted outflow (R. Gill & J. Granot 2018). In
addition, early observations in the millimeter bands are
sometimes the only way to constrain the outflow launch date,
as an absorbed emission is expected to first peak in those
bands. We plan to continue monitoring the radio emission
from AT 2024tvd in an attempt to better understand the nature
of this event.
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Appendix A
Prompt Subrelativistic Outflow Fit

In Section 4.2 we considered a delayed, subrelativistic
outflow as the origin of the first flare. We showed that our
multiepoch fit for such an outflow explains all the observed
properties of the first flare. We also noted that the same fitting
procedure requires extreme outflow parameters under the
assumption of a prompt subrelativistic outflow. Here we
briefly present the results of the prompt outflow fitting process,
discuss its implications, and conclude that it is disfavored.

We consider the same model discussed in Section 4.2, but
we introduce three main changes: (i) we adopt #j,unch = 0 days;
(ii) €, is a free parameter, which is now possible since this
model requires high densities to explain the first upper limit
and we are provided with a measurement of the mass in front
of the shock by the FFA, and therefore €, and e are no longer
degenerate; and (iii) we define 1, = min [tfye, vicl. To
calculate ¢, we use the IC cooling Lorentz factor (e.g.,
A. J. Nayana et al. 2025)

y 3mm,cir?
Ic=
UTF(At — Haunch ) Lbol
2
~1.16 x 10" ! (A1)

F(At - tlaunch)Lbol ’

where r is the radius of the radio-emitting shock, I is the bulk

Lorentz factor, and we use the thermal optical /UV luminosity

during the time of the first radio flare Ly, = 4.5 %
~16

1043(—68Ad;ys) ergs~! (Y. Yao et al. 2025, in preparation).

We do not consider here the uncertainty on Ly, but we note

that it has negligible impact on our conclusions.

We present in Figure 9 the evolution of the break
frequencies, the inferred energy, and the density profiles of
our delayed and prompt nonrelativistic outflow models. We
find that while there is a set of parameters that provide a
statistically acceptable fit to the observed broadband radio
emission (including the early upper limit), the inferred values
are physicallzy extreme. For example, the post-shock energy is
a few x 10°%erg, significantly higher than the energy we infer
for any other scenario and for other radio-bright TDEs with
subrelativistic outflows. Furthermore, the density profile is
extremel;/ steep, n, ~ r° and implies higher densities at
R < 10" cm than any other radio-bright TDE. Based on this
analysis, we conclude that the origin of the first flare is
unlikely to be related to a prompt, nonrelativistic outflow.
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Figure 9. Results from our time-dependent fit of the first radio flare assuming a prompt nonrelativistic outflow. The top panel is for the temporal evolution of the
different break frequencies based on our best-fitting parameters: 3, = 0.14 % 0.02, log (g [cm™3]) = 7.36 £ 0.07, k = 6.05 £ 0.25, p = 2.05 £ 0.05,
log(e,) = —4.6 £ 0.5, and log (ep) = —3.5 = 0.2. The bottom left panel shows the post-shock energy for both the prompt and delayed outflows. Finally, the
bottom right panel presents the density profiles we infer in each scenario compared to other radio-bright TDEs. Both the energetics and densities inferred in the
prompt outflow scenario are extreme when compared to the other scenarios we explored in this work and other radio-bright TDEs.

Appendix B
Emission from the Host Galaxy Nucleus

As mentioned in Section 2, some of our observations showed
two point sources: one at the known optical position of the TDE
AT 2024tvd, and the other at the optical position of the center of
the host galaxy (see coordinates reported in Y. Yao et al.
2025b). We construct an SED of the host galaxy nucleus by
taking flux measurements at two different epochs from VLA
observations taken in A configuration: At = 88 days for the
X-band image, and Ar = 160 days for the S, C, and Ku bands
(Figure 10). The emission is optically thin, and we find a best-

fiting £, = A( 5 ) " with A = 64 = 4 uly and § = 0.53 +

0.12. Based on this fit, we estimate L;4gu, = (3.2 £ 0.5) %
10¥ erg s~' Hz~!. Adopting the relation between the star
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formation rate (SFR) and the 1.4GHz luminosity from
L. J. M. Davies et al. (2017), we infer an SFR of
0.51 4+ 0.06 M, yr '. This value is significantly higher than
the SFR constraints, <0.1 M. yr_l, derived from stellar
population synthesis analysis (C. Maraston et al. 2009).
Therefore, as concluded by Y. Yao et al. (2025b), the radio
source at the center of the galaxy must be powered by a low-
luminosity AGN with a steep radio spectrum, possibly
associated with a jet (A. Merloni et al. 2003).

We use this host galaxy radio model to estimate the
contamination component for the observations obtained with
the VLA when it was in C and D configurations and subtract it
from the TDE emission (in S, C, and X bands). However, we
note that this is a minor correction of less than 10% of the flux
measurements for these observations.
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Figure 10. Broadband SED of the emission from the host galaxy nucleus. The filled circles are for radio detections obtained at At = 160 days, the square is for the
detection obtained at Ar = 88 days, and the triangle is a 30 upper limit obtained at At = 160 days. Also plotted is the best-fitting power-law (solid line) and models

drawn from the posterior distribution.

Appendix C
Synchrotron Self-absorption Frequency in the Slow-
cooling Regime

The synchrotron emission from astrophysical transients has
been studied extensively, and multiple frameworks have been
developed to infer the physical parameters from observed radio
SEDs (e.g., R. A. Chevalier 1998; R. Sari et al. 1998; J. Granot
& R. Sari 2002; R. Barniol Duran et al. 2013; L. Sironi &
D. Giannios 2013; B. Margalit & E. Quataert 2021; T. Matsu-
moto & T. Piran 2021, 2023). Sometimes assumptions from
nonequipartition frameworks have been combined in the TDE
literature, leading to results that are not self-consistent. Thus
motivated, in the next section we derive all the synchrotron break
frequencies for different orderings of v, vg,, v, in the slow-
cooling regime (v, < v; R. Sari et al. 1998), for a nonrelativistic
outflow, and provide a recipe for calculating synchrotron SEDs
(we provide the code used to calculate the synchrotron SEDs
based on this method at https://github.com/Itaisfa/full_
synchrotron_SED /tree /main; see also I. Sfaradi 2025).

Consider a shock moving with a bulk Lorentz factor I' and a
velocity vy, and located at a redshift z and a luminosity
distance d;. At the shock front electrons are accelerated to a

20

power-law energy distribution of the form

N (y)dy = No(v/ym) Pdy; v > Yms (CD)
with
_ 2
7m:max[1,4fep 2@(11;11) }, (C2)
p—1m,\ ¢

where the factor of 4 arises from the definition of ¢, as a
fraction of post-shock energy that goes to the relativistic
electrons and the Rankine-Hugoniot jump conditions; m,
and m, are the electron and proton masses, respectively.
T. Matsumoto & T. Piran (2021) considered a minimum
Lorentz factor of 2. Here we used a minimum +,, = 1 for self-
consistency with R. A. Chevalier (1998). We also find, for

p > 2, that Ny = N(y=n,) is

& B*(p —2)

No = >

(C3)

€B 87wfnmec

by calculating E, = f ~ No(y/~,)? (ym.c?)dy and requiring
W

E,

€e

= ? Note that this analysis is compatible with the deep
B
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Newtonian limit (L. Sironi & D. Giannios 2013) and that by
setting the energy in the magnetic fields to be a fraction of the
post-shock energy we reproduce the number of emitting
electrons in the deep Newtonian limit (T. Matsumoto &
T. Piran 2021). We also note that implementing this model
with a lower limit of v,, = 2 (instead of 1) results in a higher
ratio of €,/ep.

The critical Lorentz factor below which the electron does
not lose a significant fraction of its energy to radiation (i.e., the
synchrotron cooling Lorentz factor) is

_ 6mm,c

Ommec C4
O'TPth )

c

where B is the magnetic field strength, ot is the Thomson cross
section, and c is the speed of light. The relativistic correction
using the bulk Lorentz factor, I', is presented here for
completeness, but we note that our analysis is always in the
subrelativistic regime (i.e., for any practical purpose I' = 1).
The characteristic synchrotron frequency of an electron with
Lorentz factor ~ is

q,BT?

2mm,c(l 4 2) ’ (©5)

v(y) =

where ¢, is the electric charge. Now we can derive the minimal
and cooling frequencies, v,, and v,, by replacing v, and 7.,
respectively, with ~ in Equation (C5).

Following R. Sari et al. (1998), the flux density at the peak
of the synchrotron emission is*”

1
F, max =B, maxNe,iSOFdlz(l +2)

mecor 1
— —FBNe,iSOW(l + 2), (Co)

3q,

where g, is its electric charge, c is the speed of light, and N, ;5o
is the isotropic equivalent number of emitting electrons. We
assume that the number of emitting electrons at +,, can be
parameterized as

Nosso = N x 47” 3, )

where 47” 3 is the emitting volume and f is the volume filling
factor.

For different ordering of v,,, vg,, V., the flux density at v,,
E,,, will be a different function of these frequencies, F, max,
and p (based on the different spectral shapes discussed in

35 As mentioned in R. Barniol Duran et al. (2013), the precise numerical
prefactor depends on the power-law index of the energy distribution of the
electrons p. We provide the numerical prefactor considered by taking the peak
spectral power P, max and multiplying it by the number of emitting e at -,
N, iso (see R. Sari et al. 1998 and Equation (C7)). For a relativistic shock the
number of emitting electrons in the emitting region is N, = N,js0/4T 2
(R. Barniol Duran et al. 2013).
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J. Granot & R. Sari 2002):
VSﬂ < Vm < VC

(C8)

v —(p—1/2
E/sa = E/, max (sa) Uy < Vg < Vp+

m

—(p-1)/2 -p/2
VC Vsa
E/, max (_) (_) Uy Ve < Vsa
Uy v,

Now we can derive the SSA frequency by requiring that the
flux at vy, (defined in Equation (C8)) is equal to the blackbody
flux given by

202 R?
F, g = —kpTfy —T'(1 + 2)3,
c d;

(C9)
where kg is Boltzmann’s constant, 7 is the blackbody
temperature, f; is the area filling factor, and considering that
at the low end of the energy distribution kg7 = ~m,c>. This
procedure gives

. NisoB .
T fy R+ 2P
2/(p+4)
iz Ne,isoB3/2F1/2 P
fARZ(l + Z)S/ZV;(p*l)/2

Vg < Uy < U

Up < Vgg < Vg

iB lve,isoB3/2F1/2
fARZ(l + Z)S/Zy;l(pfl)/zygl/z

]2/(p+5)

and

for convenience, we

_ -1/2
= (zzﬂ) . Finally, the observed peak of the SED (at
the intersection between optically thin and thick regimes) is

F, max at v, = v,

u —(p—1/2
F), max (i) at Vp = Vsa

Vm
v —(p=1/2 U —p/2
c sa
E/, max | — — at l/p = Usa Uy Ve < Vs
m

(C11)

Vsa < Uy < I

Uy < Vg < Up

Appendix D
Off-axis Equipartition Analysis for Electrons That Radiate
at the Minimal Frequency

T. Matsumoto & T. Piran (2023) generalized the traditional
equipartition analysis introduced in R. Barniol Duran et al.
(2013) for a relativistic jetted emitter observed off-axis.
However, their formalism, as mentioned in R. Barniol Duran
et al. (2013), is only for electrons that radiate at a peak
frequency v,,. These electrons are likely to carry most of the
relativistic electron energy only if v, = v,. However, if
U < Vg, most of the energy is carried by electrons with the
minimal Lorentz factor, ,,, and the emission of which is self-
absorbed, which means that we would be underestimating the
energy without taking these electrons into account. We
account for this additional energy by introducing a factor of
(’ym/'yg)zf" to the energy of the electrons (as discussed in
Section 4.2.1 in R. Barniol Duran et al. 2013), and we use it to
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generalize the process introduced in T. Matsumoto & T. Piran
(2023) for any value of power-law index p.

Equations (8), (9), and (10) in T. Matsumoto & T.
(2023) give

Piran

B 3F,dinpI?
* 2115 (1 + 2)°mef R*6p
—5 Fp,mJde,zxn%
Vi,lo(l + 2)}
N 9cF3dfns T
‘ 2\/§7T2q62m62V2(1 + z)gij“é‘B

3 6 10
— 41 x 108 Dpy s
v 0l + 2)8

FZ
fA R127 op

(D1)

F4

D2
resy Y

B 87T3mfcuf,(1 + z)7f§R46D
9, Fydp, 1T
Vf),lo(l + Z)7 ijI%é‘D
10 N
sz,mJydf,zsm r

(D3)

=13 x 1072 G[

The energy in the electrons is

E, = Ne’YemeCZF(’Ym/’Ye )271)
=3.36 x 108 erg x [520]7~!

P12 2(p+2), ~(2p+3)
X Fynnydiss vy

x (1 + Z)f(3p+5),y%;pfg(p+l)

« R1;(2p+2)1—‘2p+355(p+3), (D4)

and in the magnetic field

(BI)?
8
X Fponydrssvpio(l + 2

X f:fv Rll;riloé%)-

Ez= V=211 x 10*erg

(D5)

We next minimize the total energy with respect to the radius,

and the energy is minimized at Ep = (2” 1TZ)EE. The

equipartition radius is

1

Req = (1017 cm)[159 x [520]7~ ']z
p+6  2(p+6) 3

W13 g 2pri3 ,,—1 e bty

X pr)r;rllydL,[)ZE Z/11,10(1 + Z) p+13

. 2-p  p+5 | _pts
2p+13 2p+13 2p+13 2p+13
X €priyg R B Lé,>* ",

(D6)

and the equipartition energy is

Eoq = (3.36 x 10% erg)[159] 215
1 3p+14 20p+14)

1(p—1)
p+13 3 2p+13
X [520] 21 Fp,mJydL,zs

1 _spt27
X V101 + 2) e

~ 112-p)
o ()

3+ 20041 _ Tp+29
2p+13 £ 2p+13 2p+13
X fa fv Lép .

(D7)
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Here ¢ = (Z—B)/ (2P J2), and e, and eg are introduced to

account for deviations from equipartition (similar to R. Barniol

Duran et al. 2013). We also introduce factors of §2plﬁ and
gzplﬁ , with € =1+ ¢,!, to Equations (D6) and (D7),
respectively, to account for hot protons (see discussion in
Section 4.2.2 in R. Barniol Duran et al. 2013). Finally, it is
important to note that, here, ez and ¢, are not defined as
fraction of the post-shock energy and therefore are different
from the definitions introduced for the nonrelativistic case
(Appendix C and Equation (3)).
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