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Recently, radio emission from tidal disruption events (TDEs) has been observed from months to years

after the optical discovery. Some of the TDEs including ASASSN-14ae, ASASSN-15oi, AT 2018hyz, and

AT 2019dsg are accompanied by the late-time rebrightening phase characterized by a rapid increase in the

radio flux. We show that it can be explained by the off-axis two-component jet model, in which the late-

time rebrightening arises from the off-axis view of a decelerating narrower jet with an initial Lorentz factor

of ∼10 and a jet opening angle of ∼0.1 rad, while the early-time radio emission is attributed to the off-axis

view of a wider jet component. We also argue that the rate density of jetted TDEs inferred from these events

is consistent with the observations.

DOI: 10.1103/PhysRevD.110.L061307

Introduction. A tidal disruption event (TDE) occurs when a

star is torn apart by the tidal forces of a supermassive black

hole (SMBH) at sufficiently close approaches [1–3]. TDEs

provide rich multiwavelength data in radio, infrared (IR)/

optical/ultraviolet (UV), x- and gamma-ray bands, which

can be used to study the properties of quiescent galaxies,

jets, and the circumnuclear medium (CNM). While thermal

emission is believed to arise from the debris of the

disrupted star by reprocessing [4–9], details of the mecha-

nism remain unclear. Nonthermal emission has also been

observed for some TDEs exhibiting outflows, and radio

emission is attributed to synchrotron emission from rela-

tivistic electrons accelerated in jets or winds. Future

multifrequency radio observations will help us reveal the

structure and evolution of the outflows [10–12].

At least some TDEs can launch relativistic jets, as infer-

red from variable x-ray and subsequent radio emission, and

4 jetted TDEs (Swift J1644þ 57 [13,14], Swift J2058þ 05

[15], Swift J1112-8238 [16] and AT 2022 cmc [17]) are

known to date. The apparent rate density of jetted TDEs is

∼0.03 Gpc−3 yr−1 [14,17], which is only r1% of the total

TDE rate density, ∼102–3 Gpc−3 yr−1 [18]. In addition to

these jetted events, a growing sample of optically-detected

TDEs exhibit radio afterglows that are consistent with

emission from nonrelativistic outflows (see Ref. [11] for a

review).

The recent discovery of late-time radio emission from

some TDEs (e.g., ASASSN-14ae [19], AT 2018hyz [20],

AT 2019azh [21]) and radio rebrightening in some other

TDEs (e.g., iPTF16fnl [22], AT 2019dsg [23], ASASSN-

15oi [24]) point to outflows that become observable after a

significant delay (from a few months to years) since the

disruption. In particular, Ref. [25] reported late-time radio

brightening in some TDEs on a timescale of ∼2–4 years,

where more than half of the sample still shows rising

emission in the radio band. These TDEs showed a rapid rise

and rebrightening in radio emission at late times with a

peak radio luminosity of ∼1038–1039 erg s−1. The under-

lying mechanism of these delayed radio flares in TDEs is

of interest, and the outflows can be either jets [26–31] or

winds [32–35].

A relativistic jet launched from a black hole–accretion

disk system is expected to be structured, as demonstrated in

studies of gamma-ray bursts (GRBs) both theoretically and

observationally (see e.g., Refs. [36–42]). Such a structured

jet is often “modeled” as a two-component jet with a faster
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inner component and slower outer component, and has been

exploited to explain multiwavelength data of afterglows (see

e.g., Refs. [43–47] for GRBs and Refs. [48–53] for TDEs).

In this work, we explore the origin of late radio flares such as

the rapid rising part and rebrightening of ASASSN-14ae,

ASASSN-15oi, AT 2018hyz, and AT 2019dsg, with

luminosities of ∼1038–1039 erg s−1, and propose a two-

component off-axis jet model for these 4 TDEs. We show

that this model provides a natural explanation for both the

observed radio rebrightening at late times and the earlier

radio data without the need for late-time engine activity.

One-component jet model. We first consider the standard

one-component jet model viewed off-axis to discuss the

rapid rise in the radio flux at late times, considering 4 TDEs,

namely ASASSN-14ae, ASASSN-15oi, AT 2018hyz, and

AT 2019dsg. The jet has an half-opening angle θj, initial

Lorentz factor Γ0, isotropic kinetic energy E
iso
k , and viewing

angle θv measured from the jet axis. As the jet propagates

through an external medium with a power-law density

profile, nðrÞ ¼ nextðr=rextÞ−w with rext ¼ 1018 cm, external

shocks are formed. Focusing on the forward shock, we

numerically solve the blast wave radius rðtÞ and its Lorentz

factor ΓðtÞ, for an initial radius of 1013 cm. This radius is

comparable to the tidal disruption radius, and our results are

unaffected by the choice of rðt ¼ 0Þ.
To obtain the radio light curves, we utilize the after-

glow module of Astrophysical Multimessenger Emission

Simulator (AMES), following the treatments described in

Refs. [41,54] (see also Ref. [55] and the Supplemental

Material [56]). Electrons are assumed to be accelerated via

the diffusive shock acceleration mechanism, resulting in an

electron injection spectrum ε−se , where s is the spectral

index. A fraction ϵB of the downstream internal energy

density of the shocked material is converted to the magnetic

field, while a fraction ϵe is carried by nonthermal electrons.

The electron spectrum is calculated by solving the kinetic

equation in the no escape limit, as outlined in Ref. [41],

accounting for synchrotron, inverse-Compton, and adia-

batic loss processes. For a luminosity distance dL, consid-
ering the equal-arrival-time-surface (EATS), the observed

photon flux at time T ¼ t − t0 since the time of discovery

(t0) and at frequency ν is calculated as [41,57]

FνðTÞ ¼
1þ z

d2L

Z

θj

0

dθ sin θ

Z

2π

0

dϕ
r2jμ − βshj
1 − μβsh

×
1

Γ
2ð1 − βμÞ2

j0
ν0

αν
ð1 − e−τνÞjt̂¼ðTþt0Þ=ð1þzÞþμr=c;

ð1Þ

where βsh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − Γ
−2

sh

p

is the shock velocity and its

Lorentz factor is Γsh ≈

ffiffiffi

2
p

Γ in the relativistic limit. The

integration variables θ and ϕ are the polar angle (θ ¼ 0 is

the jet axis) and azimuthal angle, respectively, and

μ ¼ sin θ sin θv cosϕ þ cos θ cos θv. Here, j0
ν0 is the

comoving emission coefficient, and αν is the absorption

coefficient in the engine frame (that is dropped when the

attenuation is irrelevant). For late-time radio observations,

t0 can be assumed to be negligibly small, which implies

that the disk is formed and the jet is launched instanta-

neously after the tidal disruption occurs at t ¼ 0. As we

consider delayed radio emission at a significantly later

epoch of T ∼ 107–108 s, the light curves obtained here are

not affected.

Radio light curves from our theoretical model are shown

with solid lines in Figs. 1(a)–1(d), and the model parameters

arepresented inTable I.Ournarrow jet explains a rapid rise in

radiobandsat the lateepochforall4TDEsthroughrelativistic

beaming effect if the jet is viewed off-axis [58]. The beaming

effect becomes weaker as the jet decelerates, resulting in the

rising behavior, and the flux peaks when Γ ∼ ðθv − θjÞ−1,
after which the emission asymptotically approaches the on-

axis light curve [θv ¼ 0: dashed lines inFigs.1(a)–1(d)] [58].

At T ∼ 106–109 s, we find that the absorption frequency νa,

the typical frequency νm, and the cooling frequency νc are

ordered as νa < νm < νc, where νa ∼ 109 Hz and νm ∼

1010–1012 Hz in our cases. The value of νm (νa) is larger

(smaller) than the radio bands. In the off-axis case, the light

curves evolve as Fν ∝ Tð21−8wÞ=3. We adopt w ¼ 0.5 for

ASASSN-15oi andAT 2018hyz, andw ¼ 1.0 for ASASSN-

14ae and AT 2019dsg. The radio light curves at late times

followFν ≈ T5.7 and≈T4.3 forw ¼ 0.5 and1.0, respectively,

which are consistentwith the observeddata. For comparison,

the dashed lines inFigs. 1(a)–1(d)show the light curves in the

on-axis viewing case, for which the flux decreases at later

times. In theoff-axis case, the flux startswith a risingpart due

to the relativistic beaming effect [58]. The radio data of

ASASSN-14ae and AT 2018hyz can be explained with such

an off-axis jet (see also Refs. [30,31,59]). However, for

ASASSN-15oi and AT 2019dsg, the observations for

T r 108 s shows another declining phase before the radio

rebrightening phase. The radio emission from our narrow jet

viewed off-axis is inconsistent with the earlier radio data,

making it difficult for the one-component jet model to

describe all the radio data.

Two-component jet model. To mimic a structured jet that is

more realistic, we consider a two-component jet model, in

which another “wide jet” is added to the narrow jet described

in Sec. II. The observed flux is calculated by AMES as a

superposition of radio emission from each jet component.

We assume that both jet components are launched from the

SMBH at the same time and in the same direction. The

parameters of both jets are summarized in Table I. Our

parameters for both jets are also consistent with the previous

two-component jet scenario for on-axis TDEs [49]. As

shown in Fig. 2, the late-time radio data at T s 108 s can

be explained by the off-axis narrow jet emission (dashed
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lines), while the radio emission at T r 108 s can be inter-

preted as the wide jet emission (dotted lines).

ASASSN-15oi and AT 2019dsg have the first radio

peaks around T ∼ 2 × 107 s and at T ∼ 107 s, respectively.

Our wide jet emission provides a viable explanation for the

observed radio flux. The wide jet reaches the post-jet-break

decay phase from T ∼ 106 s to T ∼ 109 s. When it is

assumed that the wide jet enters the post-jet-break decay

phase, the observer time of the flux maximum is analyti-

cally given by

Tpk ∼
1þ z

c

� ð3 − wÞEiso
k θ2j

4π × 1018wnextmpc
2

� 1

3−w

ðθv − θjÞ2: ð2Þ

FIG. 1. Observed radio data for ASASSN-14ae (5 GHz: red filled-circles, 7 GHz: blue diamonds, and 11 GHz: green squares) taken

from Ref. [25], ASASSN-15oi (3 GHz: red filled-circles, 5 GHz: blue diamonds, and 23 GHz: green squares) obtained from

Refs. [24,60,61], AT 2018hyz (1.37 GHz: red filled-circles, 5.5 GHz: blue diamonds, and 15 GHz: green squares) extracted from

Refs. [20,60] and AT 2019dsg (1.36 GHz: red filled-circles, 7 GHz: blue diamonds, and 17 GHz: green squares) derived

from Refs. [25,34] are shown. These are compared with the light curves from single jets in the radio bands [ASASSN-14ae;

5 GHz: red, 7 GHz: blue, and 11 GHz: green), ASASSN-15oi (3 GHz: red, 5 GHz: blue, and 23 GHz: green), AT 2018hyz (1.37 GHz:

red, 5.5 GHz: blue, and 15 GHz: green) and AT 2019dsg (1.36 GHz: red, 7 GHz: blue, and 17 GHz: green]. The upper limits in radio

flux are shown with downward triangles. In all four panels, the solid lines represent the emission from our narrow jet viewed off-axis,

and the dashed lines show the results for the on-axis viewing case (θv ¼ 0 with other parameters unchanged). (a) ASASSN-14ae.

(b) ASASSN-15oi. (c) AT 2018hyz. (d) AT 2019dsg.

TABLE I. Parameters used for modeling 4 radio TDEs: ASASSN-14ae, ASASSN-15oi, AT 2018hyz, and AT 2019dsg.

θv [rad] θj [rad] Eiso
k [erg] Γ0 next [cm

−3] w s ϵB ϵe fe

Narrow jet ASASSN-14ae 1.2 0.11 8.0 × 1054 10 1.0 1.0 2.6 3.0 × 10−4 0.1 0.1

ASASSN-15oi 2.0 0.5 2.8 3.0 × 10−3 0.06 0.8

AT 2018hyz 10.0 0.5 2.8 2.0 × 10−4 0.1 0.1

AT 2019dsg 3.0 1.0 2.5 1.0 × 10−3 0.1 0.1

Wide jet ASASSN-14ae 1.2 0.34 1.0 × 1052 3 1.0 1.0 2.5 2.0 × 10−3 0.1 0.1

ASASSN-15oi 2.0 0.5 2.8 5.0 × 10−3 0.2 0.3

AT 2018hyz 10.0 0.5 2.8 1.5 × 10−4 0.1 0.1

AT 2019dsg 3.0 1.0 2.8 1.0 × 10−2 0.1 0.1
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For our wide jet parameters, we obtain Tpk ∼ 9 × 106 s for

ASASSN-14ae, Tpk ∼ 8 × 106 s for ASASSN-15oi,

Tpk ∼ 4 × 106 s for AT 2018hyz, and Tpk ∼ 6 × 106 s for

AT 2019dsg, which are consistent with our numerical

results within a factor of two. For AT 2018hyz, ϵB for

the narrow jet is required to be larger than that for the wide

jet, so the second peak is brighter. However, there is

parameter degeneracy and this could be attributed to the

difference in ϵe. The situation is similar for the other

3 TDEs. For example, the second peak of AT 2019dsg can

be dimmer for smaller values of ϵB and/or ϵe. When the

properties of CNM and/or jets are different, microphysical

parameters may also be different between the narrow and

wide jets [46]. More extensive data at multiwavelengths are

required to better estimate the afterglow parameters.

Summary and discussion. Radio rebrightening observed

from a few TDEs on timescales of several years have been

recently reported. Such a long-term rise in the radio band

can be explained by either jets or delayed winds. We

focused on the former scenario and showed that the two-

component off-axis jet model is consistent with the radio

data of ASASSN-14ae, ASASSN-15oi, AT 2018hyz, and

AT 2019dsg.

Our results for ASASSN-15oi highlight the limitation of

the simplistic one-component jet model, as discussed in

Sec. II and Fig. 1. The proposed two-component jet model

with different jet opening angles is among the simplest

models that can lead to two brightening episodes in the radio

light curves. Recent numerical studies have underlined the

importance of such structured jets in TDEs. Rapidly spin-

ning SMBHs with magnetically arrested accretion disks can

naturally lead to structured jets via the Blandford-Znajek

mechanism [62–66]. The angular structure may also arise

due to hydrodynamical processes [67,68].

Interestingly, the radio data consistent with all TDEs

may have similar values of Eiso
k , Γ0, and θj (see Table I for

the parameters used). To explain the rapid rise in the radio

light curves, we adopt w ¼ 0.5, 1.0 as the CNM density

profile index. This implies that the CNM density can be as

high as ∼102–103 cm−3, as expected in the center of

galaxies including Sgr A� [69]. For AT 2019dsg, after

108 s, the observed data can be explained by large values

of w for the narrow jet. However, from T ∼ 4 × 106 s to

T ∼ 1.2 × 107 s, the observed light curve at 7 GHz shows

the steep rising part of Fν ∝ T4. Therefore, w ∼ 1 for our

wide jet is favored from the early observational result at

7 GHz [see dotted lines in Fig. 2(d)]. While a density

profile with w ¼ 1.0 is consistent with that of Sgr A� [69], a
shallower density profile with w ¼ 0.5 is also reasonable

for accretion flows with low viscosity [70]. Moreover, other

jetted scenarios [30,31] also considered the range of wr 1.

FIG. 2. Radio light curves are calculated with our two-component jet model. The solid lines consist of the sum of emission

components of the narrow (dashed lines) and wide (dotted lines) jets. The meanings of colors and observed data are the same as in Fig. 1.

(a) ASASSN-14ae. (b) ASASSN-15oi. (c) AT 2018hyz. (d) AT 2019dsg.
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We note that our model provides qualitative explanations

for the radio data. The theoretical fluxes are consistent

with the data only within a factor of three, and the two-

component jet model would still be too simple to perform

quantitative fittings. In addition to such model systematics,

parameter degeneracies also exist. Despite these caveats,

our modeling favors wr 1.0–1.5 for these 4 TDEs showing

the steep rising behavior. Analytically, the radio flux in the

postjet-break phase for off-axis viewing is predicted to be

Fν ∝ Tð21−8wÞ=3. For w ¼ 1.5 that is motivated by the Bondi

accretion [71] and w ¼ 2.5 that is used for late-time radio

emission from some TDEs such as ASASSN-14li [32], we

have Fν ∝ T3.0 and Fν ∝ T0.3, respectively (see Sec. II),

which are inconsistent with the observed data, especially

for ASASSN-15oi and AT 2018hyz.

On-axis jetted TDEs are rarer and brighter with a radio

luminosity of s1040 erg s−1. As seen from Fig. 2, off-axis

narrow jets may have ∼1039–1040 erg s−1 around the peak

that is ∼10 yr after the optical discovery. Although

Ref. [25] reported 24 TDEs that are dimmer than on-axis

jetted TDEs by 2–3 orders of magnitude, we expect that

off-axis jetted TDEs compose a subdominant population.

The apparent rate density of on-axis jetted TDEs is

estimated to be ρjTDE ≈ 0.03þ0.04
−0.02 Gpc−3 yr−1 [72], leading

to a true rate density RjTDE ∼ 6 Gpc−3 yr−1 of jetted TDEs.

Thus, the true rate density of jetted TDEs including both

on-axis and off-axis events is expected to be a few percent

of the rate density of all TDEs [72], although the all TDE

rate is model dependent and has large uncertainty [11,72].

Assuming fΩ ¼ ðθj − θvÞ2=2 ∼ 0.6 sr as the typical solid

angle fraction for off-axis viewing, the expected event rate

within dL ≈ 0.3 Gpc is estimated to be

ṄjTDE ≈
4π

3
d3LRjTDEfΩ

∼ 0.4 yr−1
�

RjTDE

6.0 Gpc−3 yr−1

��

dL

0.3 Gpc

�

3
�

fΩ

0.6 sr

�

:

ð3Þ

This value is smaller than the observed rate of the TDEs

that exhibit delayed radio flares [25,73,74]. However, the

event rate in the off-axis viewing case is consistent with

radio follow-up observations of optically discovered TDEs

for a typical exposure time of ∼105 s, a field of view of

∼10−5 − 10−4 rad, and a duty cycle of ∼0.1–1% (see e.g.,

Refs. [11,20,24,25,34]), even though the above argument is

subject to observational biases [11]. Nevertheless, despite

the large uncertainty, even with an extreme value of the

viewing angle, e.g. θv ∼ π=2, the inferred event rate would

not be enough to explain all radio-detected TDEs, which

could be explained if a significant fraction of TDE jets

are choked [68,75]. Some other TDEs especially with a

radio luminosity of ∼1037–1038 erg s−1 may be explained

by delayed disk-driven winds [25].

To reveal the outflow properties of radio-detected TDEs

and to go beyond the one-component outflow model,

more dedicated observations are necessary. First, samples

of radio-detected TDEs are far from complete, and syste-

matic surveys with existing facilities such as Very Large

Array (VLA) [76], MeerKAT [77], and Australia Telescope

Compact Array (ATCA) [78], Next Generation Very Large

Array (ngVLA) [79], and Square Kilometre Array (SKA)

[80] will be useful for detecting more TDEs exhibiting late-

time radio rebrightening with ∼10
39
–1040 erg s−1. Second,

multiyear observations will be crucial for discriminating

among different models and modeling the spectral and

temporal evolution of radio emission from the outflows.

For example, radio emission from AT 2019dsg can also be

explained by the wind, so radio data at later times would be

useful for testing the off-axis jet model. On the other hand,

for ASASSN-14ae and AT 2018hyz, radio data at earlier

times would have been beneficial. Third, higher-cadence

observations may enable us to identify the peaks and

valleys in the predicted light curves, which can also be

used for constraining jet properties such as the launching

time and Lorentz factor. Note that in this work the jet is

assumed to be launched around the disruption time without

any significant delay. However, if the disk formation is

delayed, the jet launch can also be delayed [75], and

afterglow emission may be refreshed by late-time energy

injections.

Multiwavelength observations would be relevant for

testing the jet and wind models (Sato et al. [81]). X-ray

emission has been detected for some jetted TDEs [13–17],

which can be explained by the narrow jet viewed on-axis.

While x-ray emission from ASASSN-14ae, ASASSN-15oi,

and AT 2018hyz was not observed, AT 2019dsg exhibited

x-ray emission that may come from an accretion disk and

corona [82]. X-rays from the off-axis jet may be challeng-

ing to detect but could be seen by deep observations with

Xray Multi-Mirror Mission Newton (XMM-Newton) [83]

and the Chandra X-ray Observatory [84] for nearby TDEs

and/or with next-generation x-ray telescopes such as

Advanced Telescope for the High Energy Astrophysics

(Athena) [85] and extended Roentgen Survey with an

Imaging Telescope Array (eROSITA) [86]. Moreover,

quasisimultaneous optical observations with, e.g., the

Vera C. Rubin Observatory [87] will be useful for testing

the models. Multimessenger observations may also provide

additional information. Recently, coincident high-energy

neutrino events have been reported for several TDEs

including AT 2019dsg [23], AT 2019fdr [88], and

AT 2019aalc [89]) with a possible time delay of

∼150–400 days after their optical discoveries. The on-axis

jet model is unlikely for AT 2019dsg [33,34,90], and

neutrino production in disks [90,91], coronae [90], winds

[90,92,93], and choked jets [75,94,95] have been

considered.
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SUPPLEMENTARY MATERIAL

APPENDIX A: DETAILS OF JET DYNAMICS

Astrophysical Multimessenger Emission Simulator
(AMES) allows us to compute synchrotron and inverse-
Compton emission from outflows, where synchrotron self-
absorption and two-photon annihilation attenuation are
included. Its blastwave afterglow module, which can
be used for gamma-ray bursts (GRBs), magnetar flares,
and tidal disruption events (TDEs), considers external
forward and reverse shocks with/without energy injec-
tions [1–3]. The single-zone model can be used as an
approximation for on-axis afterglow emission, but it is es-
sential to consider the equal-arrival-time-surface (EATS)
to consider off-axis afterglow emission. Here we describe
treatments on afterglow dynamics and EATS calculations
implemented in AMES.
To describe the evolution of the bulk Lorentz factor,

Γ, we solve the following differential equation [e.g., 4],

dΓ

dR
= −

(Γeff + 1)(Γ− 1)c2 dm
dR

+ Γeff
dE′

ad

dR

(Mej +m)c2 + E ′
int

dΓeff

dΓ

, (S1)

where Γeff ≡ (µ̂Γ2 − µ̂ + 1)/Γ, µ̂ is the adiabatic index,

Mej =
E iso
k (1− cos¹j)

2Γ0c2
, (S2)

is the total mass of the ejecta and

dm = 2Ã(1− cos¹j)R
2nextmHdR, (S3)

is the total mass of the swept-up matter within dR. Here
next is the external density at R, ¹j is the jet opening
angle, and mH is the hydrogen mass, where the proton-
electron plasma is assumed. The evolution of internal
energy and energy lost due to the adiabatic expansion
is [e.g., 5]

dE ′
int

dR
= (1− ϵ)(Γ− 1)4ÃR2nextmpc

2 +
dE ′

ad

dR
, (S4)

and

dE ′

ad

dR
= −(µ̂ − 1)

Å

3

R
− 1

Γ

dΓ

dR

ã

E ′

int. (S5)

The blastwave afterglow module of AMES solves
Eq. (S1) and utilizes Eq. (1) in the main text, and this
work focuses on the thin shell region. However, as de-
scribed in Ref. [3], it is possible to consider the thick
shell regime, and not only the forward shock but also the
reverse shock can be taken into account (see Appendix
of Ref. [3]). Note that Ref. [1] ignores the term of adi-
abatic energy losses, and uses the expression for on-axis
emission (see their Eq. C2) or the single-zone approxi-
mation [6]. In this work, we ignore the lateral expansion
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FIG. S1. Upper panel: Dynamical evolution of Γ´ as a
function of the laboratory time in the constant density with
next = 1 cm−3. Lower panel: Same as the upper panel but for
the wind density profile with next = 1 cm−3, rext = 1018 cm,
and w = 2. In both panels, the used parameters are Γ0 = 100
and E

iso

k = 5× 1052 erg.

although we do take into account the jet break due to the
debeaming. However, for the tophat jet, it is possible to
consider the simplest lateral expansion [5].
Our model corresponds to the homogeneous shell

model, and the exact self-similar solutions give different
normalizations. To recover the Blandford-McKee solu-
tion in the relativistic limit [7], following Ref. [4], we use

CBM = ϵ+
9− 2w

17− 4w
(1− ϵ), (S6)

where ϵ = 0 in the adiabatic case and ϵ = 1 in the radia-
tive case. We focus on the adiabatic regime, and for the
Sedov-Taylor solution in the nonrelativistic limit [8–10]
we adopt

CST =
16

9

(3− w)(5− w)

10− 3w
. (S7)
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FIG. S2. On-axis and off-axis light curves of forward shock
afterglow emission calculated with AMES (solid curves) and
Afterglowpy (dashed curves), respectively. The parame-
ters are Γ0 = 100, E iso

k = 5×1052 erg, next = 1 cm−3 (w = 0),
s = 2.2, ϵe = 0.1, ϵB = 0.001, fe = 1, and ¹j = 0.1.

To calculate the transition regime, we introduce

C = ´(CBM − CST) + CST, (S8)

where ´ =
√

1− 1/Γ2. We multiply next by this correc-
tion factor in Eqs. (S4) and (S5).

As shown in Fig. S1, the above interpolation formula
reproduces both relativistic and nonrelativistic regimes
consistently. When the external density profile is con-
stant, we compare our results to Eq. (A12) in Ref. [11]
and the analytical formula of the Sedov-Taylor solution,
considering that the shock velocity is ´sh ≈ (4/3)´ [2, 8–
10]. For the wind density profile, we compare our results
to Eq. (79) in Ref. [12]. In both cases, the numerical re-
sults show good agreement with the analytical formulas.
Performing the integral of Eq. (1) in the main text

leads to light curves and spectra of afterglow emission
from the forward shock. Note that the Lorentz factor of
the shock is given by [7]

Γ2
sh =

1

1− ´2
sh

=
(Γ + 1)[µ̂(Γ− 1) + 1]2

µ̂(2− µ̂)(Γ− 1) + 2
, (S9)

where Γ is the Lorentz factor of the shocked shell. For
highly relativistic shocks, we have Γsh ≈

√
2Γ, while we

expect ´sh ≈ (4/3)´ in the nonrelativistic limit.

Example light curves are shown in Fig. S2. The
light curves of AMES are consistent with the results
of Ref. [13] before the jet break. For comparison, the
light curves of afterglowpy are also shown. Note that
AMES takes into account synchrotron self-absorption
in the radio band and radiative cooling due to inverse-
Compton radiation. The difference in early time light
curves comes from the coasting phase, and the flattening
of the light curves at very late times is consistent with
the predicted behavior in the deep Newtonian phase [2].

APPENDIX B: DISCUSSION OF

MAGNETIZATION

Better modeling of jetted TDEs is crucial for prob-
ing shock physics. Theoretical studies have shown that
particle acceleration at perpendicular relativistic shocks
may not be very efficient especially for large magnetiza-
tions [14–17]. However, forward shocks considered in this
work have low magnetization, and wide jets are typically
transrelativistic, so we expect them to be efficient particle
accelerators. Our results infer ϵB ∼ 10−4 − 0.03 for both
narrow and wide jets, corresponding to postshock mag-
netic fields of ∼ 1G at 107 − 108 s. These inferred values
of ϵB are consistent with those obtained from the mod-
eling of GRB afterglows (see e.g., Refs. [18–20]). Various
processes can be responsible for the amplification of mag-
netic field in the downstream (shocked CNM) [21–24].
However, we note that the details of particle accelera-
tion also depend on the upstream magnetization. The
maximum energy evolves slower if the shock is Weibel-
mediated [14, 25, 26], although this may not be the case
for mildly relativistic shocks [27]. While we checked that
the electrons can be accelerated up to sufficiently high
energies to explain radio observations, we stress that fur-
ther high-energy observations would be useful for probing
particle acceleration (cf. Ref. [28] for GRBs).
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