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Tidal disruption events (TDEs) occur when a star is gravitationally disrupted by the tidal field of a
supermassive black hole during a close encounter. Radio emission has recently been detected in TDEs and
is commonly attributed to synchrotron radiation from both wind and jetted outflows. However, several
TDEs exhibit bright radio flares at late times, which cannot be easily explained if the wind is launched
promptly after the stellar disruption. The radio light curves of TDEs with delayed radio flares are modeled
using three scenarios: an instantaneous wind, a delayed wind, and a delayed relativistic jet. We show that
the instantaneous wind model struggles to reproduce delayed radio flare events, indicating the necessity of
an additional delayed outflow component. In contrast, the delayed wind model provides a consistent
explanation for the observed radio phenomenology, successfully reproducing events both with and without
delayed radio flares. For some delayed radio flare events (e.g., ASASSN-150i and AT 2019dsg), both the
delayed wind and delayed jet models can reproduce the observed radio light curves, making it challenging
to distinguish between these scenarios based on radio data alone. To break this degeneracy, we present
calculations of detailed multiwavelength spectra from radio to x-ray and very-high-energy gamma-ray
bands, including both synchrotron and inverse-Compton processes. Within this framework, the delayed jet
model produces x-ray and optical emission detectable at typical TDE distances, in contrast to wind-driven
scenarios. Our results highlight how multiwavelength campaigns offer effective means to distinguish
between possible outflow mechanisms. We apply our model to AT 2025aarm, which is one of the closest
TDEs that has been observed, and show the importance of x-ray observations.

DOI: 10.1103/zn96-2c77

I. INTRODUCTION

A tidal disruption event (TDE) occurs when a star is torn
apart by the tidal forces of a supermassive black hole
(SMBH) during a close encounter [1-3]. The stellar debris
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is divided into roughly equal components: One portion
becomes unbound and is ejected into space, while the
remainder returns toward the SMBH to form an accretion
flow. This process can give rise to multiwavelength
emission in radio, infrared (IR)/optical/ultraviolet (UV),
x-ray and gamma-ray bands. While the observed thermal
emission is commonly interpreted as reprocessed radiation
arising from the accreting stellar debris [4-9], alternative
interpretations have also been proposed. These include the
collisions of debris streams (e.g., Ref. [10]), the gravita-
tional contraction of a quasispherical envelope [11], and
late-time emission associated with a spreading accretion

Published by the American Physical Society
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disk (see, e.g., Refs. [12,13]). Consequently, the detailed
mechanism responsible for the thermal emission remains
uncertain. In addition, nonthermal emission components
have been detected in some TDEs, particularly those
associated with outflows. Radio emission in such cases
is attributed to synchrotron radiation from relativistic
electrons accelerated in shocks formed as jets or winds
interact with the circumnuclear medium (CNM) (see, e.g.,
Ref. [14]). Future multiwavelength observations are
expected to provide crucial insights into the structure,
energetics, and evolution of these outflows [14—16].

Some TDEs, such as Swift J1644 4+ 57 [17,18], Swift
J2058 + 05 [19], Swift J1112-8238 [20], and AT 2022cmc
[21], exhibit radio luminosities exceeding 10* ergs~! and
are widely interpreted as jetted TDEs, involving the launch
of relativistic jets (e.g., Refs. [22-26]). In contrast, TDEs
with lower peak radio luminosities of <10%¥-10°° ergs~!
are generally attributed to subrelativistic winds and are
classified as jet-quiet TDEs (see, e.g., Refs. [27-30]).
Recently, however, some TDEs have been detected that
exhibit radio flares peaking at late times (“‘delayed radio
flare”), around ~108% s after their optical discovery, with
peak luminosities of ~10°8-10%° ergs~! [31-34]. Some of
these delayed radio flares are preceded by another, earlier
radio flare (“rebrightening radio events”). These events are
fainter than jetted TDEs, yet brighter than the typical jet-
quiet TDE population at a few months. The origin of such
delayed radio flares remains unclear.

Several models have been proposed to explain these
delayed radio flares. One possibility is the delayed launch
of an outflow, either as a spherical wind or a collimated
relativistic jet, which interacts with the CNM at late times
[33,35-40]. Another possibility is outflow interaction with
a stratified CNM, where the ambient density remains low
initially but increases sharply at ~0.1-1 pc, triggering
strong radio emission once the outflow reaches this denser
region [41-43]. A third scenario involves a transition in the
CNM density profile, from a power-law profile to a
constant density medium beyond the Bondi radius [44].
The fourth scenario is that TDE jets are launched promptly
but remain choked by disk winds due to disk—spin mis-
alignment, becoming observable after alignment with the
SMBH spin axis [45]. Finally, delayed radio brightening
may also result from an off-axis relativistic jet. A one-
component version of this scenario has been proposed by
Ref. [46], while a two-component off-axis jet model has
been suggested by Ref. [47], in which a narrow fast jet and
a wider, slower component contribute to the observed radio
brightening. On the other hand, distinguishing among these
possibilities remains challenging due to insufficient multi-
wavelength coverage during the late-time evolution of these
TDEs [48,49].

In this paper, we investigate whether the radio emission
observed in delayed radio flare TDEs can be consistently
explained by delayed outflow models. We consider three

scenarios: an instantaneous wind, a delayed wind, and a
delayed relativistic jet. To distinguish between these
models, we examine the detectability of multiwavelength
afterglow emission with the Cherenkov Telescope Array
Observatory (CTAO) [50], the Chandra X-ray Observatory
(Chandra) [51], the Vera C. Rubin Observatory (Rubin)
[52], the Zwicky Transient Facility (ZTF) [53], the
Atacama Large Millimeter/submillimeter Array (ALMA)
[54], the Square Kilometre Array Observatory (SKAO)
[55], the Very Large Array (VLA) [56], and the MeerKAT
radio telescope (MeerKAT) [57]. In particular, we assess
whether x-ray and optical follow-up observations can help
break the degeneracy between the models, which often
produce similar radio light curves. By comparing model
predictions with existing and forthcoming observations, we
aim to constrain the physical origin of delayed radio flares
and improve our understanding of outflow launch mech-
anisms in TDEs. This paper is organized as follows. In
Sec. II, we describe our modeling framework for the
instantaneous wind, delayed wind, and delayed jet scenar-
ios. In Sec. III, we compare the model predictions with
observed radio light curves for a sample of TDEs exhibiting
late-time radio emission. In Sec. IV, we discuss the
prospects of detecting associated multiwavelength (x-ray,
optical, radio) afterglows with current and future facilities.
Section V is devoted to a discussion of the main results, and
the conclusions are presented in Sec. VI.

II. MODEL DESCRIPTION

In this section, we describe three models, the instanta-
neous wind, delayed wind, and delayed jet, used to study
the outflow dynamics and the associated synchrotron
emission. Our modeling framework follows the gamma-
ray burst afterglow formalism, in which the outflow
dynamics are evolved and synchrotron and inverse-
Compton emission is computed. To compute the resulting
radio light curves, we utilize the blast wave module of
AMES (Astrophysical Multimessenger Emission Simulator),
following the methodology described in Refs. [58,59] (see
also Refs. [47,60,61]). The blast-wave evolution and the
associated radiation are calculated numerically in AMES,
which follows the dynamical evolution of the outflow from
the coasting phase through deceleration, including both
relativistic and nonrelativistic outflows and, at sufficiently
late times, the deep-Newtonian phase. The analytic expres-
sions presented below are not used in the numerical
calculations but are introduced to facilitate the interpreta-
tion of the numerical results and to illustrate the asymptotic
parameter scalings.

A. Instantaneous wind model

We model the dynamical evolution of a spherical non-
relativistic outflow characterized by an isotropic-equivalent
kinetic energy £;° and an initial velocity v,. The outflow
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FIG. 1. Schematic illustration of the instantaneous wind model.

A nonrelativistic wind is launched from the accretion disk after
the stellar disruption. The wind drives a forward shock into the
CNM with a power-law density profile, n(R), producing syn-
chrotron emission from shock accelerated electrons.

propagates into the CNM described by a power-law density
profile, n(R) = AR™ = ng(R/10'® cm)™ (see Fig. 1 for
a schematic picture). We assume that the emission origi-
nates from a region at radius R. The outflow enters the
deceleration phase, for which the radius and velocity
approach the self-similar evolution given by

_ o (5=w\F (B -w)ER\T_
R—(l+z) SM( 5 ) < 27zAmp T5, (1)

:(1+z)—;%%(5;w> (<3 W>5'S°>*1Tr:i, )

2nAm,,

where v is the outflow velocity, m,, is the proton mass, and
T =t —t, is the observer time measured from the time of
optical discovery (¢;), at which the tidal disruption occurs
and the outflow is assumed to be launched (see, e.g.,
Refs. [62-64]). As the outflow interacts with the dense
external medium, synchrotron and synchrotron self-
Compton (SSC) emission is generated. We adopt a
power-law energy distribution for the accelerated electrons
with index s and assume constant microphysical parameters
€p, €., and f,, which represent the fractions of internal
energy transferred to magnetic fields, nonthermal electrons,
and the fraction of accelerated electrons, respectively. The
downstream magnetic field, amplified by shocks, is esti-
mated as (e.g., Refs. [65,60])

B’ = (8zegm,n(R)v?)"/%. (3)

The minimum Lorentz factor of accelerated electrons is

€, (s =2\ m,v?
e @

fe\s—1)m,c

The corresponding minimum synchrotron frequency is
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where z is the redshift, s, = £8°/10% erg, n_y =
next/lo_l Cm_37 €p—2 = €B/10_2’ €e—1 = 66/10 s fe,O =
f./1.0, and T; = T/107 s. The synchrotron cooling fre-
quency is given by

_3(2-w) 3(7- 2u)
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Synchrotron self-absorption suppresses radio emission at
low frequencies. The synchrotron self-absorption fre-
quency v, is defined by the condition 7y, (v,) = 1, where
T 1S the corresponding optical depth.

As the observed radio spectra of most TDEs exhibit the
frequency ordering v,, < v, < v, at late times (see, e.g.,
Ref. [33]), we adopt the same spectral regime to compute
the synchrotron self-absorption frequency:

2(s—1)
3(4=s)w+10(s=3) — 2\ 57
v, ~ (1.1 x 10° Hz)(1 4+ z) & Do <S > '
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The synchrotron peak flux is given by

w2 83w '§w 7
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where d; = dj 55 x 10®® cm is the luminosity distance.
The synchrotron spectrum in the regime v,, <v, <,
takes the form

F, = Fi

v, <v.

Under the condition v,, < v < v, < v,, substituting v,,, v,,

and F"™ into Eq. (9) yields the observed flux as a function
of time:

247 A6

(3.8 x 107! mJy)(l + Z) M ER _im 7

FU(T) ~

X 63 ZdL 28V éTM K (10)
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FIG.2. Schematic illustration of the delayed wind model. At T = 0, the initial nonrelativistic wind is launched from the accretion disk.
Subsequently, a second wind component is launched at a time delay T = Ty, following the initial wind. Similar to the initial
nonrelativistic wind, the delayed wind also interacts with the CNM, driving a shock that produces renewed synchrotron emission.

where vy = v/10° Hz. These scalings of Egs. (5), (7), and
(10) are consistent with Ref. [67]. In this regime, the light
curve peaks when the synchrotron self-absorption fre-

quency v, crosses the observing frequency. After the peak,
s—2)4w—+3(7-5s)

the flux decays as F, « TT

In the above analytic treatment, the accelerated electrons
are assumed to remain relativistic, with y,, « (v/c)?. At
sufficiently late times, the blast wave can enter the deep-
Newtonian phase, in which the minimum Lorentz factor of
accelerated electrons contributing to the synchrotron emis-
sion is approximately constant (e.g. Ref. [68]). In this
phase, the downstream magnetic field and the minimum
synchrotron frequency scale as B’ o« T-3/G5~%) and
U, & T73/57%) | respectively, while the peak flux scales
as F™X o 7-3/5-%)_ For v,, < v, < v < v,, the expected
late-time decay in the deep-Newtonian phase becomes

3\ ]
F, < T (e.g., Ref. [68]).
Before the onset of deceleration, the outflow undergoes a
coasting phase with R« T and v ~wv, = const.. The
deceleration time, defined by the condition that the

swept-up circum-nuclear material becomes comparable
to the ejecta mass, is approximately Tg.. =~ (1+

2)EE V)55 (e g, Ref. [69]). For T S Ty, the

relevant synchrotron quantities scale as B o« T7"/2,

4—w(6+s)

Up x T2 v, « T2, and FP™

. 84w
sponding synchrotron ﬂux evolves as F, « T+ for v,, <
12—w(. r+5
v<v,<v.and F,xT %

2-w)
7. The corre-

forv, <v, <v<v,.

B. Delayed wind model

In this model, the second delayed outflow is launched
from the accretion disk at a delay time T4, following the
initial nonrelativistic outflow (see Fig. 2). This delayed
wind, characterized by an isotropic kinetic energy & 50 and
an initial velocity v, interacts with the CNM, giving rise to
renewed synchrotron emission from shock accelerated
electrons. The electron energy distribution is assumed to
follow a power law with index s, and the emission is
characterized by microphysical parameters €,, €, and f,.
The outflow dynamics and synchrotron radiation are
modeled in the same manner as in Sec. Il A, but with a
shifted time origin.

The delayed onset compresses the emission duration
in the observer time frame, resulting in a more rapid
flux rise shortly after the launch of the delayed outflow.
Furthermore, the temporal evolution of the synchrotron
break frequencies (v,, v,, and v.), and the flux
normalization is governed by the shifted time coordinate
T —T4q. As a result, simple analytical power-law
scalings in the observer time 7 are generally not

T=0 T =Tge
Shock Shock  cNM:n(R)
/‘ CNM: n(R)
Observer
Shock Radio
BH@ Disk wind BH@
\ | Delayed jet

-

FIG. 3.

Schematic illustration of the delayed jet model. At T = 0, the initial nonrelativistic wind is launched from the accretion disk.

Subsequently, at T = T, a relativistic jet is launched. The jet propagates into the CNM, driving a forward shock that forms a thin shell.
Synchrotron radiation is emitted from this shocked region as the jet decelerates and evolves.
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applicable. Nevertheless, similar to the instantaneous
wind case, the light curve is still expected to peak
when the synchrotron self-absorption frequency v,
passes through the observing band.

C. Delayed jet model

In the delayed jet model, we assume that a relativistic
jet is launched from the SMBH at a delay time T,
following the initial nonrelativistic wind as shown in
Fig. 3. The jet propagates into the CNM with a density
profile n(R) = ng.(R/10' cm)™ and is modeled as a
top-hat jet with isotropic-equivalent kinetic energy &£i*°,
initial bulk Lorentz factor I';, and initial half-opening
angle 6. As the jet expands, it drives a forward shock into
the CNM, forming a thin shell that produces synchrotron
emission. The radiative treatment follows the same pre-
scription as discussed in Sec. II A. We assume an on-axis
observer for our analysis.

As with the delayed wind model, the time shift due to
T4 compresses the light curve in the observer time frame,
making simple power-law approximations with 7" generally
invalid. On the other hand, the light curve is still expected
to peak when the synchrotron self-absorption frequency v,
crosses the observing frequency.

(a) ASASSN-14ae

102
® 5GHz
¢ 7 GHz(x10)
. MW 11 GHz(x100)
10"+ .... instantaneous wind
= Delayed wind
E = = Delayed jet
E 1004l
> o
w ..
1070 e,
’ Y.,
10-2
107
Time since discovery : T [s]
103 (c) PS16dtm
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¢ 6 GHz(x10)
1024 M 11 GHz(x100)
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= Delayed wind
" 10!+ == Delayed jet
E. o "
W 100
10714 it
JRLALEE \4
1072 — ! .
106 107 108 10°

Time since discovery : T [s]

III. COMPARISON OF THEORETICAL MODELS
WITH OBSERVATIONS

We model the radio light curves of TDEs using three
scenarios: (i) an instantaneous wind model, (ii) a delayed
wind model, and (iii) a delayed jet model. Our sample
consists of nine TDEs with well-sampled radio light curves,
namely ASASSN-14ae, ASASSN-150i, PS16dtm,
iPTF16fnl, ASASSN-19bt, AT 2019dsg, AT 2019¢hz,
AT 2019eve, and AT 2020vwl. Several events in our
sample overlap with those analyzed by Ref. [40].

We classify an event as a delayed radio flare if its peak
radio luminosity exceeds 5 x 10%7 ergs™ at7 > 5 x 10° s.
Based on this criterion, eight events (all apart from
iPTF16fnl) are classified as delayed radio flares. A summary
of references reporting radio observations for these sources is
provided in Table II. To compute the radio light curves, we
utilize the AMES code (see Sec. II). AMES incorporates key
physical processes, including outflow dynamics, synchro-
tron radiation mechanisms, and absorption processes.

From our analysis, we find that the majority of
sources are well described by the following typical
parameter  ranges: g ~ 10-10° cm™,  w~1-2,
§~21-28, €5~1073-1072, ¢,~103-0.1, and
fe~0.1. A few sources exhibit parameters outside
these ranges, such as ASASSN-14ae (n. ~ 10° cm™),

(b) ASASSN-150i

10°
@® 3GHz
. ] & 5GHz(x10) l'l
10" w23 GHalx 100) n
= Instantaneous wind |‘\
103 4 = Delayed wind I\
:>: = = Delayed jet ] S
E 1024 Leeeeel,
B
W
10t 4+
100
107t - et =
108 107 108 10°
Time since discovery : T [s]
105 (d) AT 2019dsg
® 1.36GHz
., | # 7GHzx10)
1074 B 17 GHz(x 100)
= Instantaneous wind
103 4 = Delayed wind
S = = Delayed jet
e 2|
£ 10 aw .
W 1 . .".u
10t . T AN
100 . .
10-1 R ;
106 107

Time since discovery : T [s]

FIG. 4. Observed radio data for ASASSN-14ae in panel (a), ASASSN-150i in panel (b), PS16dtm in panel (c), and AT 2019dsg in
panel (d) are shown (see plot legends for frequencies corresponding to radio observations considered). These are compared with the
radio light curves calculated from our theoretical models. In each panel, the dotted, solid, and dashed lines represent the emission from
the instantaneous wind, delayed wind and delayed jet, respectively. The upper limits in radio flux are shown with downward triangles.
For these four events, the observed radio data suggests the presence of delayed outflows, either in the form of a jet or a wind.
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(c) AT 2020vwl

(b) ASASSN-19bt
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FIG. 5.

Observed radio data for iPTF16fnl in panel (a), ASASSN-19bt in panel (b), and AT 2020vwl in panel (c) are shown (see plot

legends for frequencies corresponding to radio observations considered). The radio observations are compared with the predictions of
our theoretical models. The line types and downward triangles shown here have the same meaning as in Fig. 4. For these three events, the
radio emission from a delayed jet is inconsistent with the observed radio flux.

iPTF16fnl (e5 ~ 3 x 1073), and AT 2019dsg (eg ~ 107%).
These deviations likely reflect parameter degeneracies
inherent to the model. For the wind component, we
adopt vy ~0.1c and £5° ~5x 105" =5 x 10%% erg. For
the relativistic jet component, we assume [j~3, 0y~
0.35 rad and &8° ~ 5 x 10°% erg. The launch time of the
delayed components is set to T4 ~ 107108 s. The best
fit radio light curves are shown in Figs. 4, 5, and 6, and

(a) AT 2019ehz

10°
@® 3.5GHz
. N ¢ 9 GHz(x10)
10%4 s B 17 GHz(x100)
1 \ ==+ Instantaneous wind
103 H I \\ = Delayed wind
; i \\ \ == Delayed jet
E 102 I
= s
w
10" W
¥
100 4
107t

T T
106 107 108 10°
Time since discovery : T [s]

Table I, with the best fit model parameters summarized
in Table III.

For the instantaneous wind model, most events remain
in the coasting phase over the epochs relevant to the
observed radio emission, with typical deceleration times
of Tyee ~ 108-10° 5. Only ASASSN-14ae has entered the
deceleration phase. Accordingly, the temporal evolution of
the synchrotron emission for most sources is governed by

(b) AT 2019eve

104 4 ® 35GHz
o ¢ 5GHz(x10)
I AN B 9 GHz(x100)
10% 4 I ~ === Instantaneous wind
: \\ = Delayed wind
E 1024 N _~~ S = = Delayed jet
IS
N
w

1(‘)7
Time since discovery : T [s]

FIG. 6. Observed radio data for AT 2019¢hz in panel (a) and AT 2019eve in panel (b) are shown (see plot legends for corresponding
observing frequencies). Radio observations are compared with light curves inferred from the three theoretical models. The line types and
downward triangles have the same meaning as in Fig. 4. For these events, all three models, the instantaneous wind, delayed wind, and

delayed jet, can explain the observed radio data.
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TABLE 1. Model fit summary for TDEs with detected radio emission.

TDE Name Two outflows® Instantaneous wind Delayed wind” Delayed jet
ASASSN-14ae’ Yes X v v
ASASSN-150i"" Yes x v v
PS16dtm* Yes X v v
iPTF16fnl® v v X
ASASSN-19bt* Yes x v x
AT 2019dsg™" Yes X v v
AT 2019¢hz" v v v
AT 2019eve’ v v v
AT 2020vw1*! Yes x v x

“Two separate outflows (instantaneous wind + delayed wind and/or instantaneous wind + delayed jet).

Instantaneous wind + delayed wind.
“Instantaneous wind + delayed jet.
Delayed radio flare event.

“Radio event without a delayed flare.
'Rebrightening radio event.

the coasting-phase dynamics rather than by the asymptotic
self-similar scalings of the deceleration phase. The numeri-
cal light curves shown in this work account for the
dynamical evolution directly through the time-dependent
calculation implemented in AMES.

The physical parameters adopted in this work are
broadly informed by those inferred from radio observations
of TDEs in previous studies, in particular, Ref. [33], while
reflecting  differences in  modeling assumptions.
Reference [33] employs an equipartition analysis of late-
time radio spectral energy distributions, which yields
characteristic kinetic energies of ~10*-10* erg, mildly
subrelativistic velocities (v ~ 1072 — 107!¢), and ambient
densities spanning a wide range across different events
(Nexe ~ 1-10° cm™3). In contrast, in our model, we explic-
itly solve time-dependent hydrodynamical evolution of
winds and jets and adopt microphysical parameters that
are similar to those of gamma-ray burst afterglows. The
inferred values are physically motivated and differ from
those obtained by the equipartition assumption, as they
correspond to different definitions and physical assump-
tions, including geometry and radiative efficiency. For
example, we find isotropic-equivalent kinetic energies of

TABLE II. References for the observed data are listed.
Events Frequencies References
ASASSN-14ae 5,7, and 11 GHz Ref. [33]
ASASSN-150i 3, 5, and 23 GHz Refs. [31,70,71]
PS16dtm 3,6, and 11 GHz Ref. [33]
iPTF16fnl 5,7, and 15.5 GHz Refs. [33,72]
ASASSN-19bt 2.1, 9, and 17 GHz Ref. [34]
AT 2019dsg 1.36, 7, and 17 GHz Refs. [29,33]
AT 2019¢hz 3.5, 9, and 20 GHz Ref. [33]
AT 2019eve 3.5, 5, and 9 GHz Ref. [33]
AT 2020vwl 1.25, 5.5, and 9 GHz Refs. [36,73]

E0 ~ 1091-10 erg.  Although the kinetic energies
inferred in our model are several orders of magnitude
larger than those obtained in Ref. [33], the inferred CNM
density scale remains broadly similar. We note that
Ref. [33] primarily considers nonrelativistic wind scenar-
ios, with delayed components discussed in detail for AT
2019dsg, whereas our analysis systematically examines
both instantaneous and delayed winds as well as delayed
relativistic jets across the TDE sample.

A. TDEs with delayed radio flares

For the following events, the instantaneous wind sce-
nario struggles to explain the late-time rise in the radio flux,
as it predicts a monotonic decline once the absorption
frequency v, passes through the radio bands (see Sec. II A).
Instead, the delayed wind and/or delayed jet models, in
which the outflow is launched at Ty ~ 107—10% s, can
account for the delayed radio brightening observed in these
events:

ASASSN-14ae, ASASSN-150i, PS16dtm, & AT 2019dsg.
In the instantaneous wind model, the radio flux decays after
v, crosses the observational band, which is inconsistent
with the observed late-time rise. A delayed wind or jet
scenario, where the outflow is launched after a significant
time lag (T 4o ~ 107108 s), can explain the delayed peak in
the radio light curve. For PS16dtm, the light curve in the
delayed jet scenario exhibits two distinct peaks. The first
peak corresponds to the deceleration time of the jet, while
the second arises when the synchrotron self-absorption
frequency crosses the observing frequency.

ASASSN-19bt & AT 2020vwl. Similar to ASASSN-150i
and AT 2019dsg, these two events exhibit detectable radio
emission not only at early times but also at late times
(~108 s). In particular, AT 2020vwl1 displays rebrightening
in its radio light curve. Delayed radio rebrightening is
difficult to reconcile with a single outflow component and
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instead suggests the presence of an additional delayed
outflow. The late-time radio emission in these events is
consistent with the delayed wind model, whereas the
delayed jet scenario is disfavored. This is because, in
the Blandford—-McKee phase, the relativistic shock decel-
erates rapidly (R o« TV T' o« T0W=3)/2(4-w))  leading
to a sharp post peak decline in emission. In contrast,
a Newtonian outflow decelerates more gradually
(v & TW=3)/G-)) producing a slower flux decay, consis-
tent with the observed light curves.

AT 2019ehz & AT 2019eve. The observed radio light
curve can be explained by either an instantaneous wind or a
delayed outflow (wind or jet). In these cases, the intro-
duction of a delayed component is not strictly necessary.
For AT 2019eve, the light curve in the delayed jet scenario
exhibits two distinct peaks. While the first peak corre-
sponds to the deceleration time of the jet, the second
emerges when the synchrotron self-absorption frequency
drops below the observing frequency, similar to the
behavior observed in PS16dtm.

B. TDEs without delayed radio flares

iPTFI6fnl. Both the instantaneous wind and delayed
wind models can reproduce the late-time radio data. Note
that the inferred isotropic kinetic energy using the delayed
wind model is lower than that of the delayed flare TDE:s.
This is because iPTF16fnl is the only event in our sample
classified as exhibiting a TDE without delayed radio flare,
whose peak radio luminosity is lower than that of the events
with delayed flares. In contrast, the delayed jet model
predicts a rapid decline after the peak, which is inconsistent
with the observed radio light curve. As in ASASSN-19bt
and AT 2020vwl, this arises due to deceleration of the

(@) T=12%107s, T4 =1%x10" s

relativistic jet, which causes a steep decline in radio
emission as the relativistic beaming reduces. In contrast,
emission from the nonrelativistic wind decays more gradu-
ally, as the outflow remains in the Newtonian regime. Given
that the instantaneous wind model requires fewer model
parameters compared to the delayed wind or jet scenarios, it
is favored as a natural explanation for this event.

IV. TESTING MODELS WITH
MULTIWAVELENGTH OBSERVATIONS

In Sec. III, we found that some events can be explained
by both the delayed wind and delayed jet models.
Therefore, it is challenging to distinguish between these
scenarios solely based on radio observations. In this
section, we investigate whether multiwavelength observa-
tions using TeV gamma-ray (CTAO), x-ray (Chandra),
optical (Rubin, ZTF), and radio (ALMA, SKAO, VLA,
MeerKAT) facilities can serve as diagnostics to discrimi-
nate among the instantaneous wind, delayed wind, and
delayed jet models.

We compute both the synchrotron and SSC emission for
each model using the following parameter sets. For the
instantaneous wind model, we adopt £ = 5.0 x 10°! erg
and vy = 0.1c¢. For the delayed wind model, we use Siks" =
5.0 x 10 erg and v, = 0.1c. For the delayed jet model,
we adopt 0, =0, 0, =035 rad, £5° =5.0x 10°* erg,
Iy =3, and T4y = 1.0 x 10% s. In both the delayed wind
and delayed jet models, we consider Ty = 1.0 x 107 s and
1.0 x 10® s. In all cases, we fix the external medium and
microphysical parameters to nq, = 103 cm™3, w = 1.0,
s =24, eg =001, ¢, =0.1, and f, = 0.1. We assume
a redshift of z = 0.014 (d; = 60 Mpc), representative of

(b) T=12%x10%s, Tge=1%x10%s
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FIG. 7. Figure 7 shows predicted multiwavelength emission from the instantaneous wind, delayed wind, and delayed jet models at
different observer times measured from the launch of the instantaneous outflow (7") and delay times (7'4;) are made: T = 1.2 x 107 s
and T4 = 1.0 x 107 sin panel (a), and T = 1.2 x 108 sand T4 = 1.0 x 10® s in panel (b). The black dotted, solid, and dashed curves
correspond to the instantaneous wind, delayed wind, and delayed jet models, respectively. Synchrotron and SSC components are shown
as thick and thin curves, respectively. The SSC component is calculated for all models but is negligible for the instantaneous wind
model. Colored curves represent the sensitivity limits of various detectors gamma-ray (magenta: CTAO [50], 50 h), x-ray (red: Chandra
[51], 100 ks), optical (blue: Rubin [52], 30 s; sky-blue: ZTF [53], 30 s), and radio (brown: ALMA [54], 1 h; violet: SKAO [55], 10 h;
green: VLA [56], 1 h; orange: MeerKAT [57], 1 h). Considering AT 2025aarm as an example, a source distance of z = 0.014
(d; = 60 Mpc) is assumed. Only the delayed jet model exceeds the x-ray and optical sensitivity limits at these epochs for a nearby TDE.
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FIG. 8. Figure 8 presents the multiwavelength light curves in the radio [panels (a) and (b)], optical/x-ray [panels (c) and (d)], and TeV
gamma-ray [panels (e) and (f)] bands for the same model configurations and parameter sets adopted in Fig. 7. Panels (a), (c), and
(e) correspond to T4, = 1 x 107 s, whereas panels (b), (d), and (f) correspond to T4y = 1 x 108 s.

nearby optical TDEs such as iPTF16fnl and more recent
events including AT 2025aarm [74].

We present the results in Figs. 7 and 8. The x-ray
telescope Chandra has the potential to detect the syn-
chrotron emission from the delayed jet model regardless
of the adopted delay time (see dashed lines in Fig. 7). In
contrast, the x-ray from the instantaneous wind and
delayed wind models remains challenging to detect with
Chandra because the corresponding outflows are non-
relativistic and therefore lack strong Doppler boosting
(see solid and dotted lines in Fig. 7). As shown in Fig. 8,
the delayed jet emission evolves rapidly after launch,
implying that the x-ray counterpart is detectable only near
the launching epoch of the delayed outflow. Since the
delay time itself is long (Tye ~ 10778 s), this emission

would appear observationally as late-time x-ray bright-
ening, providing an important signature of delayed out-
flow activity.

Interestingly, recent Chandra observations of the
nearby TDE AT 2025aarm reported an x-ray flux of
~1078 ergem™2s! at T ~ 107 s [75]. This flux level is
comparable to the synchrotron x-ray emission predicted by
our delayed jet model in Fig. 7(a). Late-time x-ray
observations can provide a powerful probe of delayed
relativistic outflows in nearby TDEs. Therefore, late-time
x-ray detections provide an important diagnostic for dis-
tinguishing relativistic delayed jets from nonrelativistic
delayed winds, even when the radio light curves are similar.

In the optical band, the Rubin Observatory has the ability
to detect synchrotron emission from the delayed jet model
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for both short and long delay times considered here (see
dashed lines in Fig. 7). On the other hand, detection with
ZTF may be more challenging because of its lower
sensitivity, although even close events may still become
detectable. The detectability at different source distances is
discussed further in Sec. V B. However, we note that
identifying a nonthermal synchrotron component may
be complicated by the presence of bright thermal optical
emission from the TDE accretion flow itself. Nevertheless,
the thermal optical emission is expected to exhibit a
quasi blackbody spectrum, whereas the synchrotron com-
ponent follows a nonthermal power-law spectrum.
Multiband photometry and/or spectroscopy may therefore
help disentangle the delayed synchrotron emission from the
thermal TDE component.

TeV gamma-ray emission would be difficult to detect
with CTAO because the SSC component remains below the
CTAO sensitivity for typical TDE distances. For example,
TeV follow-up observations have been reported for the
nearby TDE AT 2025aarm [76]. Although the SSC com-
ponent predicted by our model remains challenging to
detect, TeV emission may become detectable for smaller
values of € than assumed in our fiducial model, which
would lead to a larger Compton-Y parameter and hence
stronger SSC emission. Furthermore, additional inverse-
Compton components, such as external inverse-Compton
(EIC) emission, may further enhance the TeV gamma-ray
flux, as discussed in Sec. V B.

At radio frequencies, all three models are potentially
detectable at low frequencies, such as those observed with
MeerKAT or VLA. On the other hand, the emission from
the delayed jet model exceeds the sensitivity threshold in
the high frequency regime accessible by ALMA. Although
ALMA’s sensitivity decreases toward higher frequencies,
the delayed jet remains in a transrelativistic phase at
~10% s. In contrast, both the instantaneous and delayed
wind models have already entered the nonrelativistic phase
by that time, resulting in significantly lower fluxes. As a
result, the delayed jet produces the highest flux among the
models at these high frequencies, making it detectable by
ALMA, despite its more limited sensitivity in this regime.

V. DISCUSSION

A. Energetics and delayed launching

As shown in Table I, for the delayed radio flare TDEs,
the isotropic kinetic energy inferred for the delayed wind
and delayed jet components is an order of magnitude larger
than that of the instantaneous wind. This trend may reflect
the fact that the late-time (>10% s) radio emission is
brighter than the early time emission (<108 s), requiring
a more energetic outflow to explain the observed flux. On
the other hand, the physical mechanisms responsible for
launching such powerful outflows at delayed times remain
uncertain. Several possibilities have been proposed to

explain the delayed launching of outflows in TDE:s.
These include a time lag in the formation of an accretion
disk due to inefficient circularization of stellar debris
[77-79] or the disk transition due to the change of the
accretion rate [12], delayed jet launch resulting from the
gradual accumulation of magnetic flux and the eventual
activation of the Blandford—Znajek mechanism [80], and
episodic reactivation of accretion driven outflows by fall-
back rate fluctuations [81]. Such delayed processes may
allow the subsequent production of more massive and
energetic outflows than what would be expected from
prompt ejection. In contrast, the TDE iPTF16fnl, which
does not exhibit a delayed radio flare, shows an isotropic
kinetic energy for the delayed wind component that is
comparable to that inferred for the instantaneous wind. This
is because iPTF16fnl has a peak radio luminosity of
~10°" ergs~!, which is about 2 orders of magnitude
dimmer than that of the delayed radio flare TDEs. This
suggests that outflows launched promptly after disruption
may be intrinsically less energetic.

Radio rebrightening events in our sample appear to
require the presence of two distinct outflow components,
either in the form of two winds or a combination of a wind
and a jet (see Table I). Nevertheless, even for TDEs that
exhibit pronounced late-time radio flares, such as AT
2019ehz and AT 2019eve, the inclusion of a delayed
outflow component is not strictly necessary to reproduce
the observed light curves (see Table I and Fig. 6). This
diversity in radio behavior likely reflects underlying
differences in the physical properties of the accretion disk,
such as the efficiency of debris circularization, the time-
scale for disk formation, or the ability to accumulate
magnetic flux, which may in turn regulate whether addi-
tional outflows are produced and at what epoch they are
launched.

The fallback time of the most tightly bound debris can be
estimated as Ty ~ 10° s(Mgy/10"M )2 (M, /Mg)~ ' x
(R,/Ry)*?, where Mgy is the BH mass, and M, /R,
denote the mass/radius of the disrupted star, respectively
[2]. By contrast, the inferred delay times for launching
outflows are T4, ~ 10778 s (see Table III), which are at
least an order of magnitude longer than Ty,. Since the mass
fallback rate monotonically declines as My, o T=>/3 for
T Z Ty, [2], fallback driven accretion alone cannot account
for the observed late-time radio brightening. This discrep-
ancy motivates the consideration of additional delayed
processes capable of powering energetic outflows at late
times, such as inefficient debris circularization, gradual
accumulation of magnetic flux leading to the activation of a
Blandford—Znajek jet, or episodic reactivation of accretion
triggered by fluctuations in the fallback rate.

A variety of physical mechanisms have been proposed
to account for the delayed launching of outflows in TDEs.
One possibility is a time lag in accretion disk formation
caused by inefficient debris circularization or long viscous
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timescales [12,33,82]. Late-time radio activity observed in
a significant fraction of optically selected TDEs may
support such delayed accretion phases [83]. Delayed mass
ejection may also arise from disk instabilities or from the
gradual accumulation of magnetic flux that eventually
triggers the Blandford—Znajek process [40,84,85]. In
addition to central engine physics, environmental and
geometric effects can delay the observability of outflows;
for example, interaction with a structured CNM or off-axis
viewing may postpone the emergence of detectable
synchrotron emission [22,42,47,86]. Overall, the delayed
radio behavior of TDEs likely reflects a combination of
accretion physics, magnetic field evolution, and circum-
nuclear environment.

Based on our modeling, we find that the observed early
and delayed radio emission properties of all events can be
consistently reproduced with isotropic-equivalent kinetic
energies clustered around & ~35x 10°1-5 x 103 erg
(see Table III). This clustering suggests that winds and
jets in optical TDEs may share a comparable energy
budget. These values may be systematically larger than
those inferred in previous works (e.g., Ref. [33]), where the
kinetic energy was estimated under the assumption of
equipartition between relativistic electrons and magnetic
fields. Our calculation follows the time-dependent hydro-
dynamical evolution of winds and jets and constrains the
microphysical parameters (e,, €z, and f,) through radio
fitting rather than assuming equipartition. Consequently,
differences between our estimates and the equipartition
based estimates of Ref. [33] are expected.

To demonstrate this more explicitly, we consider the
delayed wind model for ASASSN-14ae. At the epochs
considered below, the delayed wind has already entered the
deceleration phase but remains outside the deep-Newtonian
regime. The second 5 GHz data point at 7' =~ 2696 d may
correspond to the epoch when the synchrotron self-absorp-
tion frequency crosses the observing band, v, ~#5 GHz.
Using Eq. (7), the condition v,(2696 d) ~ 5 GHz implies
nd3EYS ~ 15. Prior to this epoch, the 5 GHz emission lies
in the regime v,, < v < v,. Evaluating Eq. (10) at 7 =
3243 d with the measured flux F,_s gy, ~ 0.4 mJy yields
n, 1/ léEzélé ~ (.01. Solving these relations with represen-
tative microphysical parameters and delay time inferred
from our numerical modeling (s, w, €,, €g, f., and T4e)
gives £ ~ few x 10°2 erg. While this estimate is not fully
independent of the detailed modeling, it provides an
analytic consistency check that the observed flux level
and self-absorption crossing time require large kinetic
energies.

Importantly, inferred kinetic energies of £5° ~ 103 erg
may lie within the available energy budget for mass
accretion onto a SMBH, which can be physically realized
in delayed outflow scenarios. The formation of an accretion
disk can be delayed due to the inefficient circularization of
the stellar debris [77-79], where the circularization and

angular-momentum transport are inefficient, such that a
fraction of the bound debris is promptly accreted, while a
substantial fraction of the debris remains on extended orbits
and accretes at later times. Such delayed accretion, involv-
ing a sizable fraction of the stellar mass, is sufficient to
account for the inferred outflow energetics, and the
gravitational energy budget is estimated to be

Sgrav = naccfinffbM*Cz

~ Macc fin ffb M*
~0.9 x 1052<0.1) (m) (ﬁ) (1Mo> erg, (11)

where M, is the stellar mass, f;, ~ 0.1 is the mass fraction
of accreting material, and f, ~ 0.5 is the fraction of the
stellar mass that falls back (e.g., Ref. [12]). This indicates
that the required outflow energy remains within the
available energy budget.

Alternatively, delayed outflows may be associated with
the disk transition (e.g., Ref. [12]). Delayed outflows may
be launched when the luminosity declines to a critical value
of L~ 0.02Lgyq [87]. The total energy available from
such an outflow over the delay timescale is therefore
~LeitTaer ~ 3 X 1001 (Mg /10"Mg) (T /108 s) erg. This
may account for the collimation-corrected kinetic energy in
the delayed jet model, &' ~ €902 /2 ~ 3 x 10°! erg. For a
more massive BH (Mg ~ 103M,), the available energy
increases to0  ~3 x 103 (Mgy/103M ) (T4, /108 s) erg,
which is comparable to the isotropic kinetic energy adopted
in the delayed wind scenario. At such large BH masses,
ordinary main-sequence stars are close to the direct-capture
limit, whereas evolved stars with extended envelopes can
still be disrupted outside the horizon. Hence, a TDE around
Mgy ~ 108M  may more involve an evolved star such as a
red giant. In giant-star disruptions, the extended envelope
generally leads to a longer fallback time and lower fallback
rate, often sub-Eddington, although short super-Eddington
episodes may occur depending on the core-envelope
structure and encounter depth (e.g., Ref. [88,89]). If this
is the case, our results imply that delayed radio-emitting
outflows preferentially originate from TDEs hosting mas-
sive BHs with Mgy ~ 108M .

B. Implications for multiwavelength observations

In the delayed jet scenario, a relativistic outflow is
launched at T4, = 10 s after the stellar disruption. Our
numerical calculations show that the synchrotron emission
from this jet peaks around this epoch, with fluxes in both x-
ray and optical bands exceeding the sensitivity limits of
Chandra and Rubin, respectively. Notably, the optical
emission remains above Rubin’s detection threshold for
a narrow time window of ~(1.0-1.2) x 10 s. After this,
the flux declines rapidly due to jet deceleration and geo-
metric spreading, quickly falling below the detectability
threshold. With the commencement of full scale operations
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at the Rubin Observatory, a substantial increase in the
detection rate of optical transients is anticipated.
Consequently, it is essential to establish optimal timing
for follow-up observations using x-ray and radio facilities
subsequent to the identification of optical emission by
Rubin. Once a rising optical signal is detected around T ~
10% s after the launch of the instantaneous outflow, follow-
up x-ray observations with Chandra should be initiated
within approximately 10°-~107 s. This timescale ensures
that the transient x-ray counterpart is captured before it
declines below the instrument’s sensitivity, as the x-ray
light curve in the delayed jet scenario typically peaks and
declines on timescales of weeks to a few months after the
jet is launched.

Although the overall delay in jet or wind launching is on
the order of years (~108 s), once the outflow is initiated, the
subsequent emission evolves on much shorter timescales
(~10°-107 s) as seen in Fig. 8. In particular, the rise and
peak of the delayed component can develop rapidly.
Therefore, high cadence optical monitoring around 7 ~
108 s is essential for discriminating between nonrelativistic
winds and relativistic jets. A cadence of ~10° s is recom-
mended during this critical phase to resolve the rise and
peak of the delayed emission with sufficient temporal
resolution. In contrast, radio emission remains detectable
with ALMA, SKAO, VLA, and MeerKAT throughout the
evolution in all models, namely the instantaneous wind,
delayed wind, and delayed jet, owing to the lower absorp-
tion frequencies and the slower flux decay. The rise and
peak of the radio light curve typically occur when the
absorption frequency v, crosses the observing band,
developing over timescales of weeks to months. To capture
this evolution effectively, radio follow-up should begin
promptly after the detection of late-time optical emission
(within a few days), with a recommended cadence
of ~10° s.

We comment on how T4 should be defined. A practical
approach is to identify the onset of rebrightening in the
radio light curve, which marks the interaction of a newly
launched outflow with the CNM. In this case, Ty is
inferred as the epoch when the radio flux begins to rise after
an initial decline. For an initial nonrelativistic wind out-
flow, nonthermal optical or Xx-ray counterparts are not
expected. A more direct constraint could be obtained if
nonthermal optical or x-ray emission is detected simulta-
neously with the radio rebrightening, as predicted in
delayed jet scenarios. In such cases, the rise of the high
energy component would provide a more accurate meas-
urement of Tg4,. Therefore, systematic multiwavelength
follow-up is essential.

We compute the detection horizons for the telescopes
considered in Sec. IV using Eq. (8) of Ref. [90]. The model
parameters are the same as those adopted in Sec. IV. As
shown in Figs. 9(c) and (d), both Chandra and Rubin are
capable of detecting the delayed jet emission when the

source is located within ~10° Mpc near the peak epoch.
However, because the delayed jet emission rapidly declines
after the peak, such a large horizon is maintained only for a
short duration. In practice, the effective detection distance
is expected to be much smaller, likely limited to several
hundred Mpc for typical follow-up observations. The
optical and x-ray emission from the delayed wind model
is detectable out to 100 Mpc, whereas the instantaneous
wind model can be detected within ~20 Mpc due to its
nonrelativistic nature and the absence of significant
Doppler boosting. Rubin and ZTF operate in the same
optical band, but their sensitivities are significantly differ-
ent (see blue and sky-blue lines in Fig. 7), resulting in
different horizon distances. The overlap between Rubin and
Chandra reflects their similar detection horizons. Our
results further indicate that CTAO can detect the TeV
gamma-ray emission if the source is nearby: within d; <
0.4 Mpc for the delayed wind model and d;, < 10° Mpc for
the delayed jet model [see Figs. 9(e) and 9(f)]. However,
because the delayed jet emission declines rapidly after the
peak, the TeV detection horizon of ~10° Mpc applies only
during a short lived phase. In practice, the effective horizon
for CTAO observations is expected to be significantly
smaller, likely limited to a few Mpc.

Radio facilities such as SKAO and ALMA have sub-
stantially larger detection horizons [see violet and brown
lines in Figs. 9(a) and 9(b)]. Because the delayed compo-
nents become radio bright at late times, these instruments
can detect the emission even if the source lies at cosmo-
logical distances up to ~10 Gpc at the time the delayed
outflows (jet and/or wind) are launched. This implies that
radio transients that brighten over several years and fade on
similarly long timescales, with little or no accompanying
x-ray or optical counterparts, may plausibly originate from
delayed jets and/or winds associated with a TDE. Such
scenarios highlight the importance of wide-field, high-
sensitivity radio surveys in uncovering the otherwise
hidden population of delayed TDE components.

In Sec. IV, we investigated the SSC emission. For the
delayed wind and delayed jet models, two distinct outflows
are present, which provide two different photon fields. This
raises the possibility of EIC scattering, in which electrons
in the instantaneous wind shock upscatter photons origi-
nating from the delayed component. In both models, the
energy density of the seed photons from the delayed
component is far below the magnetic energy density in
the instantaneous wind shock. Another possible source of
seed photons is the thermal emission from the disk [91].
Such thermal EIC emission can become important at early
times and small radii, where the external radiation field is
sufficiently intense. In our scenario, the emission consid-
ered here mainly arises from the external forward shock
at relatively large radii, where the thermal photon
energy density becomes smaller than the post-shock
magnetic energy density. Therefore, thermal EIC emission
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FIG. 9. Figure 9 shows the multiwavelength detection horizons in the radio [panels (a) and (b)], optical/x-ray [panels (c) and (d)], and
TeV gamma-ray [panels (e) and (f)] bands for the same models and parameter sets in Fig. 7. Panels (a), (c), and (e) correspond to
T4e = 1 x 107 s, while panels (b), (d), and (f) correspond to Ty = 1 x 10® s. The horizons for MeerKAT, VLA, SKAO, ALMA,
Rubin, ZTF, and Chandra are set by synchrotron emission, whereas the CTAO horizon is set by SSC emission. In the optical and x-ray
bands, only the delayed jet model is detectable beyond ~100 Mpc, while both instantaneous wind and delayed wind models are limited
to much smaller distances. The multiwavelength facilities considered here are MeerKAT (orange, 1 h; panel a), VLA (green, 1 h; panel
a), SKAO (violet, 10 h; panel a), ALMA (brown, 1 h; panel a), Rubin (blue, 30 s; panel b), ZTF (sky-blue, 30 s; panel b), Chandra (red,

100 ks; panel b), and CTAO (magenta, 50 h; panel c).

is expected to be subdominant for the late-time external
forward shock considered here. However, EIC emission
may become significant in other dissipation regimes
occurring at smaller radii [91].

C. Comparison with other recent events and
implications for population studies

In addition to the events analyzed in this work, recent
observations suggest the presence of delayed outflow

components in other TDEs as well [37-39]. For instance,
AT 2024tvd exhibits a rapid late-time rebrightening in the
radio band, which appears to require an additional delayed
component to explain the observed flux evolution [38].
Similarly, WTP14adegka does not show a clear rebrighten-
ing in the radio light curve, but its detection at very late
epochs with relatively high radio luminosity also indicates
the presence of a delayed outflow [39]. In both cases,
however, whether the delayed component is best explained
by a nonrelativistic wind or a relativistic jet remains unclear
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and will require detailed modeling. These recent examples
highlight the growing evidence that delayed outflows may
be more common in TDEs than previously expected and
reinforce the importance of systematic multiwavelength
follow-up efforts to characterize their nature.

On the other hand, the radio emission of AT 2018hyz
also exhibits a late-time flare [32,70]. Its radio light curve is
characterized by a rapid rise between ~8 x 107 s and
~2 x 108 s. Such a long term rise in radio flux is not seen
in delayed emission components, making it challenging for
delayed outflow models to explain the behavior of AT
2018hyz. Alternative scenarios, such as an off-axis jet
model, have been proposed to account for such emission
[46,47]. AT 2018hyz may also have two jet components
(see, e.g., Ref. [47]).

Note that jet-loud TDEs are rare events. The apparent
rate density of on-axis jetted TDEs is ~0.03 Gpc™ yr~!
(e.g., Ref. [92]). Correcting for beaming implies a true
jetted TDE rate of ~6 Gpc™ yr~!, which is still smaller
than that of jet-quiet TDEs (~10° Gpc3yr™!) (e.g.,
Refs. [21,92]). Delayed jets are expected to be launched
several years after the initial disruption takes place and may
not have been captured by previous radio surveys, implying
that the currently inferred jetted TDE rate could be under-
estimated. Future systematic multiwavelength surveys will
be essential to constrain the true occurrence rate of the
delayed jet phenomena from TDEs.

D. Model uncertainties and limitations

For now, due to the observational limitations, several of
the fitted parameters are subject to significant degeneracies,
particularly among the microphysical parameters (e,, €5,
and f,), the external density n.,, and the kinetic energy
0. Given the sparse temporal and spectral coverage of the
available radio data, multiple combinations of these param-
eters can reproduce the observed light curves comparably
well. As a result, the inferred parameter values should
be interpreted as representative rather than uniquely
determined.

To describe the CNM around the SMBH, we approximate
the density profile by a single power-law, n(R) o« R™. The
shock radius in our calculations, ~10'° c¢m, for 7 ~ 10° s, is
comparable to the BH sphere of influence, ri~ 1 %
10" (Mgy/10'M5)%¢ cm  [93,94], being within the
Bondi radius, rg~5x10%(Mgy/10"Mg)(Te/10°K)~!x
(y/1.67)7"(1/0.6) cm, where T, 7, and u are the temper-
ature, adiabatic index, and mean molecular weight of the
interstellar medium (ISM) [95]. Note that the classical Bondi
solution assumes that the gravitational potential is dominated
by the SMBH and is therefore most directly applicable
within the sphere of influence. Although more realistic CNM
density structures have also been investigated using analyti-
cal and numerical models, including effects of stellar winds,
angular momentum, and feedback (e.g., Refs. [94,96-98]),

our smooth radial profile of the CNM structure is phenom-
enologically reasonable. In contrast, Ref. [44] adopts a much
higher ISM temperature, T ~ 107 K, which reduces the
Bondi radius to rg ~ 10" cm so that the CNM density
transitions to a constant density ISM at rp, and the
interaction with the ISM profile could play a role in
producing the observed radio flare.

We have also examined the dependence of the detect-
ability on the physical parameters. For the delayed wind
and delayed jet models, which are predominantly in the
deceleration phase but remain outside the deep-Newtonian
regime over the epochs considered here, the flux in the
optical and x-ray bands (v, < v < v,) follows the synchro-
tron scalings derived from Eqgs. (5), (8), and (9),

. 2(5s+3)-w(s+5) 19=5s 14y 3(7-55)+4w(s=2)
F, o 850 nii e €7 25T 25 Similarly,
in the radio band, the flux scales as given in Eq. (10).
Among the various model parameters, we highlight the
CNM density and the isotropic-equivalent kinetic energy,
since these quantities influence the dynamical evolution of
the outflow. For example, in the optical and x-ray bands, an
order-of-magnitude decrease in the kinetic energy and/or
ambient density would typically lead to a substantial
reduction in the flux. Depending on the adopted parame-
ters, the optical and x-ray emission may fall below the
detection thresholds. On the other hand, at high radio
frequencies around 10'' Hz, even allowing for order-of-
magnitude variations in the physical parameters (e.g., the
kinetic energy or ambient density), the resulting change in
the predicted flux is typically limited to factors of a few.
The emission at this frequency would then exceed the
ALMA sensitivity for the delayed jet model shown in
Fig. 7. Therefore, the models can still be distinguished
through high-frequency radio observations. Deep observa-
tions with facilities such as ALMA are thus expected to
discriminate between the delayed wind and jet scenarios.

VI. SUMMARY

In this paper, using AMES, we have investigated whether
radio-detected TDEs can be explained by delayed outflow
models. For delayed radio flare TDEs, which exhibit radio
brightening at late times, we found that emission from an
instantaneous wind alone is insufficient to account for the
observed light curves. This indicates that a delayed outflow,
either a wind or a jet, is required to reproduce the late-time
radio emission. In contrast, the TDE iPTF16fnl, which does
not show a delayed radio flare, can be described by the
instantaneous wind model without invoking additional
components. For some delayed radio flare TDEs, both
delayed wind and delayed jet models can explain the
observed radio light curves. This highlights the difficulty
in inferring outflow properties based solely on radio
observations. Our results imply that delayed outflows
may be energetic if microphysical parameters are similar
to those inferred from gamma-ray burst afterglows. Large
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kinetic energies of £5° ~ 103'-10°% erg are consistent with
the gravitational energy budget, and delayed radio-emitting
outflows may preferentially originate from TDEs hosting
massive BHs with Mgy ~ 103M .

We demonstrated that multiwavelength emission can be
used for discriminating among different models. For nearby
TDEs, x-ray and optical afterglow emission from delayed
jets could be detected by Chandra and Rubin, respectively.
Multiwavelength follow-up observations could be essential
for constraining the nature of outflows in radio-emitting
TDEs and to distinguish between different emission sce-
narios. In particular, x-ray and optical monitoring play a
critical role in identifying the properties of the radio
emitting outflows. Delayed outflows [12,99] and under-
lying activities of disks and coronae [12,100,101] would
also be important for searching multimessenger signatures
from TDEs.
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APPENDIX: ADOPTED MODEL
PARAMETERS

In this appendix, we present the adopted model param-
eters. A summary of our results is provided in Table III.
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TABLE III. Parameters for several models are listed.

Instantaneous wind 6, [rad] & lerg] Nexe [em™] w s € €, fe T o [s]
ASASSN-14a¢’ 0.1¢ 5% 10! 10° 1.0 2.8 1073 0.1 0.1
ASASSN-150i*¢ 20 1.5 2.6 8 x 1072 04 0.1

PS16dtm* 103 1.0 2.8 1072 0.1 0.1

iPTF16fnl” 20 10 28 6x102 03 08
ASASSN-19bt* 20 1.0 2.2 4 %1072 0.4 0.1

AT 2019dsg™* 4 x 10? 1.0 2.6 4 %1072 0.3 0.1

AT 2019ehz” 102 2.0 2.7 8 x 1072 0.4 0.85

AT 2019eve? 5 % 102 1.0 2.2 6 x 1072 0.3 0.8

AT 2020vw1** 102 1.0 2.8 3x 1072 0.3 0.1

Delayed wind 6, [rad] Vo &0 lerg] Nege [cm™) w s € €, fe T e [s]
ASASSN-14ae* 0.1c 5% 102 10° 1.0 2.8 1073 0.1 0.1 2.2 %108
ASASSN-150i*¢ 5% 1052 20 1.5 2.1 8 x 1072 0.4 0.8 6.0 x 107
PS16dtm* 5% 1052 103 1.0 2.4 1072 0.1 0.2 4.0 x 107
iPTF16fnl° 5% 107! 20 1.0 2.8 6 x 1072 0.3 0.8 7.0 x 106
ASASSN-19bt* 5% 102 20 1.0 2.1 4 %1072 04 0.6 106
AT 2019dsg™* 5% 10°2 4 x 102 1.0 2.6 1072 0.1 0.6 8.0 x 107
AT 2019ehz” 5% 1092 10? 2.0 2.7 1073 0.1 0.1 107
AT 2019eve? 5% 1072 5% 102 1.0 2.2 1072 0.1 0.3 107
AT 2020vwl™* 5 x 102 10? 1.0 2.8 2 x 1072 0.1 0.1 5.2 x 107
Delayed jet 6, [rad] T, & lerg] Nege [cm™) w s €p €, fe T e [s]
ASASSN-14a¢’ 0.35 3.0 5% 10%? 10° 1.0 2.5 1073 1073 0.1 2.2 % 108
ASASSN-150i* 20 1.5 2.1 4 %1073 0.3 0.8 6.0 x 107
PS16dtm* 10° 1.0 2.7 2x 1073 0.1 0.1 4.0 x 107
iPTF16fnl° 20 10 22  3x10° 1073 0.1  7.0x10°
ASASSN-19bt* 20 1.0 2.8 1073 3x 1072 0.6 2.0 x 107
AT 2019dsg™* 4 x 102 1.0 2.8 104 0.1 0.1 8.0 x 107
AT 2019ehz* 102 1.0 2.7 3x1073 0.1 0.1 107
AT 2019eve® 5% 10? 1.0 2.6 3x 1073 0.1 0.1 107
AT 2020vwl*© 102 1.0 2.6 1073 2 x 1072 0.1 5.2 x 107

“Delayed radio flare event.

Radio event without a delayed flare.

“Rebrightening event.
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