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A B S T R A C T 

Recent radio observations and coincident neutrino detections suggest that some tidal disruption events (TDEs) exhibit late-time 
acti vities, relati ve to the optical emission peak, and these may be due to delayed outflows launched from the central supermassive 
black hole. We investigate the possibility that jets launched with a time delay of days to months, interact with a debris that 
may expand outwards. We discuss the effects of the time delay and expansion velocity on the outcomes of jet breakout and 

collimation. We find that a jet with an isotropic-equi v alent luminosity of � 5 × 10 
45 erg s −1 is likely to be choked for a delay time 

of ∼ 3 months. We also study the observational signatures of such delayed choked jets. The jet–debris interaction preceding the 
break out w ould lead to particle acceleration and the resulting synchrotron emission can be detected by current and near-future 
radio, optical and X-ray telescopes, and the e xpanding jet-driv en debris could explain late-time radio emission. We discuss 
high-energy neutrino production in delayed choked jets, and the time delay can significantly alleviate the difficulty of the hidden 

jet scenario in explaining neutrino coincidences. 

Key words: radiation mechanisms: non-thermal – neutrinos – Stars: black holes – stars: jets – stars: winds, outflows – transients: 
tidal disruption events. 
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 INTRODUCTION  

idal disruption events (TDEs) are well-known sites of high-energy
strophysical phenomena. A TDE occurs when a star approaches
ufficiently close to a supermassive black hole (SMBH) and is
ubsequently torn apart by the tidal forces of the SMBH (see e.g.
ees 1988 ; Stone, Sari & Loeb 2013 ; Komossa 2015 ). TDEs are
rime candidates for multimessenger observations and have attracted
edicated studies in neutrinos and electromagnetic emission, espe-
ially in the infrared (IR), optical, ultraviolet (UV), X-ray, and radio
ands. In particular, the mass fallback and accretion rates associated
ith TDEs can be tracked using optical/UV and X-ray observations

Stern et al. 2004 ; Gezari et al. 2008 ; Cenko et al. 2012 ; Chornock
t al. 2014 ), while radio observations help in characterizing outflows
hat originate following TDEs (Alexander et al. 2020 ). 

The SMBH-accretion disc system can power relativistic jets, and
herefore, can act as a central engine in TDEs (Giannios & Metzger
011 ; De Colle et al. 2012 ). The existence of multiple jetted TDEs
uch as Swift J1644 + 57 (Bloom et al. 2011 ; Burrows et al. 2011 ),
wift J2058 + 05 (Cenko et al. 2012 ), Swift J1112 −8238 (Brown
t al. 2015 ), and AT2022cmc (Andreoni et al. 2022 ), has been
nferred by very bright and variable gamma/X-ray emission. Their
arge isotropic-equi v alent energies strongly suggest the presence
f a relativistic beamed jet (Burrows et al. 2011 ; Zauderer et al.
011 ). At later times, radio to millimetre emission typically follows
 E-mail: mkm7190@psu.edu 
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s a result of the jet interaction with the circumnuclear material.
etted TDEs have been explored in detail in the literature (see a
e vie w by De Colle & Lu 2020 , and references therein), yet there
re unresolved questions pertaining to the jet launching process,
mission mechanism, and outflow composition. 

Such jetted TDEs have been considered as possible sources of
ltrahigh-energy cosmic rays (UHECRs) (Farrar & Gruzinov 2009 ;
arrar & Piran 2014 ) and high-energy neutrinos (Murase 2008 ;
ang et al. 2011 ). Recent detection of high-energy neutrino events
ith IceCube, coincident with three TDE candidates (AT2019dsg,
 T2019fdr, and A T2019aalc) has unravelled yet another multimes-

enger channel to study them. AT2019dsg associated with IceCube-
91001A (Stein et al. 2021 ) is from a TDE that originated from
 quiescent SMBH. AT2019fdr associated with IceCube-200530A
Reusch et al. 2022 ) is hosted by an unobscured active galactic
ucleus (AGN). The search for TDEs being accompanied by an
R echo further led to the coincidence between AT2019aalc and
ceCube-191119A (V an V elzen et al. 2021 ). Different production
ites of high-energy neutrinos have been discussed, including suc-
essful jets (Dai & Fang 2017 ; Lunardini & Winter 2017 ; Senno,
urase & Meszaros 2017 ; Liu, Xi & Wang 2020 ; Winter & Lunardini

021 ), choked or hidden jets (Senno et al. 2017 ; Zheng, Liu & Wang
023 ), hidden winds (Murase et al. 2020 ; Winter & Lunardini 2023 ),
ccretion discs (Hayasaki & Yamazaki 2019 ; Murase et al. 2020 ),
nd coronae (Murase et al. 2020 ). Associated cascade gamma-rays
re also calculated (Murase et al. 2020 ; Yuan & Winter 2023 ). TDEs
re also regarded as a population of hidden neutrino sources that
re dark in GeV–TeV gamma-rays, which have been required by the
© 2024 The Author(s). 
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Figure 1. Schematic diagram showing the evolution of the expanding 
aspherical debris (in brown), the relativistic jet and the mildly relativistic 
cocoon, and low density wind-bubble region (in greyish green colour) post 
the tidal disruption of a star by the SMBH (in black) and the formation of an 
accretion disc (in grey). The inner/outer radius of the debris R in ( t ) /R out ( t ), 
the jet-head radius R h ( t), and the cocoon radius R c ( t) are also labelled. The 
figure corresponds to the time snapshot at time T , where t coc < T < t br or 
t coc < T < t fin , when the jet interacts with the debris (in brown) to form a 
cocoon (in blueish red). Note that t coc is defined as the time when the cocoon 
is formed, t br represents the time when the jet breaks out of the debris, and t fin 

is the time until which the system is evolved. The trajectory of the unbound 
stream and the return stream are also shown with dashed dark grey lines. 
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1 The factor f T appearing in the expression for the ef fecti ve tidal-disruption 
radius R T has some uncertainties associated with it (see e.g. Golightly, 
Coughlin & Nixon 2019 ; Ryu et al. 2020 ). We discuss this in more detail 
in Section 6 . 
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ecent neutrino and gamma-ray data (Murase, Guetta & Ahlers 2016 ; 
apanema, Esmaili & Murase 2020 ) 
The physics of jet propagation has been e xtensiv ely e xplored

n the literature of gamma-ray bursts (e.g. Bromberg et al. 2011 ;
izuta & Ioka 2013 ; Bhattacharya et al. 2023 ). Analogously, TDE

ets may interact with a stellar debris envelope, which can be static
Loeb & Ulmer 1997 ), expanding (e.g. Strubbe & Quataert 2009 )
r even contracting (Metzger 2022 ). The launching time of jets and
heir direction against the orbital plane of the debris is debated (e.g.
chekhovsk o y et al. 2014 ), which leads to diversity in the jet–debris

nteraction. If optically thick winds or unbound debris serve as an 
nvelope around the SMBH, the jets can be choked and resulting
lectromagnetic emission can be obscured (Wang & Liu 2016 ), 
elonging to a class of hidden neutrino sources (Murase et al. 2016 ).
uch jets can be even delayed. Indeed, recent radio observations of
DEs have shown significant time delays in radio emission relative 

o the peak time of optical emission (Horesh, Cenko & Arcavi 2021 ;
endes et al. 2022 ). Coincident neutrino events were also observed in

ceCube at 150, 393, and 148 d post the optical peaks for AT2019dsg,
 T2019fdr, and A T2019aalc, respectively (Stein et al. 2021 ; Van
elzen et al. 2021 ; Reusch et al. 2022 ). This implies the existence
f late-time central engine activities, and such a delay can make the
ets choked more easily and moti v ates studies on the impacts on jet
ropagation and observational consequences. 
In this work, we primarily investigate the dynamics of delayed 

DE jets while they propagate through the expanding stellar debris. 
n particular, we focus on the feasibility of choked jets for the physical
arameters, particularly the time delay associated with the launch of 
he jet ( t lag ) and the debris velocity ( v deb ). We also present resulting

ultimessenger signatures, focussing on the synchrotron emission 
rom both forward and reverse shock regions. In the latter case, we
tudy the fast and slow cooling regimes to discuss the detectability 
or radio, optical, and X-ray telescopes. We also discuss implications 
or high-energy neutrino observations using the internal shock model 
Senno et al. 2017 ). 

This paper is organized as follows. In Section 2 , we discuss the
hysical model that we adopt to study the evolution of the stellar
ebris, the jet, and the cocoon. The criteria used to determine jet
ollimation and breakout are discussed in Section 3 . We present our
ain results in Section 4 , where we also discuss the effect of varying

mportant parameters in our model. The multimessenger emission 
rom delayed choked jets in TDEs, especially in the electromagnetic 
nd neutrino channels, are discussed in Section 5 . We summarize our
esults and conclude in Section 6 . 

 PHYSICAL  MODEL  

MBHs are mostly found in the hearts of massive galaxies, including 
ur own Milky Way. Tidal disruption drives the activity of some 
MBHs, which can otherwise remain inactive for � 10 4 yr (Van 
elzen et al. 2019 ). The onset of TDE occurs once a star with
ass M ∗ and radius R ∗ approaches the BH tidal radius, R tidal =
 ∗( M BH /M ∗) 1 / 3 . Throughout this work, we denote the total time

ince the TDE with T = t + t lag , where the time delay associated
ith jet launch is t lag and the time since the jet launch is t , i.e. the jet

s launched at t = 0. 
In Fig. 1 , we show a schematic for the model considered in this
 ork. The inf alling star is already disrupted by the SMBH (in black)

nd the disrupted stellar debris is assumed to form an accretion 
isc (in grey) and has an associated wind (shown with light blue
rro ws). This wind dri v es the aspherical e xpanding debris shown in
rown (the dark blue arrows indicate expansion). The possible low- 
ensity wind-bubble region is also shown in greyish green colour. 
he schematic represents a time snapshot when the jet (shown in
ellowish orange) has interacted with the debris which leads to the
ormation of the pressurized cocoon (shown in blueish red), that has
n approximately ellipsoidal geometry. 

Approximately, half of the disrupted stellar material falls back 
ith time-scales of ∼ 10 6 s, to eventually form an accretion 
isc around the SMBH, whereas the other half becomes un- 
ound (Evans & Kochanek 1989 ; Phinney 1989 ). For an SMBH
ith mass M BH = 10 7 M �, the ef fecti ve tidal disruption radius

s given by R T ≈ f 
1 / 6 
T R tidal � (9 . 8 × 10 12 cm ) f 1 / 6 T , −1 . 1 M 

1 / 3 
BH , 7 M 

2 / 3 −ξ

∗, 0 .
ere M ∗ ( R ∗) is the mass (radius) of the tidally disrupted

tar, f T ∼ 0 . 02 − 0 . 3 is a correction factor associated with the
hape of the stellar density profile (Phinney 1989 ; Piran et al.
015 ) and ξ = 1 − ln ( R ∗/R �) / ln(M ∗/ M �) (for M ∗ = M �, ξ =
). 1 Once a star gets disrupted close to R T , roughly half of
ts debris falls back with time-scale, t fb = 2 π

√ 

a 3 min / ( GM BH ) � 

3 . 2 × 10 6 s ) f 1 / 2 T , −1 . 1 M 

1 / 2 
BH , 7 M 

(1 −3 ξ ) / 2 
∗, 0 , where the semimajor axis of the

rbit a min ≈ R 
2 
T / (2 R ∗) � (7 . 0 × 10 14 cm ) f 1 / 3 T , −1 . 1 M 

2 / 3 
BH , 7 M 

1 / 3 −ξ

∗, 0 . The
ebris eventually circularizes at a circularization radius R circ ≈ 2 R T .
 part of the debris eventually forms an accretion disc (Hayasaki,
MNRAS 534, 1528–1540 (2024) 
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Figure 2. Time evolution of the ambient medium density ρa ( t) profile for 
dif ferent v alues of L j , iso . The e volution is terminated once the jet breaks out. 
The time delay is assumed to be t lag = 10 7 s and the velocity of the expanding 
debris is taken to be v deb = 0 . 03 c. 
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tone & Loeb 2013 , 2016 ; Bonnerot et al. 2017 ; Bonnerot, Lu &
opkins 2021 ). 
Jetted TDEs constitute a well-moti v ated system in the literature

wing to their associated luminous and variable gamma/X-ray
mission. Since the focus of this work is to study the effects of delayed
et launch on the dynamics, we consider a simplified model for jet
ropagation. The stellar debris from the tidally disrupted star forms
 thick circumnuclear envelope around the SMBH. For simplicity,
e assume isotropic distribution for this envelope (at least along

he direction of jet propagation), which we hereby refer to as the
ebris. It is important to note that this is a simplified assumption
s we model the surrounding debris in an ef fecti vely isotropic time-
veraged manner. This is not the case in general, since following
tream–stream collisions at T ∼ t fb , the debris becomes anisotropic
nd may have a clumpy structure. The orientation of BH spin and
he disc need not be aligned, so the jet ef fecti vely interacts with the
ebris even if the debris has a torus-like geometry. 
Here, we are interested in studying the effect of time delay

ssociated with jet launching, which typically exceeds t fb . For
implicity, we assume that the debris expands with a constant velocity
nd the bubble density is negligible compared to the density of the
xpanding debris. Thus, for all purposes considered here, the effect
f the wind bubble on the jet propagation can be ignored. The density
f the expanding debris is assumed to be, 

( r) = N 

M deb 

4 πR 
3 
out 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

(
r/R out 

)−2 

, r ≥ R fb (
R fb /R out 

)−2 (
r/R fb 

)−δ

, r < R fb 

, (1) 

here M deb = ηfb M ∗, R out = v deb T , and δ ∼ 0 − 1. The normaliza-
ion N is chosen such that, 

∫ R out ( t) 
R in ( t) 

ρ( r) d r = M deb . The fallback
adius R fb evolves as 

 fb = 

{
R in ( T = 0) , T < t fb 
R in ( T = 0) + v deb ( T − t fb ) , T ≥ t fb 

, (2) 

here R in ( T = 0) = R circ . Note that the time since tidal disruption is
 = t + t lag , where t is the time since jet launch. The density profile

s valid for T >> t fb which implies t lag ∼ 10 6 − 10 8 s. We assume
= 1 for this work. 
The density profile of the debris extends from an inner radius
 in (T) to an outer radius R out (T). The initial inner radius is set

o the circularization radius, R in ( T = 0) = R circ , and is fixed until
he fallback time. For t > t fb , the inner radius moves outwards
s R in ( T ) = R circ ( T /t fb ). The outer radius of the debris is also
ssumed to start at R circ and its evolution at later times is given
y R out ( T ) = v deb T . In our simplified model, we adopt an expansion
elocity of the debris within the range v deb ∼ 0 . 01 − 0 . 1 c, due to its
nherent uncertainty. We consider v deb � 0 . 1 c because too energetic
xpanding outflows violate the radio data (although it is subject to
ncertainty in the energy fraction carried by electrons) (Matsumoto,
iran & Krolik 2022 ). We also expect that the velocity is not far from

he escape velocity, v esc ( r = a min ) = (2 GM/a min ) 1 / 2 ∼ 0 . 06 c. 

.1 Jet propagation in expanding ejecta 

he jet gets launched by the SMBH at t = 0 and has an associated
ime lag ( t lag ) relative to the time when the tidal disruption occurs.

e assume that the jet is launched from the Schwarzschild radius
 s = 2 GM BH /c 

2 . After the jet is launched, the evolution of the jet-
ead is determined by, Ṙ h = cβh where, R h is the vertical distance of
he jet-head from the central engine and βh c is the jet-head velocity.
NRAS 534, 1528–1540 (2024) 
e use the subscript ‘h’ to denote the jet-head quantities. The jet-
ead velocity is determined by the ram pressure balance between
he shocked jet and the shocked envelope (Matzner & McKee 1999 ;
romberg et al. 2011 ), 

h = 

βj − βa 

1 + 
˜ L 

−1 / 2 
c 

+ βa , (3) 

here, βj c is the bulk velocity of the jet, βa c is the velocity of the
mbient medium and is set to βa c = v deb . The ratio of the energy
ensity in the jet and the ambient medium can be defined as 

˜ 
 = 

L j 

	 j ( t ) ρa ( t ) c 3 
 
2 
a 

. (4) 

n the abo v e equation, L j is the luminosity of the bipolar jet and
he jet-head cross-section is 	 j ( t) = πR 

2 
h ( t) θ

2 
j ( t), where θj ( t) is the

pening angle of the jet. The jet opening angle plays an important
ole in collimation and breakout of the jet. The Lorentz factor of
he ambient medium is given by 
 a = 1 / 

√ 

1 − β2 
a . The isotropic-

qui v alent luminosity of the jet is obtained from L j , iso = L j / (0 . 5 θ2 
j ).

he corresponding radiation component is given by L γ, iso = εγ L j , iso ,
here εγ ∼ 0 . 1 is the efficiency for conversion of the jet luminosity

o radiation. Finally, the jet pressure is given by P j ( t) = L j / ( 	 j ( t) c).
Following Hamidani & Ioka ( 2020 ), we consider a calibrated value

˜ 
 c = N 

2 
s 

˜ L , where the calibration factor N s = N s , 0 (1 − βa ) / 
(
(1 +

 s , 0 ̃  L 
1 / 2 )(1 − β2 

a ) 
1 / 2 

)
is used to match the jet breakout time obtained

rom numerical simulations with that given by known analytical
stimates. Ho we ver, currently we do not have sufficient number of
DE simulations that can be used to calibrate ˜ L . Given that the
hysical mechanism for jet launch and propagation in TDEs is similar
o the jets from collapsars or BNS (binary neutron star) mergers, here
e assume N s ≈ 0 . 35 for the fiducial case (Hamidani & Ioka 2020 ).
The density of the ambient medium is obtained from ρa = ρdeb ( r =
 h ). Fig. 2 shows the evolution of the ambient medium density
rofiles for different values of L j , iso ∼ 10 40 −47 erg s −1 . 2 We note
hat the ambient medium density does not vary significantly with
n increase in the isotropic-equi v alent luminosity from 10 40 erg s −1 
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purple curve) to 10 47 erg s −1 (green curve) and decreases mono- 
onically. For L j , iso = 10 47 erg s −1 , we clearly see the change in the
ower -law beha viour ( ρa ∝ R 

−2 
h ) once the jet-head radius exceeds

he fallback radius, that is R h ( t) > R fb ( t), around R h ∼ 9 × 10 15 cm .

.2 Origin of delay ( t lag ) in jet launching 

ecent observations of TDEs have shown a delay in radio emission
elative to the time of optical discovery. For instance, ASASSN-15oi 
xhibited a radio emission peak ∼ 180 d post its optical discovery 
Horesh et al. 2021 ). Similarly, radio emission from AT2018hyz was 
bserved ∼ 970 d after its optical detection (Cendes et al. 2022 ). The
rigin of such delayed radio emission can be due to several possible
ffects: 

(i) A relati vistic of f-axis jet gets launched at the time of tidal
isruption (see e.g. Giannios & Metzger 2011 ; Mimica et al. 2015 ;
enerozov et al. 2017 ). Ho we ver, as sho wn in Cendes et al. ( 2022 ),

n off-axis relativistic jet cannot reasonably explain the initial time 
elay for radio emission and the subsequent rebrightening for TDEs 
uch as ASASSN-15oi. 

(ii) An outflow that initially propagates in a low density medium, 
hen interacts with a medium that has a significant density enhance- 

ent (e.g. Nakar & Granot 2007 ). 
(iii) The outflow itself has a delay associated with its launch 

elative to the tidal disruption and optical/UV emission time. Stream–
tream collisions in TDEs have been studied to understand the 
rocess of disc formation (Bonnerot & Lu 2020 ; Lu & Bonnerot
020 ; Bonnerot et al. 2021 ). Ho we ver, the rele v ant time-scales and
eometry associated with disc formation still remain uncertain. The 
ormation of the accretion disc, which may depend on details of the
ircularization and envelope cooling can be delayed (e.g. Metzger 
022 ). 
(iv) Even after the disc is formed, a state transition in the accretion

isc, e.g. from the standard disc to the radiati vely inef ficient accretion
ow, can happen at ∼ 10 6 − 10 8 s, depending on several factors
uch as the SMBH mass (Murase et al. 2020 ). The transition time is
stimated to be 

 RIAF ∼ 6 × 10 6 s α−51 / 19 
−1 M 

35 / 19 
BH , 7 H 

−2 ( R d / 10 R S ) 
3 / 2 , (5) 

here α is the viscosity parameter, H is the normalized disc scale 
eight, and R d is the disc radius, which can be consistent with the time
elay of neutrino events and radio detection. In addition, it is believed
hat the launching of relativistic jets requires a very strong magnetic 
eld at the BH event horizon (Tchekhovsk o y et al. 2014 ). Although
 dynamo effect in the accretion disc can generate sufficiently strong
agnetic fields to power the jet (Liska, Tchekhovsk o y & Quataert

020 ), the accumulation of the magnetic flux on to the SMBH may
e delayed (Kelle y, Tchekho vsk o y & Narayan 2014 ; Tchekhovsk o y
t al. 2014 ). 

In this work, we mainly focus on the third scenario (iii) where
e define the delay associated with the jet launching at the SMBH

s t lag . For our purposes here, we assume the delay in jet launching
ithin the range t lag ∼ 10 6 − 10 8 s. It must be noted here that due to

he simplified nature of our model, the dynamics of the model and
he results presented are more accurate when t lag � t fb . 

.3 Jet–cocoon system 

s the jet-head encounters the debris, the ambient matter gets heated 
nd mo v es sideways, which leads to the formation of a pressured
ocoon around the jet. The cocoon pressure is dominated by radiation
ressure and is given by 

 c ( t) = 

E c 

3 V c 
= 

η

4 πR c ( t) 2 R h ( t) 

∫ t 

t c 

d ̃ t L j ( ̃ t ) 
(

1 − βh ( ̃ t ) 
)

, (6) 

here, R c ( t) is the lateral radius of the cocoon, t c is the time at which
he jet-head reaches R in , and the cocoon formation starts. A steady
nergy inflow from the jet-head sustains this cocoon pressure. The 
arameter η in equation ( 6 ) is defined as the fraction of jet energy
hat is deposited into the cocoon while the jet propagates within
he ejecta. Based on detailed numerical simulations, it is taken as

1 / 4 for BNS mergers and ∼ 1 / 2 for collapsars (see e.g. Hamidani,
iuchi & Ioka 2020 ). As earlier, limited number of detailed TDE

imulations prevents us from making a robust estimate and we hereby
dopt η = 1. To compute the cocoon volume V c in equation ( 6 ), we
ssume an ellipsoidal geometry with a semimajor axis (1 / 2) R h ( t)
nd a semiminor axis R c ( t). Note that this differs from a cylindrical
eometry that was assumed in some previous works (e.g. Bromberg 
t al. 2011 ; Mizuta & Ioka 2013 ). 

For a numerical estimate, the integral in equation ( 6 ) can be ap-
roximated with an average value method discussed in Hamidani & 

oka ( 2020 ), where the integral is replaced by L j ( t)(1 − 〈 βh 〉 )( T −
 lag ). Here, the time-averaged jet-head velocity 〈 βh 〉 is defined as 

 βh 〉 = 

1 

ct 

[
R h ( t) − R h ( t = 0) 

]
. (7) 

he dynamics of the cocoon, in particular, the time evolution of its
emiminor axis is go v erned by Ṙ c = cβc , where βc c is the lateral
elocity of the cocoon and is given by (Hamidani et al. 2020 ), 

c ≈ 1 

c 

√ 

P c 

ρa ( t) 
+ 

R c ( t) 

R out ( t) 

v w 

c 
. (8) 

he abo v e e xpression for the cocoon’s lateral velocity assumes
ertical height of the cocoon to be the same as the jet-head position.
his approximation becomes better as the system is evolved for 

onger. The initial cocoon radius is set as R c ( t = t coc ) = R j ( t =
 coc ) = R h ( t = t coc ) θ0 , where θ0 = θj ( t = 0) is the initial jet opening
ngle, R j ( t) is the lateral radius of the jet-head, and t coc is the
ime at which the jet-head reaches the inner radius of the debris,
 h ( t = t coc ) = R in ( t coc + t lag ). The second term in the expression

or βc is included to account for homologous expansion of the 
ebris. 

 CRITERION  FOR  COLLIMATION  AND  

REAKOUT  OF  THE  JET  

s the jet propagates through the debris, its interaction with the
urrounding cocoon plays an important role in deciding the jet- 
ead velocity as well as cross-section of the jet, and therefore the
utcomes for jet collimation and breakout. In this section, we analyse
hether the necessary conditions for collimation and breakout of 

he jet are achieved for the range of physical parameters that we
onsider in this study. Numerous analytical (Blandford & Rees 1974 ;
egelman & Cioffi 1989 ; Meszaros & Waxman 2001 ; Matzner 2003 ;
azzati & Begelman 2005 ; Bromberg et al. 2011 ) and numerical

nvestigations (Aloy et al. 2000 ; Zhang, Woosley & Heger 2004 ;
azzati, Morson y & Be gelman 2009 ; Mizuta & Aloy 2009 ; Nagakura
t al. 2011 ; Mizuta & Ioka 2013 ), have been performed to study the
ropag ation of h ydrodynamic jets through both static and expanding
xternal media. 
MNRAS 534, 1528–1540 (2024) 
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Pj(T)

Pj(T)

Pc(T)

Pc(T)

t = tcoc

tlag = 107 s, vdeb = 0.03c

Figure 3. Time evolution of P c and P j are shown for three different values 
of L j , iso to illustrate the collimation and no collimation scenarios. The solid 
lines denote P j ( t), whereas P c ( t) is shown using the dashed lines. For L j , iso = 

10 40 erg s −1 (purple curves) and L j , iso = 10 44 erg s −1 (orange curves), P c = 

P j is e ventually achie ved leading to collimation of the jet. Ho we ver, for 
L j , iso = 10 47 erg s −1 (green curves), the jet breaks out before the ambient 
medium can collimate it. The instant of cocoon formation ( t = t coc ) is shown 
by the black dashed vertical line. In each case, the evolution is terminated 
once the jet breaks out of the stellar debris or when t fin is reached. 
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curve) jet breaks out. The time at which the jet-head reaches the inner radius 
of the wind-driven debris is shown by the black dashed line. The evolution is 
terminated once the jet breaks out or t fin is reached. 
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.1 Jet collimation 

romberg et al. ( 2011 ) showed that oblique shocks that form inside
he relativistic outflow close to the jet base and converge on the jet-
xis can collimate the outflow. The oblique shock formed at the jet
ase counterbalances the cocoon pressure P c . Upon collimation, the
et geometry changes from conical to cylindrical, and consequently,
he jet-head cross-section decreases significantly. The cocoon height,
nd therefore its volume, increases leading to a lower cocoon
ressure. Thus, for βh larger than some critical value, P c decreases
o an extent such that it is no longer sufficient to collimate the jet. At
 given time during its evolution, the collimation criteria for the jet
s given by 

 c ( t) = P j ( t) , for R in ( t) ≤ R h ( t) ≤ R out ( t) . (9) 

he radius at which the jet gets collimated by the cocoon is defined
s, R coll = R h ( t = t coll ), where t coll is the time of collimation. 

In Fig. 3 , we show the jet and cocoon pressure with solid and
ashed lines, respectively, for three different values of L j , iso =
0 40 , 10 44 , 10 47 erg s −1 . In all the cases, the jet reaches the inner
adius of the debris leading to the formation of the cocoon. This
s marked by a dip in the jet pressure at t = t coc , corresponding
o t ∼ 10 3 s, and is shown by the dashed vertical line. The cocoon
ressure begins to rise after this. Upon collimation, based on the
riteria defined abo v e, the jet and the cocoon pressure become equal
nd evolve in the same manner. The low-luminosity jets collimate
arly as is evident from the purple curves. As luminosity increases,
he time required for the jet to be collimated also increases, as
an be seen by comparing the purple and orange curv es. F or high-
uminosity jets (green curves), collimation is not achieved for the
uration of our simulations. This is expected since it is well-known
hat it is easier to collimate low-luminosity hydrodynamic jets.
n Section 4.1 , we discuss the effect of t lag on the collimation
adius. We also note that the dip in P j is less pronounced for
 j , iso = 10 47 erg s −1 . 
NRAS 534, 1528–1540 (2024) 
.2 J et break out 

imilar to jet collimation, the jet breakout condition also depends
n the interaction between the jet and the cocoon. Hydrodynamic
ets may get choked inside the star if the jet isotropic-equi v alent
uminosity does not exceed a critical value (Meszaros & Waxman
001 ). The jets which do not break out of the stellar envelope are
nown as choked jets. In case of a choked jet, the cocoon may still
reak out from the ejecta and lead to detectable electromagnetic
mission. Ho we ver, in this work we terminate our simulations at the
ime when the jet breaks out of the ejecta. 

Since the jet is powered by the SMBH, there exists a threshold
nergy that the latter needs to generate to push the jet out of the
tellar envelope. The time for which the SMBH needs to be active to
enerate this threshold energy is t th = t br − R out /c. So, the minimal
ngine activity time t eng needs to exceed t th for the jet to successfully
reak out. The jet can get choked within the ejecta envelope due
o two reasons: (1) the isotropic jet power is less than the threshold
uminosity required for breakout, or (2) the time for which the SMBH
owers the jet is less than t th . We assume the jet to have broken out
hen 

 h ( t) ≥ R out ( t) , for t � t lag . (10) 

he time at which the abo v e criterion is satisfied is known as the jet
reakout time ( t br ). 
In Fig. 4 , we show the evolution of the jet-head radius R h ( t) for

if ferent v alues of L j , iso ∼ 10 40 −47 erg s −1 . The e volution of R out ( t)
or v deb = 0 . 03 c is also shown as a dashed red line in the figure.
he jet is launched at t = 0 for all the cases shown. As discussed

n Section 2 , initially the jet propagates freely through the wind
ubble which has negligible density. The jet-head radius for different
uminosities evolve similarly until the jet-head reaches the inner
adius of the debris. Following this, the cocoon forms and the jet–
ocoon dynamics become important. The jet with higher luminosity
10 47 erg s −1 , green curve) breaks out much earlier than the other two
ases of intermediate (10 44 erg s −1 , orange curve) and low (10 40 erg
 
−1 , purple curve) luminosities, which serve as examples of choked
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ets. The effects of t lag on the time of breakout for the jets is discussed
n Section 4.1 . 

Here, we provide an analytical estimate for the jet choking 
riterion from equation ( 10 ), by solving R h ( t) ≤ R out ( T ). As the
et evolves until t = t dur , we determine this criterion at the final
volution time i.e. T = t dur + t lag . The outer radius of the debris,
 out ( T ) = v deb ( t dur + t lag ). This can be expressed as, 

 out � 1 . 8 × 10 16 cm 

(
βdeb 

0 . 03 

)(
t dur 

10 7 s 

)(
χlag 

2 

)
, (11) 

here, χlag = 1 + t lag /t dur and βdeb = v deb /c. The jet-head position
an be estimated as (see Bromberg et al. 2011 ; Mizuta & Ioka 2013 ;
arrison, Gottlieb & Nakar 2018 ; Kimura et al. 2018 for details), 

 h � 5 . 6 × 10 15 cm 

(
N s 

0 . 35 

)5 / 3 (
L j , iso 

10 44 erg s −1 

)1 / 3 (
M deb 

0 . 5 M �

)−1 / 3 

(
θ0 

0 . 17 

)−2 / 3 (
βdeb 

0 . 03 

)1 / 3 (
t dur 

10 7 s 

)4 / 3 (
χlag 

2 

)1 / 3 

. (12) 

ere to obtain an analytical estimate on the critical luminosity for the
ets to be choked, we do not consider the constant pre-factor ∼ 32 for
ollimated jets as done by Mizuta & Ioka ( 2013 ). This is because for
igher values of L j , iso choked jets are pre-dominantly uncollimated. 
e also fix the normalization of the density profile using the fiducial

ase and do not include the time-dependent normalization term for 
implicity. This is once again a valid estimate since N ∼ 1. Finally,
he critical luminosity for choked jets is estimated to be, 

 j , iso � 3 . 2 × 10 45 erg s −1 

(
N s 

0 . 35 

)−5 (
M deb 

0 . 5M �

)(
θ0 

0 . 17 

)2 

(
βdeb 

0 . 03 

)2 (
t dur 

10 7 s 

)−1 (
χlag 

2 

)2 

. (13) 

 RESULTS  

n this section, we discuss the main results of this work. We are
rimarily interested in the collimation and choking conditions for the 
et, given its interaction with the cocoon in the presence of the wind-
riven debris. In this context, we study the occurrence of collimation 
nd the jet breakout time ( t br ), for a given set of parameters of the
hysical system. Although the unavailability of detailed numerical 
imulations of jetted TDEs makes it difficult to fix parameters, we 
onstruct a well-moti v ated fiducial case and the main parameters 
aried are the time delay associated with jet launching t lag and the
 xpansion v elocity of the debris v deb . These two parameters are not
ell-constrained in TDE literature and the focus of this work is to

tudy their effect on the dynamics of the system. Another interesting 
arameter to vary would be the initial jet opening angle θ0 . For the
ducial case we fix it to 10 ◦ to illustrate our results. Reducing θ0 

lightly decreases the critical luminosity for choked jets, whereas 
ncreasing θ0 increases the same. For example for θ0 = 5 ◦ we find 
 j , iso � 10 45 erg s −1 jets get choked, while for θ0 = 20 ◦, L j , iso � 5 ×
0 46 erg s −1 jets get choked corresponding to v deb = 0 . 03 c and t lag =
0 7 s. This can also be approximated from equation ( 13 ). Thus, we do
ot vary θ0 to obtain our results. We present our results for different
alues of L j , iso ranging from 10 40 to 10 47 erg s −1 . 

To obtain our results, we solve the evolution equations for the 
et-head R h ( t), and the lateral radius of the cocoon R c ( t). The ejecta
tarts expanding at T = 0, i.e. just after the TDE occurs. The jet,
o we ver, is assumed to have a delay in its launching from the central
MBH, as discussed in detail in Section 2.2 . The jet-head emerges
rom the SMBH at T = t lag (that is t = 0), where t lag is assumed
o be within ∼few days to a few years, i.e. t lag ∼ 10 6 − 10 8 s. It is
asy to see that t lag = 0 would be the case where the jet is launched
nstantaneously and has no associated delay. Our simplified model 
oes not apply in that scenario and provides reasonable estimates 
nly when t lag � t fb . 
For the results shown in this work, we assume a fixed SMBH mass
 BH = 10 7 M �. We also fix the mass and radius of the infalling star

o be M ∗ = 1 M � and R ∗ = 1 R �, respecti vely. We e volve the jet–
ocoon system for a given parameter set until T = t fin . We assume
hat the jet is powered until the fiducial t lag that is ∼3 months, which is
bservationally well-suited. Thus we set t dur ∼ 10 7 s, which implies 
 fin = 10 7 s + t lag . It is important to note that for the expanding debris
nd the associated delay in jet launching, it is unclear whether t dur ∼
0 7 s, but we use this approximation for the current work. Besides,
ecent observations corroborate that the electromagnetic signatures 
rom TDEs, particularly the radio and neutrino emissions, are o v er
he time-scales of ∼ a few 100 d. The choice of the total evolution
ime is important since choosing a short time-scale might result in
etting spurious results whereby the jet is either not collimated or
oes not breakout of the ejecta, solely because the dynamical time-
cales of the physical system are longer. As a final remark, we note
hat it is also important to choose a small enough time-step to model
he system evolution so as to not miss out on any of the important
ynamics of the jet or the cocoon as this can subsequently impact t br .
or this work, we choose a time-step ∼ O(0 . 1)s. 

.1 Effects due to time delay in launching of the jet ( t lag ) 

he time delay associated with jet launching plays an important role
n collimation and breakout of the jet. The origin of such a time delay
s discussed in detail in Section 2.2 . As this time delay in launching
f the jet can range from ∼few days to a few years, we assume
hree dif ferent v alues of t lag : O(10 d) ∼ 10 6 s, O(100 d) ∼ 10 7 s, and

(1000 d) ∼ 10 8 s, which are denoted by red stars, purple unfilled
quares, and blue filled do wnward triangles, respecti vely, in Fig. 5 (a).
ote that for t lag = 10 8 s, none of the jets in the examined range of
 j , iso break out so we do not see the corresponding contour in the
gure. The results in terms of the breakout time t br are shown for
if ferent v alues of t lag as L j , iso ∼ 10 40 −47 erg s −1 is v aried, and are
lso summarized in Table 1 , where we fix v deb = 0 . 03 c. 

We find collimated choked jets for the entire range of t lag when
 j , iso � 10 43 erg s −1 . As t lag increases, the required energy for the

ets to successfully breakout of the debris increases, and therefore, 
ets with higher luminosities breakout whereas the ones with lower 
uminosities get choked . This can be understood from the fact that
s the delay time for jet launching increases, the debris has more
ime to expand, making it harder for the jet to breakout. Also as
xpected, the jets with higher isotropic-equi v alent luminosities break 
ut much quicker than the ones with lower L j , iso . For t lag = 10 8 s,
one of the jets breakout for the range of L j , iso considered. This is
easonable since the time delay in jet-launching for this case is very
arge ∼1000 d, hence the jets mostly get choked. For a typical t lag =
0 7 s ( ∼100 d), we find jets with L j , iso � 10 44 erg s −1 are collimated
nd choked. 

We use equation ( 13 ) to match the analytical and numerical
onstraints for L j , iso in the context of jet choking. From equation ( 13 ),
e find that for v deb = 0 . 03 c and the three values of t lag considered i.e.
0 6 , 10 7 , and 10 8 s, all jets with L j , iso not exceeding ∼ 9 . 8 × 10 44 $,

3 . 2 × 10 45 $, and ∼ 9 . 8 × 10 46 erg s −1 , respectively, should get
hoked. These numbers approximately match with the ones found 
rom our numerical simulations (see Fig. 5 a and Table 1 ). For
o wer v alues of t lag , the fact that the jet breaks out while being
MNRAS 534, 1528–1540 (2024) 
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M

Figure 5. The breakout time t br is shown as a function of varying jet isotropic-equivalent luminosity L j , iso : (a) for two different values of t lag with v deb = 0 . 03 c 
(for t lag = 10 8 s, none of the jets in our model breakout, as can be seen from Table 1 and hence that case is not shown in the figure), and (b) for three different 
values of v deb with t lag = 10 7 s. The numerical data points corresponding to the values of L j , iso that are not shown here imply that successful jet breakout does 
not occur for the entire duration of our system evolution. 

Table 1. Table corresponding to Fig. 5 (a), shows whether for a given value of L j , iso and t lag the jet collimates and/or breaks out of the debris. We fix the value 
of expansion velocity of the debris v deb = 0 . 03 c for all cases, as we vary the delay time for jet launching t lag ∼ 10 6 −8 s. The notation used is: Collimation: the 
jet gets collimated prior to break out, No collimation: the jet does not gets collimated before breaking out, Breakout: the jet successfully breaks out of the stellar 
debris, and No breakout: the jet gets choked with the debris material. The cases of collimated and choked jets in the table represent the scenario that would be 
ideal for neutrino production. Columns without entries imply that the entire row has the same outcome as stated in the middle column. 

L j , iso (in erg s −1 ) t lag = 10 6 s t lag = 10 7 s t lag = 10 8 s 

10 40 – 10 43 Collimation; No breakout 
5 × 10 43 Collimation; No breakout Collimation; No breakout No collimation; No breakout 
10 44 Collimation; No breakout Collimation; No breakout No collimation; No breakout 
5 × 10 44 Collimation; Breakout No collimation; No breakout No collimation; No breakout 
10 45 Collimation; Breakout No collimation; No breakout No collimation; No breakout 
5 × 10 45 Collimation; Breakout No collimation; No breakout No collimation; No breakout 
10 46 Collimation; Breakout No collimation; Breakout No collimation; No breakout 
5 × 10 46 No collimation; Breakout No collimation; Breakout No collimation; No breakout 
10 47 No collimation; Breakout No collimation; Breakout No collimation; No breakout 
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ollimated introduces some small differences between the analytical
nd numerical results (as discussed in Section 3.2 ). 

.2 Effects due to velocity of the wind ( v deb ) 

he expansion velocity of the debris is another uncertain quantity that
lays an important role in the outcome of the jet-cocoon dynamics. In
eneral, v deb is a function of both time and distance from the SMBH.
n this work, as an approximation we take it to be constant, where
e treat v deb = 0 . 03 c as the fiducial case and vary it between low

 v deb = 0 . 01 c) and high ( v deb = 0 . 1 c) velocity regimes. These can
e thought of as the time-averaged values of v deb for the duration of
volution of the jet–cocoon system. In Fig. 5 (b) and Table 2 , we show
he results for the breakout time for the three values of v deb : 0.01c as
range stars, 0.03c as green unfilled squares, and 0.1c as dark blue
lled downward triangles, with varying L j , iso ∼ 10 40 −47 erg s −1 . The
ffect of v deb on collimating the jets with varying L j , iso is however
nsignificant, since for all cases the jets get collimated for L j , iso �
0 44 erg s −1 and remain uncollimated for higher values of L j , iso . 
In Fig. 5 (b), for all values of v deb considered, we note that t br 

ecreases as L j , iso increases, which is expected since jets with higher
uminosities are more energetic and hence breakout easily. For the
ets with same L j , iso , the breakout time increases with increasing v deb .
his is because for a higher v deb , R out ( t) expands more rapidly, and
NRAS 534, 1528–1540 (2024) 
hus the jet requires more time to break out. This is also the reason
hy the limiting value of L j , iso for choked jets increases as v deb 

ncreases. For v deb = 0 . 1 c we see that most of the jets remain choked
or the range of L j , iso we consider and only the highest isotropic-
qui v alent luminosity jets ( L j , iso � 5 × 10 46 erg s −1 ) break out. This
s because a higher debris velocity implies that the outer radius of
he debris is significantly larger than the jet-head radius leading to a
hoked jet. 

Once again, we can compare the analytical and numerical results
sing equation ( 13 ) to find the regime of choked jets for different
alues of v deb ∼ 0 . 01 c − 0 . 1 c. We find analytically that for t lag =
0 7 s, L j , iso should not exceed ∼ 3 . 6 × 10 44 $, ∼ 3 . 2 × 10 45 $, and

3 . 6 × 10 46 erg s −1 for v deb = 0 . 01 c , 0 . 03 c , and 0 . 1 c , respectively,
or the jet to be choked by the wind-driven debris. As in the previous
ase, the analytical results for the critical luminosities approximately
atch with what we obtain numerically (see Fig. 5 b and Table 2 ). 

 IMPLICATIONS  FOR  ELECTROMAGNETIC  

ND  NEUTRINO  COUNTERPARTS  

e studied the physical system pertaining to TDEs with accompa-
ying jets and associated dynamics in the previous sections. Most
mportantly, we focussed on jets that are launched with an associated
elay of t lag ∼ 10 6 −8 s into a wind-driven debris expanding with
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Table 2. Same as Table 1 but for Fig. 5 (b), for different values of the debris expansion velocity v deb ∼ 0 . 01 c − 0 . 1 c with fixed t lag = 10 7 s. 

L j , iso (in erg s −1 ) v deb = 0 . 01 c v deb = 0 . 03 c v deb = 0 . 1 c 

10 40 – 10 44 Collimation; No breakout 
5 × 10 44 – 10 45 No collimation; No breakout 
5 × 10 45 No collimation; Breakout No collimation; No breakout No collimation; No breakout 
10 46 No collimation; Breakout No collimation; Breakout No collimation; No breakout 
5 × 10 46 – 10 47 No collimation; Breakout 
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elocity v deb ∼ 0 . 01 c − 0 . 1 c. We also discussed the effects of t lag and
 deb on the jet collimation and breakout. In this section, we discuss the
bservable multimessenger signatures from delayed choked jets in 
DEs. Particle acceleration within jets can lead to the production 
f gamma-rays, high-energy neutrinos as well as UHECRs (see 
.g. Alves Batista & Silk 2017 ; Zhang et al. 2017 ; Biehl et al.
018 ; Gu ́epin et al. 2018 ; Bhattacharya, Horiuchi & Murase 2022 ;
hattacharya et al. 2023 ). We primarily focus on the electromagnetic 

ignatures and qualitatively discuss the neutrino signatures. 

.1 Electr omagnetic signatur es 

he jet-head is initially relativistic but eventually slows down to 
ubrelativistic velocities due to its interaction with the debris and 
he formation of the cocoon. The deceleration of such a relativistic 
utflow produces shocked regions in the jet-head. A forward shock 
ropagates outwards and a reverse shock mo v es inw ards tow ards the
nner boundary of the debris. Relativistic electrons are accelerated 
t the shocks and they cool due to radiative losses through different
rocesses such as synchrotron and inverse Compton emission. We 
ocus on the synchrotron cooling process and resulting electromag- 
etic emission. The typical frequencies associated with synchrotron 
mission are: (a) the injection frequency νm corresponding to the 
njection Lorentz factor γm of the accelerated electrons, (b) the 
ooling frequency νc of the electrons at which the radiative cooling 
ime-scale matches the expansion time-scale, and (c) the absorption 
requency νa associated with the synchrotron-self absorption (SSA) 
f the electrons which is rele v ant mainly at low frequencies. A generic
xpression of these fundamental break frequencies in the observer 
rame can be defined as, 

ES 
α = 

3 

4 π

eB 
ES 

m e c 


 
ES 

(1 + z) 

(
γ ES 

α

)2 
, (14) 

here the subscript α = { m, c} corresponds to the injection and
ooling frequencies, respectively. ES = { FS , RS } corresponds to the
orward and reverse shock re gions, respectiv ely. The magnetic field 
trength is B 

ES = 

[
32 πεB 
 

ES ( 
 
ES − 1) n ES m p c 

2 
]1 / 2 

, where n ES is
he particle density and 
 

ES is the bulk Lorentz factor in the shocked
egion ES. The fraction of downstream internal energy density that 
s converted to magnetic field energy density is given by εB . 

The minimum Lorentz factor of the electrons is defined as, 
ES 
m 

= εe ζe 

(

 

ES − 1 
)
m p /m e , where ζe ≈ 1 / 

[
f e ( s − 1) / ( s − 2) 

]
for

 > 2 is constrained using particle-in-cell simulations (e.g. Park, 
aprioli & Spitko vsk y 2015 ), where the fraction of downstream

nternal energy density that is carried by non-thermal electrons 
s given by εe . The power-law spectral index associated with the 
cceleration of electrons in the shocked region is given by s. The
raction of accelerated electrons is given by f e and the maximum 

orentz factor associated with the electrons is defined as, γ ES 
M 

= 

6 πe 
)1 / 2 

/ 
[
σT B 

ES (1 + Y ) 
]1 / 2 

, where σT and Y are the Thomson
ross-section and Compton parameter, respectively. The maximum 

ynchrotron frequency νES 
M 

is given by equation ( 14 ). The cooling 
orentz factor is defined as, γ ES 
c = 6 πm e c/ 

[
(1 + Y ) T ′ σT ( B 

ES ) 2 
]
,

here the comoving time T ′ is written in terms of the system
volution time T and redshift z as, T ′ = 
 

ES T / (1 + z). The SSA
requency νsa is obtained by setting τsa ( ν = νsa ) = 1 and solving
or νsa , where the SSA optical depth as a function of the ob-
erv ed frequenc y ν is, τES 

sa ( ν) = ξs en 
ES R h ( ν/νES 

n ) −p / 
(
B 

ES ( γ ES 
n ) 5 

)
see e.g. Panaitescu & Kumar 2000 ). Here, p = 3 for the fast-cooling
egime and is set to be p = (4 + s) / 2 for the slow-cooling regime.
sing the abo v e e xpression of τsa and setting τsa ( ν = νsa ) = 1,
e obtain, νsa = νES 

n 

[(
ξs en 

ES R h 

)
/ 
(
B 

ES ( γ ES 
n ) 5 

)]1 /p 
. The quantity

s ∼ 5 − 10 depends on the electron spectral index ( s). We have
he parameters γ ES 

n = min 
[
γ ES 

m 
, γ ES 

c 

]
and correspondingly νES 

n = 

 γ ES 
n ) 2 eB 

ES / 
(
(1 + z) m e c 

)
. The peak synchrotron flux is given by,

 
ES 
syn , max ≈ 0 . 6 f e n ES R 

3 
h 
 

ES e 3 B 
ES (1 + z) / 

(√ 

3 m e c 
2 d 2 L 

)
, where d L is

he luminosity distance. 
The electron cooling follows the fast or slow cooling regime 

epending on the values of νES 
m 

and νES 
c . When the dynamical time-

cale of the system is much longer than the time-scales o v er which the
lectrons cool down due to radiation losses, we have νES 

m 
> νES 

c which
s known as the fast cooling regime. In this case, all the electrons
apidly cool down to γe ∼ γc . When νES 

c > νES 
m 

, only electrons with
orentz factors greater than γ ES 

c can cool and this regime is known
s the slow cooling regime. We will now discuss the electromagnetic 
ignatures from choked jets, from both forward and reverse shock 
e gions. F or this analysis, we assume s = 2 . 2 and ζe = 0 . 35, which
mplies ξs ∼ 7 . 5. The TDE event is assumed to be located at a redshift
 = 0 . 05, which is also similar to AT2019dsg. 

.1.1 Forward shock 

he forward shock mo v es outwards with the jet-head similar to a blast
av e. In this re gion, we hav e ES = FS, the associated bulk Lorentz

actor 
 
FS = 
 h , and the particle number density n FS = ρa /m p 

see Section 2 ). As an example, we choose the highest isotropic-
qui v alent luminosity ( L j , iso = 5 × 10 45 erg s −1 ) for which we get a
hoked jet, with an associated delay t lag = 10 7 s and v deb = 0 . 03 c.
ubstituting εB = 0 . 0001 in equation ( 14 ) and the abo v e equations,
e calculate the characteristic frequencies for this case. We find 

hat νFS 
m 

< νFS 
c < νFS 

sa , which implies that we are in the slow cooling
egime. Ho we ver, in this case the absorption frequency is the highest
nd hence most of the emission would appear around νsa (see e.g.
obayashi, Meszaros & Zhang 2004 ). 

.1.2 Reverse shock 

everse shock can be accompanied by the outward moving forward 
hock and can also be important for electromagnetic emissions. Here, 
e focus on the emission associated with the reverse shock, which is

nalogous to the emission from hot spots of radio galaxies (Tingay
t al. 2008 ; Mack et al. 2009 ). In this case, we have ES = RS, the as-
ociated bulk Lorentz factor 
 

RS = 0 . 5 
(

 0 / 
 

FS + 
 
FS / 
 0 

)
, where

 
FS = 
 h and we assume 
 0 = 10. The particle number density asso-
MNRAS 534, 1528–1540 (2024) 



1536 M. Mukhopadhyay, M. Bhattacharya and K. Murase 

M

Figure 6. Electromagnetic signatures from the reverse shock (RS) emission region for the maximum isotropic-equi v alent luminosity possible from a delayed 
choked jet scenario are shown for a TDE source located at redshift z = 0 . 05 and assuming v deb = 0 . 03 c (solid purple curve). Left: spectral energy density 
for synchrotron slow cooling regime with εe = 0 . 01 and εB = 0 . 0001. Right: spectral energy density for synchrotron fast cooling regime with εe = 0 . 1 and 
εB = 0 . 1. The dashed vertical lines show the characteristic emission frequencies ( νRS 

a , νRS 
m , νRS 

c ) for both cases (for the left panel νRS 
a approximately coincides 

with νRS 
m and hence is not visible, whereas for the right panel νRS 

c lies outside the range of frequencies shown and hence is not visible). The upper and lower 
boundaries of the shaded region show the corresponding spectral energy density for v deb = 0 . 1 c and v deb = 0 . 01 c, respectively. The dot–dashed lines show the 
sensitivity curves for various detectors in X-ray ( Chandra 100 ks), optical (Vera C. Rubin Observatory – LSST – 30 s), and radio (ALMA – 1 h, SKA – 10 h, 
VLA – 1 h) bands. The rele v ant information regarding these facilities can be found at: Chandra ( https://chandra.harvard.edu ), Vera C. Rubin Observatory –
LSST ( https://www.lsst.org ), ALMA ( https://alma-telescope.jp/en/), SKA ( https://www.skao.int/en ), and VLA ( https://public.nrao.edu/telescopes/vla/). 
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iated with the reverse shock region is n RS = L j , iso / 4 πR 
2 
h 
 

2 
0 m p c 

3 .
o explore the different scenarios of slow and fast cooling that can be
ssociated with the reverse shock region, we consider two different
ases: one with typical values of εB = 0 . 0001 and εe = 0 . 01, and
nother where εB = 0 . 1 and εe = 0 . 1, as discussed below. 

A typical case can be considered where we assume εB = 0 . 0001
nd εe = 0 . 01. We find the characteristic frequencies to be ordered
s νRS 

c > νRS 
m 

> νRS 
sa from equation ( 14 ), and therefore, the slow

ooling regime is rele v ant for this case. The characteristic frequencies
re shown as dashed vertical lines in Fig. 6 (a) and are given as
RS 
c � 3 . 0 × 10 12 , νRS 

sa � 4 . 5 × 10 10 , and νRS 
m 

� 4 . 4 × 10 10 Hz in
reen, red, and blue, respectively. Note that since νRS 

sa ∼ νRS 
m 

, in the
gure the two lines o v erlap and the red dashed line corresponding
RS 
sa is not visible). We can estimate the peak synchrotron flux
s, F 

RS 
syn , max � 37 mJy ( f e / 0 . 48) n RS 

2 . 53 R 
3 
h , 16 . 21 
 

RS 
0 . 70 B 

RS (1 + z)d −2 
L, 26 . 82 ,

here we assume s = 2 . 2, f e = 1 / 
[
ζe ( s − 1) / ( s − 2) 

]
, and B 

RS =
32 πεB 
 

RS ( 
 
RS − 1) n RS m p c 

2 
]1 / 2 � 0 . 32 G. To illustrate the plau-

ible electromagnetic emission spectrum, we show the results for
 choked delayed jet with the highest L j , iso = 5 × 10 45 erg s −1 cor-
esponding to t lag = 10 7 s, and v deb = 0 . 03 c as considered for the
orward shock. In this case, given the ordering of the characteristic
requencies, the observed spectrum F 

RS 
ν is, 

 
RS 
ν = F 

RS 
syn , max 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

(
νRS 

m 
/νES 

sa 

)( s+ 4) / 2 (
ν/νRS 

m 

)2 
, ν ≤ νRS 

m 

(
νRS 

sa /ν
RS 
m 

)− ( s−1) 
2 
(
ν/νRS 

sa 

)− 5 
2 , νRS 

m 
< ν ≤ νRS 

sa 

(
ν/νRS 

m 

)−( s−1) / 2 
, νRS 

sa < ν ≤ νRS 
c 

(
νRS 

c /νRS 
m 

)− ( s−1) 
2 
(
ν/νRS 

c 

)− s 
2 , νRS 

c < ν ≤ νRS 
M 

. (15) 

he synchrotron slow cooling spectrum of electromagnetic emissions
rom equation ( 15 ) is shown with a solid purple curve in Fig. 6 (a). 
NRAS 534, 1528–1540 (2024) 
As expected, the spectrum peaks at the cooling frequency νRS 
c . The

lectromagnetic observability of the synchrotron emission would
ostly be in the optical and X-ray bands, where a current X-ray

elescope like Chandra and/or an optical telescope like Vera C.
ubin Observatory (LSST) have the possibility to definitely detect

he electromagnetic signals from a nearby TDE like AT2019dsg.
ome radio detections also seem promising with telescopes such as
LMA (Atacama Large Millimeter/submillimeter Array) and SKA

Square Kilometre Array). But the spectrum rapidly declines due to
he sharp cut-off for the synchrotron spectrum in the radio band. We
lso consider the cases for v deb = 0 . 01 c and 0 . 1 c, as the lower and
pper boundaries of the shaded regions in both figure panels. 
When εB = 0 . 1 and εe = 0 . 1, we can calculate the characteristic

requencies from equation ( 14 ) to find νRS 
m 

> νRS 
sa > νRS 

c , which
mplies that the synchrotron emission occurs in the fast cooling
egime. In this case, the characteristic frequencies νRS 

m 
(dashed

lue line), νRS 
c (dashed green line) and νRS 

sa (dashed red line) are
 . 4 × 10 14 , 9 . 6 × 10 7 , and 1 . 0 × 10 11 Hz , respecti vely, as sho wn in
ig. 6 (b). Note that the value of νRS 

c is such that it does not fall in the
ange of frequencies shown in the figure, so we do not see the dashed
reen line. The peak synchrotron flux for this case can be estimated
s, F 

RS 
syn , max � 37 mJy ( f e / 0 . 48) n RS 

2 . 53 R 
3 
h , 16 . 21 
 

RS 
0 . 70 B 

RS (1 + z)d −2 
L, 26 . 82 ,

here B 
RS � 10 . 25 G. The observed spectrum for the fast cooling

ase is given by, 

 
RS 
ν = F 

RS 
syn , max 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

(
ν/νRS 

sa 

)2 
, ν ≤ νRS 

sa 

(
ν/νRS 

sa 

)−1 / 2 
, νRS 

sa < ν ≤ νRS 
m 

(
νRS 

m 
/νRS 

sa 

)−1 / 2 (
ν/νRS 

m 

)−s/ 2 
, νRS 

m 
< ν ≤ νRS 

M 

. (16) 

or this regime, we compute the electromagnetic emission spectrum
or L j , iso = 5 × 10 45 erg s −1 and t lag = 10 7 s, and v deb = 0 . 03 c using
quation ( 16 ), and the corresponding results are shown in Fig. 6 (b).

https://chandra.harvard.edu
https://www.lsst.org
https://alma-telescope.jp/en/
https://www.skao.int/en
https://public.nrao.edu/telescopes/vla/
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n this case, the spectrum peaks at νRS 
m 

. We see that the spectrum is
oughly two orders of magnitude higher than that of the slow cooling
ase. Ho we ver, the choices of εB and εe are optimistic and may not
e strictly true. Besides, when εB ∼ εe , the inverse Compton process 
ight be equally important as synchrotron. 
Keeping these assumptions in mind, we note observationally that 

his is a more optimistic case and the electromagnetic signatures 
an definitely be detected with the current generation X-ray and 
ptical telescopes upto z ∼ 1. Ho we ver, radio observ ation prospects
re very similar to the pre vious slo w-cooling scenario, where ALMA
nd SKA can be good candidates to observe the radio emission from
earby ( z ∼ 0 . 05) TDEs. In this case as well, we show the cases
f v deb = 0 . 01 c and 0 . 1 c as the lower and upper boundaries of the
haded region. It is important to discuss the time-scales o v er which
he reverse shock emission happens such that detection by telescopes 
an be well-timed and have maximum efficiency. This time-scale is 
iven by ( R h − R in ) / 
 

2 
h c, which is the observation time as the jet

ropagates through the debris. Since we are interested in choked 
ets and discuss the emission at the final instant when the jet gets
hoked, for us this is roughly ∼ 10 7 s after the TDE occurs. Thus
lectromagnetic observations would be prominent around � 100 d 
fter the TDE. 

.1.3 Interaction between jet-driven debris and circumnuclear 
aterial 

n the previous section, we looked at the electromagnetic signatures 
rom delayed choked jets, and showed that radio observations of the 
everse shock emission may be promising for a nearby TDE source 
hat is associated with delayed choked jet. Ho we ver, we note that
fter the jet gets choked a small fraction of the cocoon surrounding
he jet-head and debris are accelerated, which can then interact with 
he surrounding circumnuclear matter to produce radio emission. 
i ven the lo w density of the cirucumnuclear matter, this emission

ould be visible with the radio telescopes. 
A detailed analysis of such late-time radio follow-up observations 

ssociated with TDEs was performed in Generozov et al. ( 2017 )
nd Matsumoto & Piran ( 2021 ), where disc winds, unbound debris,
onical outflows, and relativistic jets were considered. However, for 
his work we consider ηfb ∼ 0 . 5 which determines the maximum 

raction of stellar debris that can lead to the formation of a bound
nvelope. Hence, the number density of the electrons at the time of
et choking is still high for the case we discussed abo v e. Therefore,
bservable radio emission can be expected in this case from the 
ubsequent interaction of the jet with the circumnuclear material. 

.2 High-energy neutrino signatures 

eutrino emission from TDEs has been e xtensiv ely discussed espe- 
ially after the detection of two candidate neutrino-emitting TDEs, 
T2019dsg (Stein 2020 ) and AT2019fdr (Reusch et al. 2022 ). Suc-
essful jets are disfa v oured due to the lack of sufficient observational
vidence, including the absence of relativistic afterglows (Murase 
t al. 2020 ; Cendes et al. 2021 ; Matsumoto et al. 2022 ). Choked TDE
ets may explain the lack of electromagnetic counterparts from these 
elati vistic outflo ws, but are also unlikely to be suf ficiently po werful
o explain the observed neutrino emission (Murase et al. 2020 ). If the
et is delayed, in principle, more powerful jets can also be choked
ithin the expanding debris and we discuss the implications for their 
igh-energy neutrino observations here. 
In Fig. 7 , we show the boundary between the successful and

hoked jets for dif ferent v alues of t lag ∼ 10 6 −8 s, plotted with the
sotropic energy E j , iso = L j , iso t dur associated with the jet. t dur = 10 7 s
s used and the debris velocity is fixed at the fiducial value of
 deb = 0 . 03 c. The hatched orange region shows the values of E j , iso 

or which choked jets are realized. As expected, jets with larger
 j , iso are more likely to get choked for a larger value of t lag as the
ebris expands further. For each numerical data point shown in the
gure we also show a corresponding error bar based on the intervals
ssumed in scanning through the range of L j , iso . The last data point
oes not have an error bar since we restrict L j , iso � 10 47 erg s −1 and
o not scan for higher values. We also show the analytical curve
btained using equation ( 13 ) as a dot–dashed purple line. In the
xpanding debris, we define the Thomson optical depth as τT ( t) =
 R out ( t) 
R h ( t) 

κes ρdeb ( t, r )d r , where κes = 0 . 35 cm 
2 g −1 is the Rosseland

ean opacity. The region of E j , iso where we obtain τT > 1 is shaded in
reen. 
The neutrino fluence necessary to produce a single event in the

oint source (PS) channel is ∼ 0 . 05 GeV cm 
−2 for a E 

−2 
ν spectrum,

ased on the public ef fecti ve area (Aartsen et al. 2020 ; Murase et al.
020 ). The PS ef fecti ve area leads to more conserv ati ve limits on the
otal energy than the gamma-ray follow-up (GFU) effective area. We 
onvert the PS fluence limit to E j , iso assuming a source redshift of
 = 0 . 05. We also assume that ∼ 1 per cent of the isotropic jet energy
s used for neutrino production to get the dashed red line shown in Fig.
 . This approximation is based on E νμ

≈ (1 / 8) E CR / R CR , where the
re-factor of 1 / 8 is due to the fact that same number of charged and
eutral pions are obtained through the pγ interactions from direct 
roduction, thereby leading to a factor of 1 / 2. Furthermore, each
eutrino fla v our carries a quarter of the pion’s energy in the decay
hain post mixing. Here, E CR is the total cosmic ray (CR) energy and
 CR ∼ 10 − 30 is a bolometric correction factor associated with a
R spectral index of s p = 2. We also assume E CR , iso = E j , iso to
btain the most conserv ati ve limit on the jet energy. We note that the
ets launched with an associated delay of t lag � 8 × 10 6 s can lead
o neutrino production abo v e the current IceCube PS limit at this
articular source distance. 
MNRAS 534, 1528–1540 (2024) 
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Fig. 7 represents a scenario similar to the detection of IceCube-
91001A with AT2019dsg at z ∼ 0 . 05, and we note that our model
f delayed choked jets can satisfy the lower limits with reasonable
hoice of parameters. We have also checked the case of the other
wo TDEs. The TDE AT2019aalc associated with IceCube-191119A
as located at z = 0 . 036 with a declination for which a similar
S ef fecti ve area can be used. For this case, the nearby distance
esults in a similar value of t lag to explain the associated neutrino
vent. The third event IceCube-200530A associated with AT2019fdr
as localized at z = 0 . 267. Using a similar PS ef fecti ve area o wing

o a similar source declination, one obtains the energy required
y the jet to produce a single neutrino event to be ∼ 2 × 10 54 erg
hich shifts the horizontal line even further up. However, this

cenario requires a time delay of t lag � 10 8 s which is longer than
he observed delay. Thus, we conclude that although the neutrinos
rom the two nearby TDEs (AT2019dsg and AT2019aalc) can be
onsistent with the delayed choked jet scenario, explaining the
eutrino observation associated with AT2019fdr is still challenging
ith reasonable assumptions and choice of parameters. 
We focus on choked TDE jets that can arise if the outflow is not

uf ficiently po werful to break out of the stellar envelope. We follo w
he prescription discussed in Senno et al. ( 2017 ) to qualitatively
iscuss neutrino production in these choked jets. Particles can get
ccelerated in the internal shock (IS) site inside the collimation
hock or termination shock close to the jet-head. We consider the
S scenario which occurs due to collisions between mass shells
ropagating with different velocities within the outflow. The energy
issipation takes place at the radius R IS ≈ 
 

2 
j cδt/ (1 + z) ∼ (3 ×

0 14 cm )( δt/ 100 s) ( 
 j / 10) 2 , where 
 j is the initial jet Lorentz factor
nd δt is the temporal variability, as inferred by the X-ray emission
rom the jetted TDE Swift J1644 + 57 (Burrows et al. 2011 ). For
DE jets, both internal and termination shocks are collisionless and

adiation unmediated, which results in efficient particle acceleration
p to ultrahigh energies (see e.g. Farrar & Gruzinov 2009 ). 
Accelerated protons can generate neutrinos through both pp and

γ interactions. Ho we ver, in the hidden (choked) jet model we con-
ider, a much larger number density of photons implies t −1 

pγ � t −1 
pp ,

nd therefore, the pγ process is the primary neutrino production
echanism. In the IS region, the seed photons of pγ interactions

re expected to be non-thermal within the jet. If τT � 1, only a
raction f esc ∼ 1 /τT of photons can escape from the optically thick
nvelope to the optically thin jet region. We first estimate the fraction
f protons, f pγ ≈ t dyn /t pγ , which get accelerated in these choked
DE jets to undergo pγ interactions and produce neutrinos. For a
hoton spectrum n ε ′ ∝ ε ′ −β , the efficiency is roughly f pγ ∝ ε ′ β−1 

p ,
here ε ′ p is the proton energy in the jet-comoving frame. Using this
 pγ estimate, one can compute the neutrino flux from a single TDE
vent assuming a flat energy spectrum ( ε p L ε p ∝ const ), although the
pectrum of high-energy neutrinos is modified when the pions and
uons cool prior to their decay. 
We also find that low-luminosity jets ( L j , iso ∼ 10 40 − 10 43 erg s −1 )

re collimated and choked, irrespective of t lag and v deb , and hence
an be ideal neutrino production sites. Ho we ver, the energy budget
vailable for neutrino production is also low owing to the smaller
et luminosities. For t lag ∼ 10 7 s, we find a luminosity range L j , iso ∼
0 43 − 5 × 10 45 erg s −1 where the jet gets choked. 

 SUMMARY  AND  DISCUSSION  

ecent observations of TDEs have indicated delayed or long-term
ctivities that are seen much later than the peak time in optical
NRAS 534, 1528–1540 (2024) 
mission. The origin of such delayed emissions from TDEs is not
ell-understood, but it is likely to be powered by outflows launched

rom the central SMBH. In this work, we primarily focussed on
 scenario where the jet is launched with a delay of a few days
o a few years. We studied the effects of this time lag on the jet
ynamics and its interaction with the debris. We also discussed
ultimessenger emission signatures expected in this scenario, in

articular when the jet is choked. The physical model we consider
nvolves an expanding debris that is presumably powered by the wind.
nce a cocoon is formed due to the jet–debris interaction, the jet can
et collimated depending on its isotropic-equi v alent luminosity and
he debris expansion velocity . Eventually , the jet either breaks out
eading to a successful jet or gets choked within the debris. 

We focussed on the impacts of the time delay t lag associated with
et launching and the debris expansion velocity v deb . We examined
he effects of varying these parameters on the jet collimation and
reakout conditions (see Fig. 5 ). The critical luminosity for choked
ets as a function of these parameters is obtained in equation ( 13 ).
hese results are in agreement with the previous analytical estimate

Murase et al. 2020 ) in the limit of t lag = 0. Similarly, the critical
hoked jet luminosity found for delayed jets in binary neutron star
ergers (Kimura et al. 2018 ) are also in agreement with the analytical

esults obtained here. We found that for a longer t lag , it is easier for
he jets to get choked within the debris. The corresponding t br also
ncreases for successful jets with a given luminosity . Similarly , a
arger v deb also makes the jets choked more easily and increases t br 

or successful jets with a given luminosity. 
The model presented in this work relies on several assumptions

nd approximations. One of the uncertainties is the time-scale of the
nvelope formation. The fraction of disrupted stellar material that
alls back on to the SMBH is assumed to be 0.5, which can have
elated uncertainties. It is important to note that although the initial
onditions are subject to different uncertainties, our main conclusions
n this work are largely insensitive to them. The expression used for
he ef fecti ve tidal disruption radius R T contains a factor f T associated
ith the shape of the stellar density profile. This factor can have
ncertainties associated with it. For example Golightly et al. ( 2019 )
onsidered the case of rotating stellar progenitors, in which case
 T is modified as, R T = R tidal 

(
1 ± �2 

∗R 
3 
∗/ ( GM ∗) 

)−1 / 3 
, where �∗ is

he spin of the progenitor star. Moreo v er, in Ryu et al. ( 2020 ), the
uthors considered a fully general relativistic simulation of TDEs
or stellar masses ranging from 0 . 15 to 10 M �. It was concluded
hat the tidal disruption radius for low-mass stars M ∗ ≤ 0 . 7 M � is
arger by ∼ 10 per cent, whereas for M ∗ ≥ 1 M � it is smaller by
 factor of ∼ 2 − 2 . 5. The value of f T mildly affects the ef fecti ve
idal disruption radius R T ∝ f 

1 / 6 
T , since the dependence on f T is

eak. Ho we ver, for late times this effect is not prominent which
an be seen from the approximate analytical expression for choking
equation 13 ). Thus, for the results related to choking or breakout of
he jet and the corresponding EM and neutrino emissions, the effects
f f T on the ef fecti ve tidal disruption radius can be ignored. 
As discussed in Section 2.1 , the calibration factor used for ˜ L is

argely unconstrained for TDE jets, primarily due to the lack of
umerical simulations. Ho we ver, one can reasonably assume it to
e similar to the collapsar or binary merger systems. The cocoon
ressure is assumed to be a simplified version of equation ( 6 ),
here the integral is replaced by an average value (see equation
 ). We verified that this approximation does not affect our results
n any significant manner. The debris set-up used in this work is
ather simplified, and a smaller debris mass in the direction of jet
ropagation will result in the jet breaking out more readily, and
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herefore, the allowed power of choked jets is optimistic. A similar
onclusion for the hidden/choked jet model is obtained by Murase 
t al. ( 2020 ). Ho we ver, we stress that in our set-up the debris has
onger time to expand for t lag ∼ 10 6 − 10 8 s, allowing the choked
ets to have larger luminosities (see Table 1 ) and thereby larger total
nergies. Thus, we ef fecti v ely relax ed the critical luminosity estimate
ound in Murase et al. ( 2020 ) using the current model. 

We studied electromagnetic and neutrino signatures of choked 
DE jets. For the electromagnetic emission, we limited ourselves 

o considering the synchrotron spectrum in the context of both 
orward and reverse shock scenarios. Specifically, we considered the 
mission from a choked jet with its maximum allowed luminosity 
 j , iso = 5 × 10 45 erg s −1 for an associated time delay of t lag = 10 7 s
nd v deb = 0 . 03 c. We found that the forward shock emission may be
argely suppressed due to strong synchrotron self-absorption, while 
he reverse shock emission, which is analogous to emission from hot 
pots of radio galaxies, is promising. Electromagnetic signatures of 
hoked jets from nearby TDEs such as AT2019dsg at z = 0 . 05 may
e observed with radio, X-ray, and optical telescopes. Once the jet 
ets choked, a small part of the debris may be accelerated, leading to
ubsequent interactions with the circumnuclear material. This may 
lso result in observable radio signatures. 

Successful observations of electromagnetic signatures will provide 
ignificant implications for the dynamics of TDEs, in particular the 
xistence of a jet and a delayed launching scenario. It would also show
vidence of the jet interacting with the debris. In general, the debris
oes not have a spherical configuration 3 (Lu & Bonnerot 2020 ), 
hich leads to uncertainty in modelling the jet–debris interaction, 

nd we will obtain more insights into the properties and mechanism 

f the disc formation with future observations. The absence of 
uch electromagnetic signatures from nearby TDE sources might 
urther constrain the existence of jetted TDEs. It may also hint 
owards the fact that the jet–debris interaction is inefficient and 
ence it does not produce a detectable electromagnetic signature. 
ydrodynamic simulations will also help to better understand the 

aunch and formation of delayed jets and it would be useful to perform 

imulations of the jet propagating through an outward expanding 
ebris aided by wind outflows. 
The delayed arri v al of neutrinos could be associated with not only

he disc transition (Murase et al. 2020 ) but also the formation of the
nner accretion disc post circularization of the debris which takes 

10 7 s based on analytical estimates (Hayasaki & Jonker 2021 ; Van
elzen et al. 2021 ), assuming that the debris circularizes through 
issipation at the self-interaction shock. A similar circularization 
ime-scale is obtained from the analytical estimates of Hayasaki & 

amazaki ( 2019 ), who assume that the dissipated energy is pro-
ortional to the mass fallback rate once the debris circularizes. In
his case, the energy dissipated during the debris circularization is 
iven by the product of the stellar mass and the difference between
he specific stellar orbital energy and the specific binding energy 
f the debris at the circularization radius. Detailed hydrodynamic 
imulations performed by Bonnerot et al. ( 2021 ) also show that
he circularization of the debris happens on a time-scale similar to 
 fb ∼ 10 7 s. A similar delay time-scale for neutrino arri v al could be
ue to a contracting debris configuration (Metzger 2022 ). 
With three coincident neutrino detections by IceCube, it is timely 

o look at multimessenger signatures from TDEs to ascertain and 
 Note that the rele v ant density profile for the ambient medium should be 
egarded as the density profile along the jet direction and therefore the 
eometry of the debris is not rele v ant strictly speaking. 

B
B
B
B
B  
nderstand the various emission regions and also the complicated 
ynamics of the debris possibly in the presence of a jet. We presented
he upper limit on the total energy of choked jets as a function
f t lag in Fig. 7 , along with the IceCube point-source limit. We
ound the neutrino association of AT2019dsg could be explained 
sing our delayed choked jet model for t lag � 8 × 10 6 s, assuming
 deb = 0 . 03 c. Explaining the neutrino observation associated with
T2019fdr is challenging since the required time delay is too long.
hese conclusions can be further tested with new neutrino associa- 

ions with TDEs in the upcoming high-energy neutrino observatories 
ike IceCube-Gen2 (IceCube-Gen2 Collaboration 2014 ), KM3NeT 

Adrian-Martinez et al. 2016 ), and electromagnetic telescopes, which 
ould be well-placed to conduct e xtensiv e multimessenger searches 

hat will allow us to better understand the physical mechanism of
DEs. 
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