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Abstract

We investigate the external reverse shock (RS) region of relativistic jets as the origin of X-ray afterglows of jetted
tidal disruption events (TDEs) that exhibit luminous jets accompanied by fast-declining nonthermal X-ray
emissions. We model the dynamics of jet propagating within an external density medium, accounting for
continuous energy injection driven by accretion activities. We compute the time-dependent synchrotron and
inverse Compton emissions from the RS region. Our analysis demonstrates that the RS scenario can potentially
explain the X-ray light curves and spectra of four jetted TDEs, namely, AT 2022cmc, Swift J1644, Swift J2058,
and Swift J1112. Notably, the rapid steepening of the late-stage X-ray light curves can be attributed jointly to the
jet break and cessation of the central engine as the accretion rate drops below the Eddington limit. Using
parameters obtained from X-ray data fitting, we also discuss the prospects for v-ray and neutrino detection.

Unified Astronomy Thesaurus concepts: Tidal disruption (1696); Relativistic jets (1390); Transient sources (1851);

Radiative processes (2055)

1. Introduction

Tidal disruption events (TDEs) occur when a star is torn
apart by the tidal forces of a supermassive black hole
(SMBH; e.g., J. G. Hills 1975; M. J. Rees 1988; C. R. Evans
& C. S. Kochanek 1989), resulting in a transient lasting from
months to years, visible across the electromagnetic spectrum,
from the radio, infrared, optical/ultraviolet, to X-ray ranges
(e.g., K. D. Alexander et al. 2020; R. Saxton et al. 2020;
S. van Velzen et al. 2021). A small fraction of TDEs exhibit
luminous relativistic jet signatures. Since the discovery of the
hard X-ray transient event J164449.34-573451 (hereafter, Sw
J1644; J. S. Bloom et al. 2011; D. Burrows et al. 2011;
A.J. Levanetal. 2011; B. A. Zauderer et al. 2011) by the Swift
satellite, three additional jetted TDEs—Swift J2058.44-0516
(hereafter, Sw J2058; S. B. Cenko et al. 2012; D. R. Pasham
et al. 2015), Swift J1112.2-8238 (hereafter Sw J1112;
G. C. Brown et al. 2015; G. C. Brown et al. 2017), and AT
2022cmc (I. Andreoni et al. 2022; D. R. Pasham et al. 2023)—
have been recorded. The multiwavelength observations of these
four jetted TDEs have provided valuable prototypes for
studying the radiation mechanisms, accretion histories, and
jet dynamics over a time window of months to years (e.g.,
D. Giannios & B. D. Metzger 2011; F. De Colle & W. Lu
2020; J. L. Dai et al. 2021; C. Yuan et al. 2024b).

The four jetted TDEs exhibit prominent similarities in their
X-ray and radio afterglows. The X-ray light curves can be
roughly described by a power-law decay, with the index
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roughly ranging from 5/3 (e.g., Sw J1644; V. Mangano et al.
2016) to 2.2 (e.g., Sw J2058 and AT 2022cmc; T. Eftekhari
et al. 2024). Late-time follow-up observations have revealed
additional steepening in the X-ray light curves, suggesting
common changes in jet evolution or the central engine
(B. A. Zauderer et al. 2013; D. R. Pasham et al. 2015;
T. Eftekhari et al. 2024). Additionally, the rapid variability on
timescales of ~few x 100-1000 s imposes further constraints
on the SMBH mass (G. C. Brown et al. 2015; V. Mangano
et al. 2016; D. R. Pasham et al. 2023; Y. Yao et al. 2024), e.g.,
<few x 10’M,. In the radio and submillimeter bands,
observations have shown that these emissions are typically
long-lasting compared to the fast-declining X-ray emission.
The radio/submillimeter light curves are consistent with
synchrotron radiation from electrons accelerated by the external
forward shock (FS) of the jet with a Lorentz factor of I' ~ 1-10
propagating through a circumnuclear medium (CNM; e.g.,
D. Giannios & B. D. Metzger 2011; B. A. Zauderer et al. 2011;
E. Berger et al. 2012; B. D. Metzger et al. 2012; B. A. Zauderer
et al. 2013; Q. Yuan et al. 2016; T. Eftekhari et al. 2018;
Y. Cendes et al. 2021; T. Matsumoto & B. D. Metzger 2023;
C. Yuan et al. 2024b; C. Zhou et al. 2024). However, the origin
of jetted TDE X-ray afterglows still remains unclear.

The X-ray emission from jetted TDE:s is likely produced in a
separate emission region. Theoretical models involving jets
powered by SMBH spin energy via large-scale magnetic fields
(L. Z. Kelley et al. 2014; A. Tchekhovskoy et al. 2014), energy
dissipation within magnetically dominated jets (D. Burrows
et al. 2011), variable accretion near the SMBH horizon
(R. C. Reis et al. 2012), jet shell collisions (Y. C. Zou et al.
2013) and internal dissipations (F. Y. Wang & K. S. Cheng
2012; W.-H. Lei et al. 2013, 2016), inverse Compton scattering
of external photons (J. S. Bloom et al. 2011; P. Crumley et al.
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2016), and synchrotron emission (Y. Yao et al. 2024) have
been investigated to explain the X-ray observations of jetted
TDEs. The power-law decaying X-ray light curves align with
the mass fallback rates from complete >3 e.g., M. J. Rees
1988; E. S. Phinney 1989) and partial (t>%; e.g., J. Guillochon
& E. Ramirez-Ruiz 2013) disruptions. The late-stage sharp
steepening of the X-ray light curves may result from jet shutoff,
caused by the accretion disk transitioning from thick to thin as
the accretion rate decreases from super- to sub-Eddington states
(B. A. Zauderer et al. 2013; A. Tchekhovskoy et al. 2014).
R.-F. Shen & C. D. Matzner (2014) suggest that the accretion
rate may undergo a dramatic drop at that time the accretion disk
becomes radiatively cooling and gas-pressure dominated.

Moreover, a two-component jet model with a fast inner
component and slow outer component has also been exploited
to explain the multiwavelength emission from TDEs
(J.-Z. Wang et al. 2014; D. Liu et al. 2015; P. Mimica et al.
2015; O. Teboul & B. D. Metzger 2023; Y. Sato et al. 2024;
C. Yuan et al. 2024b). Recently, C. Yuan et al. (2024b)
suggested that the external reverse shock (RS) powered by a
relativistic jet launched from the active central engines, such as
continuous energy injection associated with accretion, can also
explain the X-ray observations of AT 2022cmc, where the late-
time rapid decay can be attributed to jet breaks. This is also
analogous to the long-lasting RS model for shallow-decay
afterglow emission of ~-ray bursts (GRBs).

Following C. Yuan et al. (2024b), we investigate the external
RS scenarios to explain the X-ray spectra and light curves of
the four jetted TDEs, focusing on the fast jet scenario with
' > 10, whereas a slow jet (e.g., I' < 5) may be responsible for
the radio emission. We present a generic, self-consistent model
based on the TDE accretion history and multiwavelength
observations to describe the jet evolution and the time-
dependent emissions in jet RS regions. The motivation is that
jet deceleration, combined with an active central engine, jointly
determines the RS emission, which can naturally reproduce the
%6~ 5 /3-2.2) X-ray afterglows. Additionally, the cessation
of power injection would result in sharply decaying RS
emission.

We model the time-dependent accretion rate, jet evolution
within an external medium incorporating continuous power
injection, and RS emission in Section 2. In Section 3, we apply
the RS model to fit the X-ray light curves and spectra of four
jetted TDEs and discuss the «-ray and neutrino detectabilities.
We discuss and conclude our work in Sections 4 and 5.

Throughout the paper, we use Tops, 2, and ¢’ to denote the
times measured in the observer’s frame, the SMBH-rest frame,
and the jet comoving frame, respectively.

2. TDE Jet and RS Modeling
2.1. Accretion History

Considering a TDE originated from the disruption of a main-
sequence star of mass M, by a SMBH of mass Mgy, we write
down the critical tidal radius Ry = f; (Mpy/M,)'/*R, (e.g.,
M. J. Rees 1988), where fr ~ 0.02—0.3 represents the correction
from the stellar structures (e.g., E. S. Phinney 1989; T. Piran
et al. 2015) and R, is the radius of the star. After the disruption,
approximately half of the star’s mass remains bound within an
eccentric orbit. A fraction (7,..) of the bounded mass will end
up being accreted by the SMBH. The fallback time can be
estimated as the orbital period of most tightly bound matter,
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0.8t~ 2m\am/GMpy = 3.3 x 108s £1/2 , My2 M )11
(e.g., K. Murase et al. 2020), where ami, ~ RZ/(2R,) is the
semimajor axis of the orbit and the stellar mass—radius
relationship R, = Ro(M,/M.)'"¢ (R. Kippenhahn &
A. Weigert 1990) with £~0.4 in the mass range
1 <M,/M. <10 is adopted. Here, we chose fr= 107" as
the fiducial value and scale f, to the value for AT 2022cmc,
M,=5M,07M. (C. Yuan et al. 2024b), for illustration
purposes.

Using fg, and 7,., and considering that the postfallback
accretion rate follows a power law of 33, we express the
time-dependent accretion rate as (C. Yuan et al. 2024b)

t —Q
) M (*) s <ty
Mpy = —ee™x o I , 1)

L \~5/3
( ) y t >t

b

where 0<a <1 is the early-time accretion index,® and
C=3+4 2/(1 — «) is the normalization coefficient. We then
parameterize the power reprocessed to the relativistic jet from
the mass accretion using the energy conversion efficiency 7;,

Lj = anBHCZ. (2)

The accretion and jet power efficiencies, 7, and 7);, remain
uncertain as they depend on the dynamics of mass fallback,
disk formation, and the magnetic flux accumulation (e.g.,
K. Murase et al. 2020). Meanwhile, n; may depend on the
accretion rate and the SMBH spin (see, e.g., W.-H. Lei et al.
2017); for simplicity, we assume it to be constant. Noting that
these two parameters are degenerate with the stellar mass in
terms of data fitting, we define the total jet energy as
& = [Lidt = nyn,..M.c?/2, which, instead of 7; and 7,
will be treated as a free parameter.

2.2. Jet Dynamics

It is useful to define a generic density profile of the external
medium through which the relativistic jets propagate and
decelerate. The interpretation of radio observations using the
FS model demonstrates that the density profile as a function of
the distance to the SMBH (R), n xR X with 1.5<k< 2.0, is
favored (e.g., T. Matsumoto & B. D. Metzger 2023; Y. Yao
et al. 2024; C. Zhou et al. 2024), while the analysis of radio
emissions in nonjetted TDEs suggests a little steeper profile
k=25 (e.g., K. D. Alexander et al. 2020). Fitting the X-ray
spectra and light curves of AT 2022cmc indicates that a fast jet
with a Lorentz factor of I'=few x 10 is typically needed
(C. Yuan et al. 2024b), implying that the jet could penetrate the
CNM and reach the interstellar medium (ISM). Therefore, we
follow C. Yuan et al. (2024b), and connect the CNM to the
ISM, which yields

—k
R ) 9 R < chm

n
ISM ( Renmn

3

Next =
nisMm, R > Ream.

One possible source for the CNM within R, is the wind
emanating from preexisting disks, which predicts the boundary

8 R.-F. Shen & C. D. Maizner (2014) pointed out that a slow-decaying

accretion rate is possible due to disk internal kinematic viscosity, depending on
the type of polytrope stars.
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Renm ~ 10" cm before merging into the ISM (C. Yuan et al.
2020, 2021). Moreover, the wind density profile can be
smoothly connected to ISM at the Bondi radius (T. Matsumoto
& T. Piran 2024), which predicts the similar R, of ~10"® cm
for Mgy ~ 10’M_,. The density profile within R,y primarily
impacts jet evolution in the very early stage and does not
significantly influence the results after T~ few days. In
subsequent calculations, we adopt the fiducial values of
k=1.8 as in T. Matsumoto & B. D. Metzger (2023) and
R = 10"8 cm.

We follow the methodology for blastwave dynamics, as
illustrated in GRB afterglow modeling (L. Nava et al. 2013;
B. Zhang 2018; Y. Sato et al. 2024; B. T. Zhang et al. 2025)
and the structured jet modeling of AT 2022cmc (C. Yuan et al.
2024b), to model the jet dynamics. The jet has a top-hat
structure and points toward the observer (on-axis). Specifically,
we examine how the jet Lorentz factor and radius depend on
time, given the initial Lorentz factor Iy, the jet opening angle
0;, and nex.. In this picture, as the jet penetrates deeply into the
ambient gaseous environment, it sweeps up material, leading to
the formation of the FS, which accumulates and accelerates the
upstream external medium to a Lorentz factor I' < I'y. Mean-
while, an RS decelerates the unshocked ejecta from I['y to I’
within the jet.

For jetted TDEs, we consider a continuously powered jet, in
the sense that the jet energy £; and ejecta mass are persistently
injected from the central engine. A comprehensive treatment of
jet evolution incorporating the RS and continuous injections is
presented in the Appendix of C. Yuan et al. (2024b). Here, we
numerically solve the coupled differential equations derived in
C. Yuan et al. (2024b). The results are consistent with the
analytical solutions obtained from f Lidr I‘zmpnex[czR]3 and

R;~ 21 ct,
—(2+a)/8
I {t . i<ty @

1378, t> te,

where R; is the radius of the jet. In the following sections, the
jet evolutions, specifically, I'(f) and Ry(#), will be used to
compute the time-dependent FS and RS emissions.

2.3. Multiwavelength Emission from RS Regions

We focus on the RS scenario, as C. Yuan et al. (2024b) have
revealed that the fast-decaying X-ray afterglow of AT 2022cmc
could be attributed to emissions generated in RS regions. Given
the isotropic equivalent jet luminosity, L; i, = L;/ (9?/ 2), jet
radius R;, and Lorentz factor I, we estimate the relative Lorentz
factor between the RS wupstream and downstream,
Crg~ (Ip/T'+T/Tg)/2, and the upstream particle number
density né =L/ (47TRJ-2 F(z) mpc3) in the jet comoving frame.
The downstream magnetic field strength can be parameterized

as B, = \/ 327mepliei(Tiel — 1)n(; m,,cz, where ep represents the
fraction of the internal energy density that is converted to
magnetic field energy density.

We consider a power-law injection rate, Qe x 'ye’s, to describe
the distribution of nonthermal electrons accelerated by relativistic
shocks. In this expression, 7, is the electron Lorentz factor and
s > 2 is the spectral index. To normalize the injection rate, we
introduce the number fraction (f,) of downstream electrons that
are accelerated by RS and the energy fraction (e,) of internal
energy that is converted to nonthermal electrons. This allows us to
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Table 1
Physical Parameters (f, = 1.5 x 10’3, s =2.3, and ¢, = 0.2 Are Fixed for All
TDEs) and Results

TDEs® AT 2022cme J1644 J2058 J1112
z 1.19 0.35 1.19 0.89
Mgy (M) 107 10° 10° 2 x 10°

Model Parameters

a 0.80 0.65 0.85 0.70
& (102 erg) 5.4 35 29 6.3
s (cm ) 10 6.0 1.0 10
0 0.15 0.1 0.1 0.1
Ty 30 25 42 35
€x 0.10 0.15 0.20 0.15
Results

M, (M.)° 3.0 1.9 1.6 3.5
T (d) 77 28 27 21
Ty (d) 79 212 76 37
T (d)° 227 352 331 470
Notes.

 Data sources: AT 2022cmc (I. Andreoni et al. 2022; D. R. Pasham et al.
2023), Sw J1644 (D. Burrows et al. 2011), Sw J2058 (D. R. Pasham et al.
2015), and Sw J1112 (G. C. Brown et al. 2015).

® The fiducial value Nface = 0.02 is used to infer M, from &;.

¢ The fiducial parameter 7,qn.cc = 0.05 is used to calculate the cessation time
Tee = (1 4 2t of the central engine. Please refer to the main text for the
definitions of the fallback time T}, the jet break time Tt,, and 7.

infer the minimum Lorentz factor of injected electrons,
Ve = Cret = D(s = 2)/(s — D(e./f)my/m,) for s>2, and
normalize Q,. Using B, O., Ri(t), and T'(r), we compute the
time-dependent synchrotron and inverse Compton emissions in
the synchrotron self-Compton (SSC) framework, and convert
quantities in jet comoving frame to the observer’s frame by
integrating over the equal-arrival-time surfaces. We also
account for the effect of jet break when the jet Lorentz factor
drops below 1/6; by applying f,. = 1/[1 + (6,)"?] to the light
curves.” This steepens the postbreak light curves after f,,
defined by T'(t,) =1/ 0;, with the factor fbro<F2 for t> ty,.
A detailed description of the numerical modeling of
RS synchrotron and SSC emissions can be found in the
Appendix.

3. RS Scenario for Four Jetted TDEs
3.1. X-Ray Data Interpretations

Table 1 summarizes the observational parameters, such as
the redshifts and the SMBH masses,lO for AT 2022cmc, Sw
J1644 (J1644), Sw J2058 (J2058), and Sw J1112 (J1112).
Noting that the masses of disrupted stars are not efficiently
identified and can degenerate with the energy conversion
efficiencies of accretion activities and jets, we treat the total jet
energy & = f Lidt = Ujﬂach*CZ /2 as a free parameter to infer
the time-dependent jet power using Equations (1) and (2).
Additionally, we select the accretion rate index « to model
the X-ray light curves before the mass fallback time

° Here, we neglect the lateral spreading of the jet, known as the sideways

expansion, for simplicity.

10 The SMBH masses are poorly constrained. These fiducial values are chosen
to satisfy the X-ray variability constraints (e.g., T. Eftekhari et al. 2024) and to
ensure that the cessation times (defined later) are consistent with observations.
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Figure 1. Swift 0.3-10 keV X-ray light curve fitting for four jetted TDEs. The early-stage and late-time data points (or upper limits) are shown as blue and red points
(triangles). The dashed and solid black curves, respectively, depict the fitted X-ray light curves before and after accounting for the ceased central engine. The vertical
dashed lines indicate the characteristic times obtained from the fitting, which are summarized in Table 1. Data sources: AT 2022cmc (I. Andreoni et al. 2022;
D. R. Pasham et al. 2023; T. Eftekhari et al. 2024; Y. Yao et al. 2024), Sw J1644 (D. Burrows et al. 2011; B. A. Zauderer et al. 2013; V. Mangano et al. 2016;
T. Eftekhari et al. 2018), Sw J2058 (D. R. Pasham et al. 2015), and Sw J1112 (G. C. Brown et al. 2015).

Tw= (14+2)tp, and choose nsy, 0, and I'y as fitting
parameters to ensure that Ty and jet break time
Tor = (1 + 2)ty,, are consistent with the observed X-ray light
curves (see the magenta and orange lines in Figure 1). For
multiwavelength emissions from RS regions, we fix
f,=15x 1073, s=2.3, and €, = 0.2 to reduce the number of
free parameters based on the interpretations of the AT 2022cmc
X-ray data (C. Yuan et al. 2024b),11 while we allow €5 to vary
freely for X-ray spectral fittings, as it significantly impacts the
cooling frequencies in the synchrotron spectra.

Although the RS scenarios have been shown to describe
the X-ray afterglows of jetted TDEs, and FS emissions
are subdominant in X-ray ranges, we include here the
contribution from FS regions for completeness. Instead of
introducing new free parameters, we follow the treatment
in C. Yuan et al. (2024b) and apply the FS parameters
obtained from the AT 2022cmc radio data fitting to all four
jetted TDEs.

' These values are also consistent with values suggested by the RS model for
early GRB afterglow emission (F. Genet et al. 2007).

Applying the model described in Section 2 to X-ray light
curves and spectra in the energy range of 0.3-10keV for AT
2022cme, Sw J1644, Sw J2058, and Sw J1112, we obtain the
fitting parameters, as shown in Table 1, where the characteristic
times Tp, and Ty, are also shown. Figure 1 illustrates the fit of
X-ray light curves. The black dashed curves show the X-ray
light curves predicted by the RS scenario with jet break
corrections. The numerical results are consistent with the
analytical RS light curves at Ex~ 1keV (C. Yuan et al.
2024b),

- s—1)]/4
JF. o o Tope 700 WA T < Ty )
v —(25425)/12
br Tobg s+25)/ 5 7:)bs > be-

From this figure, we observe that the RS model with jet break
steepening can describe the X-ray afterglows of AT 2022cmc
and Sw J1112, encompassing both the early-stage observations
and the late-time upper limits. However, for Sw J1644 and Sw
J2058, the late-time X-ray emissions from the RS model
exceed the upper limits (see the corresponding dashed black
curves), indicating that a sharper decay is required.
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Figure 2. X-ray spectra fitting for AT 2022cm (left panel), J1644 and J2058 (right panel) at different times. The data sources are the same as those of Figure 1.

To address this issue, we introduce the ceased central engine
mechanism by turning off the jet power injection L; after
Tee = (1 4 2)t., as the accretion rate becomes sub-Eddington
(B. A. Zauderer et al. 2013; A. Tchekhovskoy et al. 2014). The
cessation time .. is determined by Mgy (fee) = Lgaa/ (Myaa €5
where Lgqq ~ 1.3 x 10% erg s_lMBHj is the Eddington lumin-
osity and 7,4 is the radiation efficiency. Explicitly, we write

down
3/5
J— Tace "]radM* c? / t
ce CCLgqatsy fo

~134 d MAYPMGES (6)

for a=0.8 and 7,ccMag = 0.05. Table 1 summarizes T, for
each TDE, using 7,.cnq =0.05 as the fiducial parameter.
Physically, after f.., the RS emission decays rapidly, as the
ceased central engine suspends the electron injection once the
shock crossing is complete. The solid black curves in Figure 1
illustrate the light curves after shutting down the power
injection following T., while the gray dashed lines correspond
to the cessation times for each TDE. We conclude that the RS
model, incorporating jet break steepening and the ceased
central engine mechanism, effectively explains the rapid decay
observed in the late-stage X-ray light curves, particularly for
Sw J2058 and Sw J1644. In both cases, the FS contributions
are subdominant as pointed out by C. Yuan et al. (2024b) for
AT 2022 cmc.

In the early stage when the jet is still in the coasting phase,
the X-ray fluxes increase with time as the RS begins to cross
the ejecta. This feature explains the peaks observed in the light
curves of Sw J1644 and Sw J2058 at T, ~ 10 days. The X-ray
observations of AT 2022cmc at Typs~4days and the
fluctuations seen in Sw J1644’s light curve at earlier times, e.g.,
Tobs S 4 days, may be attributed to internal energy dissipations
occurring close to the SMBH (e.g., W.-H. Lei et al. 2013),
analogous to the prompt phase of GRBs.

We focus on spectral fitting in the X-ray range, e.g.,
0.3-10keV, as there are no y-ray observations for these four
jetted TDEs, and the radio observations are typically attributed
to FS emissions from a slower jet (e.g., T. Matsumoto &
B. D. Metzger 2023; C. Yuan et al. 2024b; C. Zhou et al. 2024,
for AT 2022cmc). We present in Figure 2 the fit to X-ray

spectra for AT 2022cmc (left panel), and Sw J2058 and Sw
J1664 (right panel). The results indicate that the fast cooling
synchrotron spectra can reproduce the X-ray spectra in the
energy range 0.3-10keV.

3.2. N-Ray and Neutrino Detectabilities

The accelerated nonthermal electrons could produce 7-rays
in energy ranges of the Fermi Large Area Telescope (LAT),
e.g., 100MeV to 10GeV. It is useful to discuss the ~-ray
detectabilities. The left panel of Figure 3 illustrates the time-
dependent y-ray flux for each jetted TDE. Similar to the X-ray
light curves, the ~-ray light curves exhibit fast-decaying
signatures with the peak flux level maintaining over tenths of
days. For reference, the 100 day Fermi-LAT sensitivity line
(M. Ajello et al. 2021) is also shown as the horizontal gray line.
This figure indicates that it is challenging to detect the fast-
decaying ~-ray emissions by Fermi-LAT, which explains the
nondetection of these sources in ~y rays. In the very-high-energy
~-ray regime, e.g., =100 GeV-1 TeV, the fluxes are suppressed
by the Klein—Nishina effect of inverse Compton radiation and
vy attenuation with extragalactic background lights, making
these jetted TDEs increasingly challenging to be detected
unless the source is nearby and/or additional mechanisms, such
as external inverse Compton emission, are introduced.

Recent identification of TDEs and TDE candidates with
potential neutrino correlations, e.g., AT 2019dsg (R. Stein et al.
2021), AT 2019fdr (S. Reusch et al. 2022), AT 2019aalc
(S. van Velzen et al. 2024), AT 2021lwx (C. Yuan et al.
2024a), ATLAS17jrp (R.-L. Li et al. 2024), and two obscured
candidates (N. Jiang et al. 2023), have revealed that TDEs
could be promising neutrino emitters. Here, motivated by these
observations, we consider neutrino emission from on-axis
jetted TDEs. We use the parameters obtained from X-ray data
fittings to compute the cumulative single-flavor neutrino
fluences from external relativistic shocks of jetted TDEs,
which are shown in the right panel of Figure 3. Neutrino
mixing in a vacuum is assumed. In this calculation, we consider
an optimistic case where one-third of the jet kinetic power is
converted to the accelerated protons (e.g., €,=L,/L;=1/3)
and treat the synchrotron emissions as the target photon field
for p interactions. For simplicity, we assume a power-law
proton injection spectrum Q,, x E, 2 exp(—E,/E, max) and
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Figure 3. Left panel: model-predicted 100 MeV-10 GeV ~-ray light curves for each TDE. The horizontal dashed line indicates the Fermi-LAT sensitivity for 100 day
observations. Right panel: expected single-flavor neutrino fluences originated from the external FS and RS regions. Optimistic proton acceleration efficiency of
€, = 1/3 is used. In both calculations, the parameters obtained from X-ray data fits are applied. See the main text for a detailed description of the sensitivity curves.

determine the maximum energy E,.x by equating the
acceleration time to the cooling time.

In the right panel of Figure 3, the sensitivity curves of
IceCube (decl. § = —23°), IceCube-Gen2 (6 =0°; R. Abbasi
et al. 2021), GRAND (zenith angle 6§ =90°; J. Alvarez-Muiiiz
et al. 2020), KM3NeT/ARCA230 (6= —73°; S. Aiello et al.
2024), and POEMMA (90% unified confidence level,
T. M. Venters et al. 2020) are also shown. We find that the
neutrino fluences from these jetted TDEs are at least 2 orders of
magnitude lower than the IceCube-Gen2 sensitivity. The major
reason is that the jetted TDEs are fast-fading transients
compared to persistent AGNs, and the pvy interaction
efficiencies in the jets of radii R; 2 10'® cm are low unless a
substantial number of external target photons are introduced.
Compact jet, internal energy dissipations, external target
photons, and/or dense external media (e.g., M. Klinger et al.
2024b) would be needed to make jetted TDEs promising
neutrino emitters.

We also note that our model would not explain neutrino
events from AT 2019dsg, AT 2019fdr, AT 2019aalc, and AT
20211wx because the fluences are too small. In addition, these
TDEs are not on-axis jetted TDEs and the jet energy is
constrained by afterglow observations (K. Murase et al. 2020),
although the constraints are relaxed hidden jets with time
delays (M. Mukhopadhyay et al. 2024).

4. Discussion

We have presented the RS model incorporating continuously
powered jets to explain the X-ray afterglows of four jetted
TDEs: AT 2022cmc, Sw J1644, Sw J2058, and Sw J1112.
Concerning the number of free parameters, we observe that by
fixing £,=1.5x10"°, s=23, ¢,=02, and k=1.8, the
spectral and light-curve fitting reduces the degeneracy of the
parameters. For instance, o determines the light-curve slopes
before Ty, while & normalizes the X-ray luminosities. The
parameters nigy and [y jointly define the jet deceleration time
and the light-curve peaks, and 6; controls the jet break time T,
whereas the cooling frequencies of X-ray spectra depend
strongly on ez. Moreover, by adopting the typical value
Nacej ~ 0.02, we infer that the masses of the disrupted stars are
distributed in the range 1.6-3.5M (see Table 1), which is

consistent with the limits estimated from optical/radio
observations.

In addition to the rapid decays, another significant feature of
the observed X-ray light curves of the four jetted TDEs,
especially Sw J1644, is their rapid variability of ~a
few x 100-1000s. The variability timescale of homogeneous
RS downstreams is tyzpically close to the observation time, e.g.,
Tisyar~ (1 + 2)R;/(T'°c) ~ Tops. Since the jet is continuously
powered by the SMBH, the observed variability time is
modulated by the light-crossing time of the central engine
(K. Ioka et al. 2005; R. C. Reis et al. 2012). Moreover, the
stochastic magnetic dissipation (B. Zhang & H. Yan 2011) and
small-scale plasma fluctuations may also cause short-term
variabilities. On the other hand, the X-ray light curves also
exhibit some quasiperiodic (1-10 days) variation, with dips that
cannot be simply attributed to external shock evolution. These
short-term structures may be caused by jet precessions induced
by misaligned accretion disks (C. J. Saxton et al. 2012;
N. Stone & A. Loeb 2012; W.-H. Lei et al. 2013; D. Calderén
et al. 2024); however, a quantitative modeling of these effects
is beyond the scope of this work.

Besides the RS emission, contributions from the FS region
are also included in our calculations and are found to be
negligible in X-ray bands using the same parameters for radio
data fitting, which disfavors the external FS as the origin of
jetted TDE X-ray emission. This also supports the two-
component jet model, suggesting that the FS in slow
(I'g ~ 1-10) jets and the RS in fast (I'y > 10) jets explain the
radio and X-ray observations (C. Yuan et al. 2024b),
respectively.

5. Conclusions

We modeled the jet evolution within an external density
medium by connecting the CNM profile, e.g., feam X R~ X, to
the ISM, and computed the time-dependent synchrotron and
SSC emission from RS regions. We concluded that the external
RS model for the jet may provide a generic and self-consistent
framework to explain the baselines of the X-ray afterglows of
jetted TDEs: Sw J1644, Sw J2058, Sw J1112, and AT
2022cmc. Remarkably, the jet break, together with a ceased
central engine when the accretion rate falls below the
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Eddington accretion rate, could explain the sharp declines in
the late-stage X-ray light curves, especially for Sw J1644 and
Sw J2058.

Our work also predlcts the peak ~-ray flux to be <2 x

1072 ergs ' ecm 7 (see the left panel of Figure 3), which is
lower than the Fermi-LAT 100 day sensitivity and explains
the nondetection of ~-rays from jetted TDEs. Moreover,
choosing an optimistic proton acceleration efficiency of
€, =1L,/L;=1/3, the neutrino fluences from the four jetted
TDE:s are still more than 2 orders of magnitude lower than the
IceCube-Gen?2 sensitivity.

Future work incorporating external RSs, periodic jet
precessions, and the contribution of internal energy dissipations
would offer a more comprehensive description of the TDE
X-ray afterglows, reproducing simultaneously the overall
slopes, short-term fluctuations, and rapid variability.
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Appendix
Time-dependent RS Emissions

Given the minimum electron Lorentz factor, -~,,=
(T — Dg(s)e,/fo)(m,/m,), we normalize the electron injection
rate Q, via

feLj,iso

el (A1)

R iyne) [Qed =

where téyn = R;/(T'c) is the comoving dynamic time, g(s) =
s—=2)/(s—1) for s>2and g(s) ~ O(0.1) for s =2.

We use the AM? software (M. Khnger et al. 2024a) to model
the time-dependent synchrotron and inverse Compton emis-
sions in the SSC framework by numerically solving the
transport equations for electrons and photons in the comoving
frame, specifically, for electrons,

anl X I
W =0, — e (’7@” ) tdyn

(A2)

where 7/ is the electron number density (differential in Lorentz
factor and volume), ¢’ is the time measured in comoving frame,
and 4, is the electron energy loss rate due to synchrotron
radiation, inverse Compton scattering, and adiabatic cooling. In
this calculation, we self-consistently determine the maximum
electron Lorentz factor by equating the acceleration rate
v acc = eBy/(v,m,c) to the cooling rate t'. " = |3,|/~,.

To obtain the observed photon spectra and light curves, we
convert the comovmg photon density spectra n (in the units of
cm ) to the flux in the observer’s frame by 1ntegratmg over
the equal-arrival-time surfaces (e.g., K. Takahashi et al. 2022;

Yuan et al.
Y. Sato et al. 2024; B. T. Zhang et al. 2025),
2r(1 +z) 6 . )
F(E, Ty = d—szO df sin(0)R;
J'(@, R, €
x AR f, 0T 2 . (A3
e T = p Ton 1R
l+z ¢
where j/ = n//(4mty,,) is the emissivity per unit solid angle, 7
is the emission time, u = cosf, =1 —-1/T2,

Bsn=+1—-1/ th is the shock velocity with Iy, = V2T. In

this expression, ¢’ = (1 + z)E/I" connects the energy in the
observer’s frame (E) to energy in the comoving frame (¢’), and
AR; = R;/[12T*(1 — pfBy)] (K. Takahashi et al. 2022) mea-
sures the radical thickness of the shocked region that
contributes to the observed flux at T,,. The jet break correction
factor f,, = 1/[1 + (6;1)?] is also included.
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