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Recently, a high-energy muon neutrino event was detected in association with a tidal disruption event
(TDE) AT2019dsg at the time about 150 days after the peak of the optical/UV luminosity. We propose that
such an association could be interpreted as arising from hadronic interactions between relativistic protons
accelerated in the jet launched from the TDE and the intense radiation field of TDE inside the optical/UV
photosphere, if we are observing the jet at a moderate angle (i.e., approximately 10° − 30°) with respect to
the jet axis. Such an off-axis viewing angle leads to a high gas column density in the line of sight, which
provides a high opacity for the photoionization and the Bethe-Heitler process and allows the existence of an
intrinsic long-term x-ray radiation of comparatively high emissivity. As a result, the cascade emission
accompanying the neutrino production, which would otherwise overshoot the flux limits in the x-ray and/or
GeV band, is significantly obscured or absorbed. Since the jets of TDEs are supposed to be randomly
oriented in the sky, the source density rate of TDE with an off-axis jet is significantly higher than that of
TDE with an on-axis jet. Therefore, an off-axis jet is naturally expected in a nearby TDE being discovered,
supporting the proposed scenario.
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I. INTRODUCTION

A tidal disruption event (TDE) is produced when a star
approaches so close to a supermassive black hole (SMBH)
that it is torn apart by the tidal force of the SMBH. Part of
the stellar debris forms a transient accretion disk around the
SMBH, resulting in a luminous panchromatic flare. The
majority population of TDEs are thermal TDEs; i.e., their
x-ray, ultraviolet, and optical radiations have a thermal
spectrum. A small fraction of TDEs present nonthermal
x-ray emission, implying that powerful relativistic jets are
launched in these TDEs [1–5]. It has been suggested that
high-energy cosmic rays may be accelerated in the jets of
TDEs [6–8] and subsequently produce high-energy neu-
trinos via the pγ interactions of the accelerated protons with
the intense photon field of the TDE [9–16]. Recently, Stein
et al. [17] reported, for the first time, the association of a
muon neutrino event of energy Eν ≳ 200 TeV, detected by
IceCube on 2019 October 1 (IceCube-191001A), with a
radio-emitting TDE (named AT2019dsq) revealed by the
ZTF. Radio-emitting TDEs constitute only a small fraction
of the bulk population of TDEs. The chance probability of

finding a TDE as bright as AT2019dsq in the direction of a
high-energy neutrino event is about 0.2%.
AT2019dsg is located at a redshift of z ¼ 0.051 or a

luminosity distance of DL ≃ 230 Mpc from Earth [18]. Its
peak luminosity is in the top 10% of the 40 known optical
TDEs to date [17,19]. By the time of the neutrino detection,
which is 150 days after the luminosity peak in optical/UV
(OUV) band, theOUV light curve has reached a plateau, and
it sustains an OUV luminosity of LOVU ∼ 3 × 1043 erg s−1
with the spectrum being well described by a blackbody
photosphere of a near constant temperature of TOUV ∼
104.59�0.02 K over time, implying an OUV photosphere
radius of ROUV ¼ 1014.1 cm. The TDE was also bright in
the x-ray band with a luminosity of LX ∼ 2.5 × 1043 erg s−1
(in 0.3–10 keV) discovered at the time of 17 days after the
OUV peak. The x-ray spectrum is consistent with thermal
spectrum of a blackbody of temperature TX ¼ 105.9 K,
emitted supposedly from a hot accretion disk. Based on
the temperature, the inferred bolometric x-ray luminosity at
that time is 7.6 × 1043 erg s−1. However, this x-ray flux
faded extremely rapidly, by a factor of least 50 times over a
period of 159 days as measured by Swift/XRT and XMM-
Newton [17]. The rapid decrease of the X-ray flux could be
caused by cooling of the newly formed TDE accretion
disk or increasing X-ray obscuration [17]. The Fermi Large

*ryliu@nju.edu.cn
†xywang@nju.edu.cn

PHYSICAL REVIEW D 102, 083028 (2020)

2470-0010=2020=102(8)=083028(8) 083028-1 © 2020 American Physical Society

https://orcid.org/0000-0003-1576-0961
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.083028&domain=pdf&date_stamp=2020-10-26
https://doi.org/10.1103/PhysRevD.102.083028
https://doi.org/10.1103/PhysRevD.102.083028
https://doi.org/10.1103/PhysRevD.102.083028
https://doi.org/10.1103/PhysRevD.102.083028


Area Telescope (Fermi-LAT) did not detect significant
signal from the TDE, resulting in an upper limit of
10−12–10−11 erg cm−2 s−1 for the flux in 0.1–800 GeV
averaging over 230 days after the discovery of the TDE
(data analysis is detailed in theAppendix; see alsoRef. [17]).
According to a three-dimensional fully general relativ-

istic radiation magnetohydrodynamics simulation per-
formed in Ref. [20], the outflow wind has drastically
different density and velocity profiles at different inclina-
tion angles. At larger inclination angles (closer to the
midplane), the outflows are denser and slower, which
would lead to a severe absorption of the X-ray/gamma-
ray emission. At lower inclination angles, the outflows are
much more dilute (but still as high as 1011 cm−3), resulting
in a high ionization state so the X-ray photons are
efficiently scattered by free electrons; only when observers
look down the funnel where the gas density could be as low
as less than 109 cm−3, the intrinsic X-ray emission can be
seen. Therefore, if the rapid decline of the X-ray luminosity
seen in AT2019dsg is interpreted as being gradually
obscured by the expanding dense outflow, the observers
must view the TDE at a moderate inclination angle
leastwise (θ ≳ 10°).
Recently, Ref. [21] suggested that a relativistic jet is

present in the TDE AT2019dsg and emits the neutrino and
electromagnetic (EM) radiation along the line of sight.
They suggested that a fraction of the X-ray photons are
backscattered by the ionized electrons in the surrounding
outflow, providing the target photon field for the production
of neutrinos via pγ interactions. Reference [22] proposed
no-jetted scenarios for neutrino production, where neutri-
nos are produced in the core region (e.g., the hot coronae
around an accretion disk). In this paper, we propose that the
neutrino event and EM radiation of TDE AT2019dsg can be
explained self-consistently with a simple one-zone model
in the framework of an off-axis jet, in which relativistic
protons are accelerated and interact with the intense OUV
radiation of the TDE. The rest part of the paper is organized
as follows. In Sec. II, we study the relevant interaction
processes such as neutrino production and photon absorp-
tion. In Sec. III, we show the resulting neutrino spectrum
and multiwavelength flux expected in the model. We
discuss and summarize the result in Sec. IV.

II. NEUTRINO PRODUCTION AND RELATED
EM CASCADE EMISSION

Following Ref. [10], we consider that protons are accel-
erated in certain dissipation processes in a relativistic jetwith
a bulk Lorentz factor Γj ∼ 5 (corresponding to a jet speed of
vj ≃ 0.98c where c is the speed of light). We do not specify
the acceleration mechanism here, but for any Fermi-type
acceleration mechanism which is common in astrophysical
processes, the acceleration timescale can be expressed by
a general formula [23–26] tacc ¼ η−1ðEp=ΓjeBcÞðc=vsÞ2,

where ηð≤ 1Þ is the acceleration efficiency related to the
mean free path and the geometry of the acceleration region,
e is the electric charge, B is the magnetic field in the
acceleration region, and vs is the speed of the scattering
center. The true energy of the neutrino event could be as high
as 1 PeV [17], so it probably requires the proton to be
accelerated at least up to 20 PeV in the SMBH rest frame (or
4 PeVin the jet’s comoving frame) as the generated neutrino
in the pγ interaction carries 5% of parent proton’s energy in
general. The acceleration should be completed before
protons are transported beyond the UV photosphere with
the jet because otherwise the collisions between protons
and photons will be tail-on dominated, leading to a signifi-
cant suppression on the interaction efficiency. This requires
the acceleration timescale tacc to be smaller than the jet’s
crossing timescale of the photosphere i.e., tjc ¼ ROUV=Γjvj.
Also, the acceleration of protons should overcome the
energy losses due to the pγ interactions and the BH pair
production on the radiation of the TDE. The energy losses
depend on the photon number density of the TDE’s
radiation, which is given by

n ¼ n0ϵ2

expðϵ=kTOUVÞ − 1
ð1Þ

in the SMBH rest frame, where n0 is found by
R
ϵndϵ ¼

LOUV=4πR2
OUVc for the OUVemission. We take the values

of LOUV and ROUV around the neutrino detection time, i.e.,
LOUV ¼ 3 × 1043 erg=s and ROUV ¼ 1014.1 cm. The X-ray
photon field follows the same expression, except replacing
TOUV by TX and LOUV by fXLX. Here, fX represents the
fraction of X-ray photons being scattered or isotropized
inside the OUV photosphere, and we fix this value at 0.1 in
the following calculation. The rapid decline of theX-ray flux
could result from two possibilities as mentioned in the
previous section: first, if we observe the TDE through
the funnel which is transparent to the X-ray emission, the
intrinsic X-ray luminosity must have dropped to a negligible
level by the time of the neutrino detection; alternatively, if
we observe the TDE at a large inclination angle, the decline
of the X-ray luminosity could be ascribed to an increasing
obscuration by the outflow as the latter is gradually launched
from the disk and blocks the observer’s line of sight toward
the hot inner accretion disk. The intrinsic X-ray luminosity
could stay comparatively high in this scenario, and we
employ LX ¼ 7.6 × 1042 erg=s around the time of the
neutrino detection, where we have presumed that the
X-ray light curve follows the same behavior of OUV’s light
cure, which has entered a plateau by the time of the neutrino
detection and declined to a level of approximately 10% of
the initial value.
Note that, in Eq. (1), we assume that the proton

acceleration and interaction region is located around the
OUV photosphere. As we mentioned above, a larger radius
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is not favored for the neutrino production. On the contrary,
one could consider a smaller radius which would benefit
the neutrino production. The energy loss timescale of
protons due to the pγ interaction (tpγ) and the Bethe-
Heitler (BH) pair production (tBH) are treated following the
semianalytic method developed by Ref. [27]. Relevant
timescales of protons as functions of proton energy are
shown in the upper panel of Fig. 1. We consider the most
efficient acceleration case (i.e., η ∼ 1 and vs ∼ c), and a
conservative lower limit for the magnetic field B ≃ 1 G can
be obtained from the requirement tacc < ðt−1pγ þ t−1BHÞ−1 for
20 PeV proton.
By comparing the jet crossing timescale and the pγ

interaction timescale, we find that the OUV radiation field
leads to an almost full pγ interaction efficiency above
approximately 2 PeV in the jet’s comoving frame or

approximately 10 PeVin the SMBH rest frame (correspond-
ing to neutrino energy above approximately 0.5 PeV).
High-energy gamma rays, electrons, and positrons will be
produced simultaneously with neutrinos in pγ interactions.
High-energy gamma rays will be absorbed by the OUV
and/or the isotropized X-ray radiation field of the TDE via
the γγ annihilation and produce high-energy electron/
positron pairs, triggering the EM cascades and depositing
their energies into keV to GeV band via the synchrotron
radiation and the inverse Compton (IC) radiation. One of
the generated electrons and positrons in the annihilation
will bring most energy of the high-energy photon when the
center-of-momentum energy far exceeds the rest energy of
an electron (i.e.,

ffiffiffiffiffiffiffi
Eγϵ

p
≫ mec2). The high-energy electron

or positron will pass most of its energy to one of the TDE
photons via the IC scattering in the deep Klein-Nishina
regime and regenerate a high-energy photon. Such a
γ − e − γ cycle, which is also called “EM cascade,” will
proceed several times until the pair production opacity of
the new generated photons falls below unity, which occurs
around GeV energy if the X-ray radiation presents or
around 10 GeV energy if not (see the lower panel of
Fig. 1). Eventually, the high-energy EM particles deposit
their energies into keV to GeV band via the synchrotron
radiation and the IC radiation. Thus, the keV flux upper
limit measured by XMM-Newton and the GeV flux upper
limit measured by Fermi-LAT could constrain the model,
especially the viewing angle. This is because the viewing
angle determines the gas column density of the TDE
outflow in the line of sight, which is crucial for the
absorption processes such as the photoionization and the
BH process. We follow Ref. [28] for the cross section of
the former process and Ref. [29] for that of the latter
process. In the lower panel of Fig. 1, we show the opacities
of various attenuation processes for photons with different
viewing angles [30], based on the gas density profile
simulated by Ref. [20]. The photoionization opacity is
larger than unity at ≲10 keV and quickly drops to zero at
13.6 eV due to the threshold of the photoionization of
hydrogen atoms. Therefore, low-energy UV photons can
escape from the system, while X-rays are significantly
attenuated. Here, we do not consider the Thomson scatter-
ing opacity for two reasons. First, the Thomson scattering
opacity depends on the ionization state of the gas since only
free electrons provide the opacity, which would then
require a sophisticated treatment of the radiative transfer
process in the disk and outflows, which is complex and
beyond the scope of this work. On the other hand, the
scattering process mainly operates on the photons below
MeV due to the Klein-Nishina effect, and it will not
influence our conclusion whether we take into account
this process or not, as will be shown in the next section. In
the case in which observers look down the funnel region
(i.e., θ ≳ 0), the gas density in the line of sight is low, and
we neglect the gas column density for simplicity. Note that

FIG. 1. Upper panel: relevant timescales for protons. All the
timescales are measured in the jet’s comoving frame. Lower
panel: opacities of different processes for photons. The photon
energy is measured in the SMBH rest frame. The solid/dashed
gray curve represents the γγ opacity caused by the OUVemission
and isotropized X-ray emission. The curves marked with τion and
τγBH show the opacities of the photoionization and the BH pair
production for gamma rays, respectively. The blue, green, and red
curves represent different viewing angles as labeled. Note that for
the on-axis case (θ ¼ 0) the gas density is significantly lower than
the off-axis cases, so the photoionization opacity and the BH
opacity are negligible.
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the γγ annihilation opacity does not depend on the viewing
angle because the target photon field is the isotropic/
isotropized OUV and X-ray radiation of the TDE.

III. RESULTS

We carry out a numerical calculation, as detailed in the
Appendix A, to obtain the spectrum of muon neutrinos and
the accompanying EM cascades expected in our proposed
model. We assume that the injection proton spectrum
follows the form dN=dEp ∝ E−2

p exp ð−E=Ep;maxÞ for
Ep ≥ Γj × 1 GeV. Since the neutrino flux should not drop
significantly by the time of the detection of IceCube-
191001A, we consider that the system has reached a
quasisteady state and take a constant injection luminosity
of relativistic protons in the jet, i.e., Lp;j ∼ 3 × 1044 erg s−1
(measured in the SMBH rest frame), which is comparable
to the peak luminosity of the TDE. Four different viewing
angles, i.e., θ ¼ 0; π=16; π=8, π=4, are taken into account
in the calculation. Given a typical half-opening-angle
θj ¼ 10° for the jet, the observer would see an off-axis jet
with the latter three θ. Similar to the assumption used in
Fig. 1, we consider 10% of the X-ray emission from the
accretion disk is isotropized (i.e., fX ¼ 0.1), providing a
target photon field for relevant particle interactions in the
cases of θ ≠ 0, while we assume the intrinsic X-ray emission
has already decayed to a negligible level in the case of θ ¼ 0
at a time much earlier than the neutrino detection.
The intrinsic emissivity of neutrino and the EM cascade

is more or less the same in the jet’s comoving frame,
regardless of the viewing angle if we ignore the difference
caused by the X-ray photon field between the θ ¼ 0 case
and the θ ≠ 0 cases. However, the Doppler effect makes a
profound impact on the observed flux. The Doppler factors
are δD ¼ ½Γjð1 − βj cos θÞ�−1 ¼ 10, 5.1, 2.1, 0.65, respec-
tively, for θ ¼ 0; π=16; π=8, π=4with Γj ¼ 5. Let us denote
the intrinsic differential luminosity of neutrino/EM emis-
sion at energy E0 in the jet’s comoving frame by Lν=γ

0ðE0Þ.
Note that the hadronic emission would fade rapidly once
the accelerated protons are transported beyond the photo-
sphere while fresh relativistic protons are continuously
injected into the photosphere. Consequently, observers
would see that the emission always come from the region
within the photosphere as if the emitting region were
stationary during the observational period, which is much
longer than the jet’s crossing time in the SMBH rest
frame Γjtjc ∼ 4000 s. Thus, the flux seen by the observer
is (de)boosted by a factor of δ3D for an viewing angle
θ > θj (i.e., off axis), i.e.,

FνðδDE0Þ ¼ δ3DL
0
νðE0Þ

4πD2
L

ð2Þ

for neutrino and

Fγ ¼
δ3DL

0
γðE0Þ

4πD2
L

fγγ expð−τionÞ expð−τγ; BHÞ ð3Þ

for photon. The factors fγγ ¼ ½1 − expð−τγγÞ�=τγγ in Eq. (3)
are the fraction of the emission that can escape the γγ
absorption. expð−τionÞ and expð−τγ; BHÞ account for the
absorption of photons via the photonionization and via BH
process in the dense outflow. For the fluxes in the case of
θ ¼ 0 (i.e., when viewing the jet on axis), we need to
replace δ3D in Eqs. (2) and (3) with δDðθ2j=4Þ−1. Finally, the
gamma-ray absorption during the propagation in the

FIG. 2. Upper panel: expected spectrum of the neutrino
emission and EM cascade with different viewing angles (black
curves for on-axis case or θ ¼ 0; blue, green, and red curves
for off-axis case with θ ¼ π=16; π=8, π=4, respectively), for
B ¼ 1 G. The numbers marked under the values of θ represent
the expected muon (including antimuon) neutrino event number
Nνμ detected in ð0.2 − 1Þ PeV in 150 days with the GFU/PS
effect area of IceCube. The 3σ upper limits of the TDE’s GeV
flux averaging over 230 days after the TDE are shown in orange
bars with arrows. The 3σ upper limit in x-ray band (0.3–10 keV)
measured by XMM-Newton is shown as magenta bars and
arrows. The thin solid black curves show the expected flux in
the on-axis case for B ¼ 500 G. Lower panel: same with the
upper panel but normalizing Nνμ to 0.008, which is the smallest
reasonable event number for the detection of a single muon
neutrino event in association with AT2019dsg among all 17 TDEs
detected by ZTF.
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intergalactic space is considered, following the model of
the extragalactic background light given by Ref. [31].
The result is shown in Fig. 2. In the upper panel, we can

see significant differences among four viewing angles
considered here. The differences in peak energies and peak
fluxes in the neutrino spectra are caused by different
Doppler factors due to different viewing angle. Since the
x-ray emission of the TDE has to be very weak in the on-
axis case, the neutrinos are produced only on the OUV
radiation, and hence the spectral shape is narrower, and
GeV gamma rays are little absorbed (see also the lower
panel of Fig. 1). The x-ray and GeV flux upper limits
measured by, respectively, XMM-Newton and Fermi-LAT
pose strong constraints on the viewing angle and are
inconsistent with the θ ¼ 0 case and θ ¼ π=16 case.
Note that the resulting x-ray fluxes in three θ ≠ 0 cases
do not violate the x-ray upper limits, validating the
simplification of neglecting the Thomson scattering proc-
ess, which would otherwise only further reduce the x-ray
flux. The expected νμ þ ν̄μ event number in ð0.2 − 1Þ PeV,
assuming the emission lasts for 150 days, is obtained by
convolving the neutrino flux with the gamma-ray follow-up
(GFU) and point-source (PS) effective area of IceCube
[32], respectively, as labeled in the upper panel of Fig. 2.
The neutrino event number expected with the GFU selec-
tion is 0.008≲ Nνμ ≲ 0.76 for AT2019dsg considering
that IceCube-191001A is the only event triggered the
IceCube alert among all 17 TDEs detected by ZTF [17].
On the basis of this analysis, the case of θ ¼ π=8 can
successfully explain the neutrino-TDE association and in
the meantime conform with the x-ray and GeVupper limits,
under the employed parameters. The employed magnetic
field (i.e., B ¼ 1 G) corresponds to a magnetic lumino-
sity of LB ≃ πθ2jR

2
OUVΓ2

jcðB2=8πÞ ¼ 5 × 1037 ðB=1GÞ2 ×
ðθj=10°Þ2 erg s−1, which is energetically reasonable since it
is much smaller than the jet’s kinetic luminosity. It allows
us to employ a larger magnetic field and hence a less
extreme condition of particle acceleration with η ≪ 1.
It should be noted that the jet’s relativistic proton

luminosity is not necessarily comparable to the TDE’s
peak luminosity. In fact, it is rather a free parameter in the
model, and the resulting neutrino flux and EM emission
flux are linearly proportional to it. We then normalize the
theoretical neutrino event number expected in the GFU
effective area to 0.008 by rescaling the proton luminosity.
As we can see in the lower panel of Fig. 2, the expected flux
in the on-axis case still overshoots the Fermi-LAT 3σ upper
limits. The GeVemission is radiated through the IC process
of the cascaded electrons, so it could be suppressed if a
large magnetic field is employed. To achieve this, the
magnetic field energy density in the comoving frame of the
jet should be higher than that of the radiation field, leading
to a requirement of B≳ 1000 G. Indeed, we find that if we
use B ¼ 500 G, the GeV gamma-ray flux can be reduced to
a level marginally consistent with the 3σ upper limits of

Fermi-LAT. However, the synchrotron radiation in this case
is significantly enhanced and overshoots the x-ray upper
limit in the on-axis case, as shown in the thin solid
black curves in Fig. 2. Moreover, primary electrons are
likely accelerated with protons as well. The accelerated
electrons also generate multiwavelength EM emission via
the synchrotron radiation and the IC radiation, conse-
quently aggravating the inconsistency with these upper
limits. Also, given that the magnetic luminosity is LB ≃
5 × 1043ðB=1000GÞ2 erg s−1, the magnetic luminosity is
much higher than the proton luminosity for B≳ 1000 G,
which may be at odds with the blazar modelings and
theoretical expectation. Therefore, the on-axis jet scenario
is less favored. In the case of θ ¼ π=4, the neutrino flux is
severely Doppler deboosted, and an unrealistically large
proton luminosity of the jet is needed to explain the
detection. To conclude, the viewing angle should be
sufficiently large (≳10°) to make the EM emission be
obscured, while on the other hand, it should remain
moderate to avoid the neutrino flux being deboosted
(i.e., δD < 1). We then expect 10°≲ θ ≲ 30° to be a
favorable range of the viewing angle, for a typical
Lorentz factor of 5–10 for the TDE jet.

IV. CONCLUSION

It is speculated that jets in TDEs, if not powerful enough
to break out of the dense envelope formed by unbound
stellar material, could be choked inside the envelop, finally
dissipating all the jet’s energy to the cocoon [10,12]. The
proposed model in this paper for the neutrino event does
not depend on whether the jet can break out of the envelope
or not, since neutrino emission can be observed in both
cases. If the jet is choked, however, the dense envelope
could also hide the EM emission even if we observe the jet
on axis [10]. Therefore, the on-axis, choked jet case is
probably not constrained by the x-ray and GeVupper limits
and remains a possible solution. Nevertheless, since the jets
of TDEs are supposed to be randomly oriented in the sky,
we would naturally expect the presence of an off-axis jet
(no matter whether choked or not) rather than an on-axis jet
in a nearby TDE to be discovered.
On the other hand, the multiwavelength observation

immediately after the jet breakout may be useful to
diagnose whether the jet is successfully launched on axis.
If the jet breaks out of the envelope, the jet will propagate in
the interstellar medium and produce an external shock.
Electrons will be accelerated in the external shock and give
rise to nonthermal afterglow emission. For an off-axis
observer, as the jet is decelerating, the beaming angle is
widening, so the observer would be able to see a rising
nonthermal afterglow emission. However, this afterglow
emission is comparatively weak due to being less Doppler
boosted or even deboosted, so it may be hard to distinguish
it from the emission produced by other TDE components.
On the other hand, if we observe a successful jet on axis,
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the early afterglow emission would be very bright due to
the relativistic boosting. Thus, the on-axis, successful jet
scenario may be also disfavored by nondetection of multi-
wavelength afterglow of AT2019dsg (see also Ref. [22]).
To conclude, we showed that the association between

IceCube-191001A and TDE 2019dsg may be interpreted
by an off-axis jet model. The favored viewing angle with
respect to the jet axis is 10° − 30°, with which the neutrino
flux would not be Doppler deboosted and in the meantime
the accompanying x-ray and GeV gamma-ray emission can
be absorbed by the slow, dense outflow in the line of sight.
TDEs of off-axis jets may potentially make a considerable
contribution to the diffuse high-energy neutrino back-
ground, and this is to be studied further in the future.
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APPENDIX A: CALCULATION OF THE
NEUTRINO AND THE EM

CASCADE EMISSION

The quasisteady state spectrum of relativistic protons can
be given by

dNp

dEp
¼ d _Np

dEp
ðt−1jc þ t−1pγ þ t−1p;BHÞ−1: ðA1Þ

We then deal with the calculation in the jet’s comoving
frame and covert the relevant quantities to the comoving
frame, i.e., the proton energy E0

p ¼ Ep=Γj, the proton
spectrum E0

pdN0
p=dE0

p ¼ ΓjEpdNp=dEp, the differential
density of the target photon field n0ðϵ0Þ ¼ ðn0=Γ2

jÞϵ02=
ðexpðϵ0=ΓjkTÞ − 1Þ, and the timescale of the i process
t0i ¼ ti=Γj, while the opacities are Lorentz invariants.
The generated spectrum of gamma rays, electrons/

positrons (hereafter, for simplicity we do not distinguish
positrons from electrons as the difference between these
two particles are not relevant for this study), and neutrinos
from the pγ process and the BH process are calculated
following the semianalytical method developed by
Ref. [27], which is denoted by

d _N0
γ

dE0
γ

����
pγ

¼ F γ
pγ

�
dN0

p

dE0
p
; n0ðϵ0Þ

�
ðA2Þ

d _Ne
0

dE0
e

����
pγ

¼ F e
pγ

�
dN0

p

dE0
p
; n0ðϵ0Þ

�
ðA3Þ

d _N0
ν

dE0
ν

����
pγ

¼ F ν
pγ

�
dN0

p

dE0
p
; n0ðϵ0Þ

�
ðA4Þ

d _Ne
0

dE0
e

����
BH

¼ F e
BH

�
dN0

p

dE0
p
; n0ðϵ0Þ

�
ðA5Þ

where Fpγ and FBH are the operators to derive the spectra
of secondary particles generated in the pγ interactions and
the BH processes. The generated neutrinos will escape the
source directly, while gamma rays and electrons are subject
to further interactions inside the source.
The intense radiation field of the TDE will absorb high-

energy gamma rays and produce an electron-positron pair.
The fraction of high-energy gamma rays that can escape the
source is fesc ¼ ½1 − expð−τγγÞ�=τγγ . The total spectrum of
gamma-ray photons containing in the source can then be
given by

dNγ

dEγ
¼ d _Nγ0

dE0
γ
ðt0−1lc þ t0−1γγ Þ−1; ðA6Þ

where t0lc ¼ ROUV=Γjc is the light crossing time of the
OUV photosphere. Similarly, the electron spectrum gen-
erated by the γγ annihilation can be given by

d _Ne
0

dEe

����
γγ

¼ F e
γγ

�
dN0

γ

dE0
γ
; n0ðϵ0Þ

�
; ðA7Þ

where F γγ follows the expressions shown in Ref. [33].
The generated electrons will produce multiwavelength

emission via the synchrotron radiation and the inverse
Compton radiation. The total quasisteady state electron
spectrum in the source generated directly by protons and
by the first-generation gamma-ray photons are given,
respectively, by

dN0
e

dE0
e

����
p
¼

�
d _Ne

0

dE0
e

����
pγ

þ d _Ne
0

dE0
e

����
BH

�
ðt0−1jc þ t0−1syn þ t0−1IC Þ ðA8Þ

and

dN0
e

dE0
e

����
γ

¼ d _Ne
0

dE0
e

����
γγ

ðt0−1jc þ t0−1syn þ t0−1IC Þ: ðA9Þ

These electrons will give rise to the second-generation
gamma-ray photons (as well as lower-energy emissions)
via the synchrotron radiation and IC radiation, i.e.,

d _Nγ

dEγ

����
2nd

¼ F syn

�
dN0

e

dE0
e
; B0

�
þ F IC

�
dN0

e

dE0
e
; n0ðϵ0Þ

�
; ðA10Þ

where F syn and F IC are operators calculating the synchro-
tron radiation and the IC radiation, which can be found in
Ref. [34]. A fraction of high-energy gamma-ray photons
generated in this step will be absorbed again by the TDE’s
intense radiation field and produce pairs, as described by
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Eqs. (A6) and (A9). The newly generated pairs will give
birth to the next-generation gamma rays. Such a cycle will
repeat many times (i.e., the so-called electromagnetic
cascade) until the energy of the generated photons falls
below the threshold for the γγ annihilation. We find that the
contribution of the sixth- or seventh-generation photons are
already sufficiently small and hence further cycles can be
neglected. The intrinsic EM emissivity in jet’s comoving
frame from the first seven generations is shown in Fig. 3.
Lastly, we sum up the photon flux of each generation,

convert to the observer’s frame, and take into account the
influences of various absorption processes as depicted in
the main text.

APPENDIX B: FERMI-LAT DATA ANALYSIS

The Fermi-LAT is an imaging, wide field of view
of approximately 2.4 sr, high-energy γ-ray telescope, cover-
ing the energy range from below 20 MeV to more than
300 GeV [35]. We used Pass 8 SOURCE class events,
corresponding to P8R3_SOURCE_V2 instrument response
functions, and employed the Fermi-LAT ScienceTools

package (FERMITOOLS1.2.0). We selected a 17° × 17° region
of interest centered at the AT2019dsg optical position
(α2000 ¼ 314.26 deg, δ2000 ¼ 14.20 deg), with photon
energies from 100 MeV to 800 GeV. We considered the
time intervals (230 days) spanning from April 4 to
November 20, 2019, which covers the peak of the optical
emission, theUVplateau, and the peakof the radio emission.
We used the GTMKETIME tool to select time interval

expressed by ðDATAQUAL>0Þ&&ðLATCONFIG¼¼1Þ.
To avoid Earth limb contamination, we excluded the photons
with a zenith angle larger than 90°. We binned our data
with a resolution of 0.05° per pixel spatially and of

10 logarithmically spaced bins per energy decade. The
background model contains all sources listed in the 4th
Fermi-LAT gamma-ray source catalogue (4FGL) along
with the standard diffuse emission background, i.e., the
foreground for Galactic diffuse emission (gll_iem_v7.fits)
released and described by the Fermi-LAT Collabora-
tion through the Fermi Science Support Center (FSSC)
[36] and the background for the spatially isotropic
diffuse emission with a spectral shape described by
iso_P8R3_SOURCE_V2_v01.txt. The source labelled as
Fermi − J2113.8þ 1120 by Ref. [17] is also included
in our background model. Since the 4FGL catalog is
based on eight years of LAT observations, we found some
4FGL sources with low test statistics (TS), defined as
TS ¼ −2ðln L0 − ln LÞ, where L0 is the maximum-likeli-
hood value for null hypothesis and L is the maximum
likelihood with the additional source. We removed the
sources with TS < 6 (i.e., less than 2σ significance level)
from our background model for our short time interval
analysis. We cannot find any gamma-ray emission around
the position of AT2019dsg, where we test a point-source
hypothesis with a power-law spectrum and obtain TS ¼ 0.
We calculate the upper limits (UL) at 3σ confidence level
using the Bayesian methods. The UL for a power-law
spectrum with photon power-law index Γ ¼ 2 is 8.0×
10−12 erg cm−2 s−1. We also generated the upper limit
(UL) within six logarithmically spaced energy bins over
0.1–800 GeV, as shown in Fig. 4 (see also Fig. 2 in the
main text).

FIG. 4. 3σ gamma-ray flux ULs measured by Fermi-LAT from
the direction of TDE AT2019dsg over 230 days after the trigger
of the TDE (April 4 to November 20, 2019). The gray bar and
arrow for are total flux UL in the 0.1–800 GeV range, while the
black bars and arrows are the differential UL.

FIG. 3. The intrinsic EM emissivity decomposed into each
generation in the jet’s comoving frame. Parameters are the same
with those in the upper panel of Fig. 2 in the main text.
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