
P
o
S
(
I
C
R
C
2
0
2
3
)
9
7
1

Choked jets in expanding envelope as the origin of the
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Three tidal disruption event (TDE) candidates (AT2019dsg, AT2019fdr, AT2019aalc) have been
found to be coincident with high-energy astrophysical neutrinos in multimessenger follow-ups.
Recent studies suggest the presence of a quasi-spherical, optically thick envelope around the
supermassive black holes in TDEs, resulted from stellar debris after the disruption. The envelope
may expand outwardly with a velocity of∼ 104 kms−1, as indicated by the emission line widths. We
study whether the neutrino signal can be explained by choked relativistic jets inside the expanding
envelope. While powerful jets, such as that in Swift J1644+57, can successfully break out from the
envelope, those with relatively weak power could be choked by the envelope. Choked jets can still
accelerate cosmic rays and produce high-energy neutrinos via interaction with the thermal photons
in the envelope. We explore the parameter space of the jets that can produce detectable neutrino
flux while being choked in the expanding envelope. We find that the cumulative neutrino numbers
of AT2019fdr and AT2019aalc are consistent with the expected range imposed by observations,
while the allowed parameter space for AT2019dsg is small. The neutrino time delay relative to
the optical peak time of TDEs can be explained as the jet propagation time in the envelope before
being choked. The discovery of TDE-associated neutrino events may suggest that jets might have
been commonly formed in TDEs, as expected from super-Eddington accretion, but most of them
are too weak to break out from the expanding envelopes.
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1. Model description

In the process of Tidal Disruption Events (TDEs), approximately half of the disrupted star’s
mass remains gravitationally bound, while the remaining materials are expelled outwardly due to
radiation pressure (with a density 𝜌 ∝ 𝑟−3) or through a disk wind (with a density 𝜌 ∝ 𝑟−2). Both
of these mechanisms give rise to the formation of thermal and optically dense expanding outflows
surrounding the supermassive black hole, commonly referred to as the envelope of TDEs. If there
are jets present within this envelope, protons accelerated by internal shocks can interact with thermal
photons inside the envelope, producing the emission of observable neutrinos (see Figure 1). The
delay between neutrino triggers and optical peaks can be explained by the jet propagation in the
envelope.

For a typical solar mass envelope, the velocity of the jet head is Newtonian 𝛽h − 𝛽env,h ≈ 0.05.
Gottlieb & Nakar (2022) found that in the Newtonian case, there is a simple analytic breakout
criterion for jets [1]
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where �̃�a(𝑛) and 𝑁E(𝑛) are numerical factors calibrated by simulations, 𝜃j,0 is the initial half open
angle of the jet, 𝐸j,iso =

∫
𝐿j,iso𝑑𝑡 and 𝐸env,kin is the total isotropic equivalent energy of jets and the

kinetic energy of the envelope, respectively.
To calculate the break-out time of jets and neutrino flux in the three TDEs, the kinetic energy

of the envelopes of each TDE are required. We take the velocity of the envelope as v∼ 104kms−1

for three TDEs and suggest two approaches to estimate the envelope mass. The first approach
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Figure 1: The schematic picture of a choked TDE jet in an expanding envelope. A quasi-spherical envelope
surrounds the BH. Internal shocks (yellow wavy lines) occurred within the jet accelerate cosmic-ray protons,
which produce neutrinos observed by us.
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Figure 2. The accumulative neutrino numbers (the color map) as a function of the jet luminosity and bulk Lorentz factor
assuming envelope masses of three TDEs given in case A. The white solid lines represent the parameter values corresponding to
the minimally required neutrino numbers, which are Nν = 0.008 for AT2019dsg and Nν = 0.007 for AT2019fdr and AT2019aalc
(Stein et al. 2021; Reusch et al. 2022). The white dashed line represents the critical parameter values for jets being choked and
the direction of the arrow means that the permitted parameter space for choked jets is below this line. Red crosses mark the
points in the parameter space that were chosen to produce the results in Figure 4 &5. The top and bottom panels represent the
cases of n = 3 and n = 2 for the envelope density profile, respectively. Internal shock radius are taken to be Rint = 3× 1014cm
for AT2019aalc and AT2019fdr, and Rint = 1014cm for AT2019dsg. α = 5/3, β = 5/12, θj,0 = 1/3 and fph = 0.05 are used in
the calculation. Other parameters are listed in Table 2.

cooling time of pγ interaction is

t−1
pγ =

c

2γ2
p

∫ ∞

ϵth

σpγ(ϵ)κpγ(ϵ)ϵdϵ

∫ ∞

ϵ/2γp

ϵ−2 dn

dϵ
dϵ, (9)

where γp is Lorentz factors of protons, dn/dϵ is the num-
ber density of seed photons, ϵth ≃ 145MeV is the thresh-
old energy of pγ interaction, ϵ and ϵ are photons’ energy
in the observer’s frame and center of mass frame of pro-
tons, respectively. Seed photons of pγ interaction are
mainly dominated by thermal photons of the envelope.

To calculate the neutrino flux, we need to know the
temperature of the thermal photons in the envelope.
The photosphere temperature can be obtained from ob-
servations. To obtain the interior temperature, we need
to solve the energy transferring equation, which is

du

dr
= −3κρ(r)Lbol

4πcr2
, (10)

where Lbol is the bolometric luminosity, u is the energy
density and κ = κes = 0.33cm2/g is free electron scat-
tering opacity. Adopting the temperature of ideal pho-
ton gas T = (uc/4σ)1/4 where σ is Stefan-Boltzmann
constant, the solution of the temperature inside the en-

velope is (Roth et al. 2016)

T (r, t) = Tph(t)

[
3τph

4 (n+ 1)

(
Rn+1

ph

rn+1
− 1 +

4 (n+ 1)

3τph

)]1/4
,

(11)
where τph ≡ κesρphRph. The density at photosphere ρph

can be obtained by
∫ Rph

RT
ρ(r)dr = Menv, where RT =

R⋆(MBH/M⋆)
1/3 is the disruptive radius.

Noting that the solution is applicable for any ther-
mal equivalent envelopes since Eq.10 is valid in ther-
mal equilibrium. Therefore, Eq.11 can be applied to a
time-evolving photosphere. We assume that the enve-
lope temperature decrease with time following the rela-
tions Tph(t) = Tph,peak(1 + t/τ)−β . The fiducial value
β = 5/12 is taken from the simulation (Krolik et al.
2020). The temperature follows T ∝ r−(n+1)/4 when
r ≪ Rph. The large number density of thermal pho-
tons leads to t−1

pγ ≫ t−1
pp . Therefore, the main produc-

tion channel of neutrinos is pγ interaction. The typ-
ical energy of protons interacting with thermal pho-
tons is ϵp = 0.15GeV2/3kT = 0.6 − 6PeV for T =

105 − 106K and the neutrino energy is correspondingly
ϵν = 0.05ϵp = 30− 300TeV.

We use a power-law proton spectrum dN/dE ∝ E−p

with p = 2. The maximum energy of protons is obtained
by equating the acceleration time tacc = γpmpc/ηacceB

Figure 2: . The accumulative neutrino numbers (the color map) as a function of the jet luminosity and bulk
Lorentz factor assuming envelope masses of three TDEs given in case A. The white solid lines represent
the parameter values corresponding to the minimally required neutrino numbers, which are 𝑁𝜈 = 0.008 for
AT2019dsg and 𝑁𝜈 = 0.007 for AT2019fdr and AT2019aalc. The white dashed line represents the critical
parameter values for jets being choked and the direction of the arrow means that the permitted parameter
space for choked jets is below this line. In case A, neutrinos from choked jets are allowed for AT 2019fdr
and AT 2019aalc.

uses the photosphere radius given by 𝑅ph ≃ 1015cm (𝑀env/0.5𝑀⊙)1/2 for a radiation-pressure
supported envelope or a steady state wind outflow [2], and the other uses the bolometric energy
𝐸bol ≈ 𝐿acc,max𝜏 ∝ 𝑀★ [3]. We define the above two cases as Case A and Case B, respectively. As
shown in Figure 2&3, AT 2019dsg and AT 2019aalc have permitted parameter space in case A and
case B while AT 2019dsg is only permitted in case B.

2. Conclusion and discussion

We have proposed that the neutrino emission associated with three non-jetted TDEs can be
explained by the choked jet model, where relativistic jets are choked inside the quasi-spherical,
optically thick envelope formed from stellar debris of TDEs. From an observational perspective,
the presence of such an envelope provides a solution to the puzzle that the temperatures (few 104K)
found in optically discovered TDEs are significantly lower than the predicted thermal temperature
(> 105K) of the accretion disk. While powerful jets, such as that in Swift J1644+57, can break out
from the envelope, jets with lower power would be choked inside the envelope.

Shocks within choked jets accelerate cosmic-ray protons, which subsequently interact with
thermal photons inside the envelope via p𝛾 interactions, leading to the generation of high-energy
neutrinos. The energy of neutrinos produced by choked jets is typically around hundreds of
TeV, consistent with the measured energy of three neutrino events. The notable time delay of
several hundred days between neutrino arrival time and TDE optical peaks can be explained as the
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Figure 3. Same as Figure 2, but using the envelope masses of three TDEs given in Case B.

and the cooling time tpγ , where ηacc = 0.1 is the ac-
celeration efficiency, and the magnetic field is given by
B =

√
2εBLj,iso/R2

intc. The maximum energy is deter-
mined by the balance between the cooling time of pγ

interactions and the acceleration. The fluence of neutri-
nos is

ϵνFν ≈
∫ td/(1+z)

0

Lpfpγfµ,sup
32πD2

L ln(ϵp,max/ϵp,min)
e

−ϵp
ϵp,max dt,

(12)
where Lp = εpLj,iso is the isotropic proton luminosity
and fµ,sup = 1 − exp (−t−1

µ,dec/t
−1
µ,syn) is the suppression

factor for muon decay. tµ,dec = γµτµ,dec is the decay
time of relativistic muons where τµ,dec is the mean life-
time of muons in the rest frame and tµ,syn is the syn-
chrotron cooling time of relativistic muons. The min-
imum energy of protons is ϵp,min = Γmpc

2. We take
the equipartition factors εB = 0.1 and εp = 0.2 in the
calculation.

Then we calculate the cumulative muon neutrino num-
ber between 10 TeV and 1PeV.

Nν =

∫ 1PeV

10TeV

Aeff(ϵν)Fνdϵν . (13)

The effective area of detectors is νµ effective area taken
from Blaufuss et al. (2019).

3. APPLICATION TO AT2019FDR, AT2019DSG
AND AT2019AALC

To calculate the break-out time of jets and neutrino
flux in the three TDEs, we need first to know the enve-
lope mass of each TDE. We suggest two approaches to
estimate the envelope mass, one uses the photosphere
radius given by Rph ≃ 1015cm (Menv/0.5M⊙)

1/2 for a

radiation-pressure supported envelope or a steady state
wind outflow (Loeb & Ulmer 1997; Roth et al. 2016), and
the other uses the bolometric energy Ebol ≈ Lacc,maxτ ∝
M⋆ (Metzger & Stone 2016). We define the above two
cases as Case A and Case B, respectively.

AT2019dsg has a photosphere radius of Rph = 5.3 ×
1014cm, which is common in TDEs, while AT2019fdr
and AT2019aalc are rare events with photosphere radii
an order of magnitude larger. In case A, the inferred
envelope masses are 0.1M⊙ for AT2019dsg, 21M⊙ for
AT2019fdr and 9M⊙ for AT2019aalc. The decrease of
the event rate with the photosphere radius has been in-
terpreted as being due to the lower number of high-mass
stars, as implied by the initial mass functions of stars
(van Velzen et al. 2021b). Here we have assumed that
the opacity is the same for three TDEs. In reality, the
opacity of AT2019fdr and AT2019aalc could be higher
since their photosphere temperatures are lower(Roth
et al. 2016), and then their envelope masses will be cor-
respondingly lower than the above estimates.

The bolometric energy of AT2019fdr and AT2019dsg
are 3.4×1052erg and 1.4×1051erg, respectively (Reusch
et al. 2022; van Velzen et al. 2021b). Since the maxi-
mum luminosity and duration of AT2019aalc is about
two times higher than that of AT2019dsg, we esti-
mate the bolometric energy of AT2019aalc is around
∼ 6 × 1051erg. Thus, in case B, the new scaling rela-
tion suggests envelope masses of about 0.4M⊙, 10M⊙
and 2M⊙for AT2019dsg, AT2019fdr and AT2019aalc,
respectively.

The black hole mass MBH is estimated from the op-
tical spectrum of the host galaxy or the flare (see Ta-
ble 1 of van Velzen et al. (2021a)). We summarize the

Figure 3: Same as Figure 2, but using the envelope masses of three TDEs given in Case B. In case B,
neutrinos from choked jets are allowed for three TDEs.

propagation time of the jets before being choked in the envelope. The cumulative neutrino numbers
in our model are consistent with the expected range for individual TDEs and can reach 𝑁𝜈= 0.2 in
the case of AT2019aalc. One important advantage of the choked jet model is that the neutrino flux
is magnified by the beaming effect due to the relativistic bulk motion.

Noting that AT 2019fdr and AT 2019aalc are not common TDEs because they are more
luminous (> 1044 erg/s) and long-lasting (>700days) [4, 5], the jet luminosity and neutrino emission
of these two TDEs could be larger than common TDEs. Neutrinos from choked jets in common
TDEs are calculated in Wang & Liu (2016), which will not overproduce the neutrino background
detected by ICECUBE [6].
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