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A B S T R A C T 

Man y stripped env elope superno vae (SNe) present a signature of high-velocity material responsible for broad absorption lines in 

the observed spectrum. These include SNe that are associated with long gamma-ray bursts (LGRBs) and low-luminosity GRBs 
( ll GRBs), and SNe that are not associated with GRBs. Recently it was suggested that this high-velocity material originates 
from a cocoon that is driven by a relativistic jet. In LGRBs, this jet breaks out successfully from the stellar envelope, while in 

ll GRBs and SNe that are not associated with GRBs the jet is choked. Here we use numerical simulations to explore the velocity 

distribution of an outflow that is driven by a choked jet, and its dependence on the jet and progenitor properties. We find that 
in all cases where the jet is not choked too deep within the star, the outflow carries a roughly constant amount of energy per 
logarithmic scale of proper velocity over a wide range of velocities, which depends mostly on the cocoon volume at the time 
of its breakout. This is a universal property of jets driven outflows, which does not exist in outflows of spherically symmetric 
explosions or when the jets are choked very deep within the star. We therefore conclude that jets that are choked (not too deep) 
provide a natural explanation to the fast material seen in the early spectra of stripped envelope SNe that are not associated with 

LGRBs, and that properties of this material could reveal information on the otherwise hidden jets. 

Key words: hydrodynamics – gamma-ray burst: general – stars: jets – supernovae: general. 
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 I N T RO D U C T I O N  

oth long and short GRB jets have to cross a significant amount
f matter (the stellar atmosphere for long GRBs and the merger’s 
jecta in short ones) before producing the observed γ -rays. This 
nderstanding has lead to great interest in jet propagation within 
urrounding matter, and the question was explored both analytically 
e.g. Blandford & Rees 1974 ; Begelman & Cioffi 1989 ; M ́esz ́aros &

axman 2001 ; Matzner 2003 ; Lazzati & Begelman 2005 ; Bromberg
t al. 2011 ) and numerically (e.g. Marti et al. 1995 ; Mart ́ı et al.
997 ; Aloy et al. 2000 ; MacF adyen, Woosle y & Heger 2001 ;
eynolds 2001 ; Zhang, Woosley & Heger 2004 ; Mizuta et al. 2006 ;
orsony, Lazzati & Begelman 2007 ; Wang, Abel & Zhang 2008 ;

azzati, Morson y & Be gelman 2009 ; Mizuta & Aloy 2009 ; Morsony,
azzati & Begelman 2010 ; Nagakura et al. 2011 ; L ́opez-C ́amara
t al. 2013 ; Ito et al. 2015 ; L ́opez-C ́amara, Lazzati & Morsony
016 ; Harrison, Gottlieb & Nakar 2018 ). This, naturally, raises
he possibility that some jets are ‘choked’ during their propagation, 
nd are unable to break out of the surrounding dense medium. The
bserved temporal distributions of both long (Bromberg et al. 2012 ) 
nd short (Moharana & Piran 2017 ) GRBs suggest that this happens
n both types of events, and there are indications that this also happens
n some supernovae (SNe; Piran et al. 2019 ). 

In the cases the jet does not emerge, we may still observe the
ignature of the cocoon that forms. First, the breakout of the shock
riven by the cocoon produces a bright flash. For example, a cocoon
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reakout is most likely the origin of low-luminosity GRBs ( ll GRBs;
ulkarni et al. 1998 ; MacFadyen et al. 2001 ; Tan, Matzner & McKee
001 ; Campana et al. 2006 ; Wang et al. 2007 ; Waxman, M ́esz ́aros &
ampana 2007 ; Katz, Budnik & Waxman 2010 ; Nakar & Sari 2012 ;
akar 2015 ). These type of GRBs are rarely observed, ho we ver,
hen their low luminosity is taken into account, it was realized

hat they are more numerous than regular LGRBs (Soderberg et al.
006 ). Another signature arises from the fast cocoon material that
ngulfs the star once the hot cocoon material breaks out and spreads.
pecifically, this material leads to very broad absorption lines that are
isible as long as it is optically thick (Piran et al. 2019 ). Such lines
av e been observ ed in sev eral SNe, some accompanied by ll GRBs
Galama et al. 1998 ; Iwamoto et al. 1998 ; Modjaz et al. 2006 ; Mazzali
t al. 2008 ; Bufano et al. 2012 ; Xu et al. 2013 ; Ashall et al. 2019 ;
zzo et al. 2019 ) and others without (Mazzali, Iwamoto & Nomoto
000 ; Mazzali et al. 2002 , 2009 ). Finally, the cooling emission of
he cocoon will also generate a potentially detectable UV-optical 
ransient on time-scale of hours to days (Nakar & Piran 2017 ). 

The important signature that helps determining the origin of the 
road absorption lines is the energy-velocity distribution of the 
ast mo ving material. Re gular spherical e xplosion result in a v ery
teep distribution with roughly d E ( v)/d ln v ∝ v −5 (e.g. Nakar &
ari 2010 ). Ho we ver , when a jet is in volv ed in the e xplosion, this
istribution is expected to be much shallower with much more energy
t high velocities. Recently, Eisenberg, Gottlieb & Nakar ( 2022 ) have
hown that when the jet is successful, the cocoon generates a unique
nergy-velocity flat distribution with d E /d ln �β ∝ const. o v er a wide
ange of velocities from sub to mildly relativistic, where β = v/ c and
 is the corresponding Lorentz factor. They also found that, when

http://orcid.org/0000-0002-4243-3889
http://orcid.org/0000-0002-7964-5420
http://orcid.org/0000-0002-4534-7089
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1 Throughout the paper, r is used for the 2D cylindrical radius while R stands 
for the 3D radius. 
2 This profile diverges at the origin but this region does not influence the jet 
propagation and it is not included in our computational domain. 
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he jet is choked, it leaves a unique signature of a flat energy-velocity
istribution. Ho we ver, in the case of choked jets, the flat distribution
o v ers a range of velocities that is narrower than that of outflows
riven by successful jets. Motivated by these results, we examine
ere in detail the energy-velocity distributions of different chocked
et, focusing on the relation between the properties of the choked
et and the final energy-velocity distribution of the outflow after it
ecomes homologous. 
For our study, we use a large set of 2D relativistic hydrodynamical

imulations. We consider explosions that are driven by choked jets, in
hich we vary the opening angle and the engine working time of the

et as well as the structure of the progenitor. We follow the simulations
ntil the entire outflow becomes homologous, and examine what is
he relation between these properties and the outflow energy-velocity
istribution. 
The paper is structured as follows. In Section 2 , we describe the

umerical procedure adopted for the simulations. In Section 2.1 ,
e describe the code choice and the composite mesh structure

dopted, while in Section 2.2 , we report in detail the set-up for the
tellar and interstellar environment and the initial conditions for the
elativistic jet. Numerical aspects are discussed in two appendixes:
 resolution study is described in Appendix A and in Appendix B ,
e explore the different use of a numerical smoothing function for

he stellar density profile. In Section 3, we explore the results of
ur set of simulations. We summarize our findings and consider the
mplications to observations in Section 4 . 

 M E T H O D O L O G Y  

.1 Simulation set-up 

ur simulations are performed using the open source massively
arallel multidimensional relativistic magneto-hydrodynamic code
LUTO (v4.3) (Mignone et al. 2007 ). The code uses a finite-
olume, shock-capturing scheme designed to integrate a system
f conservation laws, where the flow quantities are discretized
n a logically rectangular computational grid enclosed by a
oundary. We use the special relativistic hydrodynamics module
n 2D cylindrical coordinates. We perform our calculations using
 parabolic reconstruction scheme combined with a third-order
unge–Kutta time stepping. We also force the code to reconstruct

he four-velocity vectors at each time-step. 
The 2D simulations enables us to reach high resolution with

easonable computational resources. 3D simulations carried by
arrison et al. ( 2018 ) suggest a similar generic evolution of the

et for the same parameters. The propagation of the outer cocoon
nd the jet head are similar both in 2D and 3D simulations, and the
ifferences for the velocity distribution of the system are negligible
especially for choked jets – as shown in Eisenberg et al. ( 2022 ).
he main difference arises in the morphology of the jet head in 2D
imulations that is affected by a plug at the head front. This plug
iverts some of the jet elements sideways to dissipated their energy
n oblique shocks, but it is irrele v ant for the cocoon structure in
hich we are interested here. Another difference is the stability of

he boundary between the jet and the inner cocoon (Gottlieb, Nakar &
romberg 2021 ). Ho we ver, all properties that are important for the
ocoon – like mixing at the head, mixing between inner and outer
ocoon, and the propagation of the outer cocoon – are all similar for
D and 3D. Those differences are not significant for our purposes. 
We chose the equation of state of the fluid to be ideal and with a

onstant relativistic polytropic index of 4/3. This equation of state is
NRAS 519, 1941–1954 (2023) 
pplicable for a relativistic gas (as in the jet) as well to a radiation
ominated Newtonian gas, such as the shocked stellar envelope. 
To study the long term evolution of the jet and the cocoon

rom the star, we use a large grid spanning for several orders of
agnitude. This allows us to track the evolution of the system for at

east two minutes after the breakout. At that time, the entire stellar
nvelope is shocked by the cocoon, and it expands enough to become
omologous. We use a grid of size 4736 × 4636 cells with the radial
ylindrical coordinate 1 extending within the range r = [0, 350] ×
0 10 cm, and the vertical coordinate extending within the range z =
0.1, 360] × 10 10 cm. 

We use a combination of a uniform and two non-uniform mesh
rids in r − z coordinates with a decreasing resolution from the inner
egion of the simulation box to the outer boundaries. The grid mesh
s uniform in the inner part to maintain a high resolution of the jet
njection, and the formation of the resulting high-pressure cocoon.
he uniform mesh has 1000 × 900 grid points extending in the ranges
 = [0, 1] × 10 10 cm and z = [0.1, 1] × 10 10 cm, with a resolution
long both coordinates of � ( r , z) unif. = 10 7 cm. Next to the uniform
esh, we placed a stretched mesh with 1278 2 grid points extending

long both coordinates within the range ( r , z) = [1, 6] × 10 10 cm,
ith a stretching ratio of ∼1.0018. The number of grid points for this
esh is chosen such that its initial grid spacing is the same of to the

djacent uniform mesh � ( r , z ) s, init = � ( r , z ) unif. = 10 7 cm, and its
nal grid spacing is � ( r , z) s, final = 10 8 cm. We co v er the remaining
rid at larger distances with a logarithmic spaced mesh with 2458 2 

rid points extending within the range ( r , z) = [6, 360] × 10 10 cm.
he number of grid points is chosen such that the grid spacing of

he mesh at ( r , z) = 6 × 10 10 cm coincides to the resolution of the
tretched mesh, such that � ( r , z) log, init = � ( r , z) s, final = 10 8 cm.
n this way, we ensure a smooth increase of the resolution without
umps for the entire simulation grid. A detailed resolution study for
hese simulations is reported in Appendix A . 

We inject the jet along the inner lower z boundary, denoted z 0 
see Section 2.2.2 ). Otherwise, we impose a reflective boundary
ondition at this boundary as it approximates the equatorial plane
f the system. We impose axial-symmetric conditions for the inner
ertical boundary. Both outer boundaries are set to outflow. 

.2 Initial conditions 

.2.1 The star 

e approximate the stellar density profile as a continuous power law
hat mimics the sharp decline of density in radius near the stellar
dge 2 

( R) = 

⎧ ⎨ 

⎩ 

ρ∗

(
R ∗
R 

− 1 

)2 

+ ρ0 , for R ≤ R ∗, 

ρ0 , for R > R ∗. 
(1) 

ere we choose ρ∗ = 100 g cm 

−3 and R ∗ = 3 × 10 10 cm. The total
ntegrated mass of the star is M ∗ = (9 π /5) M � (see Section 2.2.3 for
caling of these parameters to other values.) 

For this density profile the local slope, α ≡ d log ρ( R )/d log R = −
/(1 − R / R ∗). The slope, α, reaches the critical value of 3 for R = R ∗/3.
eyond this value, a spherical blast wave accelerates and eventually
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ooses causality. We present our results for this specific density 
rofile. Ho we ver in Section 3.4 , we show that the results for different
tellar density profiles (both inner and outer) are qualitatively similar. 

Surrounding the star, we have an external CSM density of ρ0 = 

.67 × 10 −21 g cm 

−3 . This exact value is unimportant as it is added
ust to a v oid a numerical vacuum. The interaction of the jet or the
ocoon outflow with this CSM is insignificant. To a v oid numerical
rtifacts arising from the sudden drop in density at the edge of the star,
e smooth the density of the outer edge of the star with a power law: 

smooth ( R) = ρs 

(
R 

R s 
+ 1 

)−8 

, (2) 

ith ρs = 0.05 g cm 

−3 and a gradient scale of R s = 5 × 10 8 cm. We
erified that this arbitrary choice of the smoothing function does 
ot affect our results (see Appendix B ). In order to a v oid any initial
andom motion, we set a uniform and low-ambient pressure of P =
.5 keV cm 

−3 within the simulation grid. 

.2.2 The jet 

e inject a collimated jet with a constant luminosity L j , operating for
 e so that the total injected energy is E 0 = L j × t e = 10 51 erg. A uni-
orm jet is injected through a nozzle with a velocity in the z direction
ith an initial bulk Lorentz factor � 0, j , a density ρ j , and a specific

nthalpy h j � 1. Being relativistically hot, the jet spreads quickly 
o form an initial opening angle θ j 	 1/(1.4 � 0, j ) (see details on this
njection method at Mizuta & Ioka 2013 and Harrison et al. 2018 ). 

The jet is numerically initialized by the injection of density, 
ressure, and momentum along the z-direction through a nozzle 
arallel to the z-axis with a radius r j at an initial height z = z 0 . The
ead cross section is then � j = πr 2 j . For an initial opening angle θ j 

 0.1 rad, we set-up r j = 10 8 cm, allowing a sufficient mesh co v erage
 v er the nozzle, and we set the initial injection height at z 0 = 10 9 cm.
We consider a constant jet luminosity L j . This determines the 

roduct ρ j h j as: 

j h j = 

L j 

� j � 

2 
0 , j c 

3 
. (3) 

e choose h j = 100. This choice of the enthalpy is arbitrary, as long
s h j � 1. The jet’s pressure is given by P j = ( h j − 1) ρ j c 2 /4. 

We explored the parameter space running simulations for different 
nitial values of L j at steps of 2.5 × 10 50 erg s −1 from 2.5 × 10 50 to
 × 10 51 erg s −1 for a total of nine different luminosities. For each
alue of the luminosity, we run simulations for a set of different
pening angles θ j = [0.05, 0.1, 0.2, 0.4, 0.6] rad. As we keep, the
otal jet energy fixed these conditions translate to different engine 
orking times t e = 10 51 erg/ L j . For each of the nine values of the

uminosity, we run five dif ferent v alues of the opening angle for a
otal of 45 simulations. 

.2.3 Scaling relations 

hile we consider specific numerical values for the stellar and 
et parameters, our solutions can be scaled to other values. The 
quation of motion of the forward shock speed βh , is regulated by ˜ L

Matzner 2003 ; Bromberg et al. 2011 ): 

˜ 
 	 

L j 

� j ρ( R) c 3 
, (4) 
ith 

h = 

1 

1 + 

˜ L 

−1 / 2 
. (5) 

he stellar size R ∗ is the scale length of t the system. The scalings
 j ∝ R 

2 
∗ and ρ( R / R ∗) ∝ ρ∗, we can express ˜ L as 

˜ 
 ∝ 

E 0 

t e ρ∗R 

2 ∗
. (6) 

f we scale the stellar radius as R ∗ = λR 

′ 
∗, we have to scale the

ensity, and the jet luminosity accordingly in order to maintain ˜ L

nd βh unchanged. 
As we show later, the location where the jet is choked (i.e. where

he last element launched by the jet reaches the head) with respect to
he stellar radius has also to be constant. The choking location z ch is
oughly proportional to the engine time t e (Nakar 2015 ): 

 ch = 

∫ t ch 

0 
βh c d t 	 βh c t ch = 

βh c 

1 − βh 
t e . (7) 

here t ch = t e /(1 − βh ) is the choking time. If βh is kept constant
hen any transformation on R ∗ will leave z ch / R ∗ unchanged if t e =
t ′ e ∝ R ∗. Thus, scaling E 0 = ηE 

′ 
0 and R ∗ = λR 

′ 
∗, we require that

nd ρ∗ = ηλ−3 ρ ′ 
∗. 

Because M ∗ ∝ ρ∗R 

3 
∗ , when keeping this scaling of t e and R ∗, we

an rewrite equation ( 4 ) as ˜ L ∝ E 0 /M ∗, which means that since ˜ L

s kept constant, the typical velocity of the system v 0 = (2 E 0 / M ∗) 1/2 

s also conserved under these transformations. 
Turning the jet parameters, we recall that the only rele v ant

uantities are L j , t e , and θ j . The first two determine E 0 , and the latter
etermined � 0, j . The luminosity, together with the stellar parameters 
etermine the produce ρ j h j with the condition that h j , while arbitrary
hould be much larger than one. 

In summary, given the physical scales R ∗, ρ∗, E 0 , v 0 , t e , and the
calings R ∗ = λR 

′ 
∗, E 0 = ηE 

′ 
0 , the parameters defining the physics

f our system, i.e. ˜ L , z ch / R ∗, will not change if t e = λt ′ e and ρ∗ =
λ−3 ρ ′ 

∗. 

 RESULTS  

.1 The jet–cocoon system 

e start analysing our simulation set considering a jet with our
anonical parameters of one-sided luminosity of L j = 10 51 erg s −1 

nd θ j = 0.2 rad 	 10 ◦. 
While advancing through the stellar atmosphere, the interaction 

f the relativistic jet with the stellar material results in a forward-
everse shock structure that is called the head of the jet (Blandford &
ees 1974 ; Begelman & Cioffi 1989 ; M ́esz ́aros & Waxman 2001 ;
atzner 2003 ; Lazzati & Begelman 2005 ; Bromberg et al. 2011 ). The

et head propagation velocity, βh , is much lower than the jet velocity
efore it reaches the head and for typical GRB jets it is Newtonian.
he shock-heated jet and stellar material that enters the head flow
ideways because of the high-head pressure and form a pressurized 
ocoon, which enshrines the jet. The contact discontinuity between 
he material shocked in forward, and the reverse shocks divides the
ocoon to inner and outer parts. The inner cocoon is composed
f tenuous jet material, which has crossed the reverse shock while
he outer cocoon is composed of denser shocked stellar material. 
he cocoon e x erts a pressure on the jet such that if sufficiently
igh, collimates it, thus reducing its opening angle, and consequently 
educing the jet cross section compared to the uncollimated jet. 

Within our chosen stellar structure model the jet head mo v es at
 constant velocity at the inner region of the core, where the local
MNRAS 519, 1941–1954 (2023) 
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ensity slope α = 2. If the jet reaches outer regions where α > 2, it
tarts accelerating. 

The jet is choked if the engine stops while the jet is propagating
ithin the stellar envelope, and the last jet element launched by the

ngine ( tail , hereafter) catches up with the jet head before the latter
reaks out of the star. In this case, all the engine’s energy goes into the
ocoon. Clearly, the choking height (equation 7 ) satisfies z ch < R ∗.
therwise, we define the jet as unchoked or successful. Throughout

he following analysis, we focus mostly on jets choked at various
epths inside the star. For comparison, we show also the case of an
nchoked jet breaking out of the star. For a detailed study on the
nergy-velocity distribution of stellar explosions, which are driven
y successful jets see Eisenberg et al. ( 2022 ). 
We divide the evolution of the jet to three different phases: 1) the

njection phase and choking phase t < t ch , 2) the cocoon expansion
hase t ch < t < t bo , and 3) the cocoon breakout phase t > t bo . The
ifferent phases of a choked jet are shown in Fig. 1 . 

.1.1 Injection and choking: t ≤ t ch 

he engine operates for t e producing a jet. This is clearly seen in
he first row of Fig. 1 in both the rightmost panel showing β�,
nd the leftmost one showing that the tracer of the jet material is
oncentrated mostly within a narrow cylinder along the symmetry
xis z with radius r 	 r j (colour dark red). This behaviour is typical
f the collimated regime (Bromberg et al. 2011 ). 
After the jet engine stops, the last jet material launched at the

njection nozzle propagates upwards. At t e , the jet head is still
naware that the engine stopped, and the jet head continues to
ropagate with βh (in this specific simulation βh 	 0.2) after the
entral jet engine is switched of f. Ho we ver, as βh < 1 while the
et material mo v es at β t 	 1, the jet tail catches up with the head.
nly at that time the information that the engine stopped reaches the
ead and the reverse shock within the jet disappears. This is the time
here the jet is choked. 
As the head propagates with a velocity of βh c and the tail

ropagates at β t 	 1, we can estimate the the time that the jet
ail will catch up with the head at t ch , as defined in equation ( 7 ).
ntil t < t ch , the jet continues to drive the head forward through the

tellar atmosphere. The second row of Fig. 1 shows the system at t =
 ch , roughly 0.3 s after the end of the engine activity in this specific
imulation. One can see that the very fast jet material around the core
isappeared. At this stage, all the jet’s energy has been dissipated and
iven to the surrounding cocoon. 

.1.2 Cocoon expansion: t ch < t < t bo 

fter the jet choking, the cocoon becomes less and less collimated
nd proceeds spreading sideways, while the forward shock deceler-
tes when it is deep within the envelope and accelerates as it reaches
he steep density gradient near the stellar edge (Irwin, Nakar & Piran
019 ). During the propagation, the inner cocoon transfers energy to
he freshly shocked material (via PdV work). 

.1.3 Brekout: t > t bo 

fter the breakout, the cocoon material spreads both radially and
angentially to engulfs the stellar surface, quickly shrouding the
reakout point from most observers (see the last row of Fig. 1 ). The
tar is blanketed by the ejecta in a time equal to t wrap 	 πR ∗/2 v bo ,
here v bo is the breakout velocity of the cocoon near the pole. The
NRAS 519, 1941–1954 (2023) 
hock driven by the cocoon also moves tangentially towards the
quator at a slower pace until the entire stellar envelope is shocked
t t shock 	 πR ∗/(2 v p ), where v p is the pattern velocity at which the
pilled material travels along the stellar surface (Irwin et al. 2021 ).
hortly after reaching the equator, the shocked material propagates
lmost radially and outwards, and it becomes homologous once the
utflow reaches ∼2 R ∗. 

.1.4 Successful jets 

ets whose engine operates long enough break out from the stellar
nvelope before the end of the activity of the central engine. These
ets are not choked and can preserve an ultra-relativistic velocity once
hey get out of the star. We show an example of a successful jet in
ig. 2 . Because the jet broke out without being choked, the cocoon
tructure inside the star is mostly collimated along the vertical axis.
rom the first and fourth panel which show �β and the jet tracer,
especti vely, it is e vident ho w the innermost region is still dominated
y tenuous, highly relativistic jet material. Comparing the last row
f Figs 1 and 2 , we notice that for the same normalized density and
ormalized pressure scale, the longer duration of the unchoked jet
esults in expulsion of denser and faster stellar material with respect
o the choked jet. 

.2 The spreading angle and the cocoon volume 

o describe quantitatively the geometry of the jet–cocoon during
ts propagation within the stellar envelope, we use the aspect ratio,
efined as 

( t ) = 

max ( r c ( t )) 

z h ( t ) 
, (8) 

here r c is the cocoon cylindrical radius, and z h is the head position.
or θ � 1, the aspect ratio is a good approximation of the cocoon
preading angle. The expanded cocoon at the moment of the breakout
s shown in the third row of Fig. 1 . The steep density transition results
n an elongation and acceleration of the cocoon and the ejection of
ow-density material from the star, which rapidly engulfs the star’s
xternal layers. We define the breakout angle θbo as the geometric
pening angle measured at the breakout time t = t bo , namely 

bo = θ ( t bo ) = 

max ( r c ( t bo )) 

R ∗
. (9) 

The evolution of θ ( t ) for θ j = 0.2 rad and several values of t e is
eported in Fig. 3 . At first, immediately after injection, the aspect ratio
tarts growing. The growth continues until z h is roughly twice the
njection radius, z 0 , at which point the aspect ratio starts decreasing
pproaching the point, where the cocoon opening angle is comparable
o θ j . This evolution reflects the time it takes the pressure in the
ocoon to build up to the point that it starts collimating the jet
f fecti vely (see Harrison et al. 2018 for details). The evolution of
he aspect ratio changes dramatically, immediately as the jet is fully
hoked. Since there is no more fresh jet material to drive the head,
ts velocity drops sharply. At the same time, the cocoon pressure,
nd thus its sideways expansion, is not affected. The result is that the
spect ratio grows continuously after t ch . There is a short episode,
ust before and after the breakout when the aspect ratio decreases, as
he head accelerates near the edge of the star and after the breakout.
oon after that the aspect ratio starts increasing rapidly as some of

he material that broke out of the star spreads sideways at speed that
s close to the speed of light. One clear property that is seen in the
gure is that jet that are choked more deeply have longer time to
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Figure 1. A canonical jet ( θ = 0.2 rad, L j = 10 51 erg s −1 , and t e = 1 s) launched in a test star with a density profile given by equation ( 1 ). The four panels show, 
from left to right, the relativistic �β factor, the density ρ, the pressure P, and a scalar tracer of the ejected jet material (an unitary value implies pure jet material 
with no mixing). All the quantities but the �β factor are normalized to the respective maximum values in order to increase the colour contrast. The scale for the 
velocity of our system is dictated by v 0 . With the abo v e parameters β0 = v 0 / c = 0.014, and the relativistic regime begins when β�/ β0 ≈ 50. The different rows 
show the evolution of the jet at t = t e = 1 s (when the engine stops, first row) – the jet is clearly seen here surrounded by a cocoon, t = 1.3 s (choking time, 
second row) – the jet has disappeared as its tail reached the head, t = 14.2 s (shortly after the breakout, third row), and t = 16.0 s (sideways spreading outside 
the star, fourth row). To enhance the colour contrast, we change the normalization scale of ρ/ ρmax and P / P max in the third and fourth row in order to capture the 
tenuous material and pressure spilling outside the star. 
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Figure 2. Four panel figure of the breakout of an unchoked jet at t = t e = 4 s with an opening angle of θ j = 0.1 rad with a luminosity of L j = 2.5 × 10 50 erg s −1 . 
In this case, the jet tail did not catch up the jet head resulting in an unchoked breakout, and with a head propagation operating as the jet engine were still active. 
We use the same colour scale of the fourth row of Fig. 1 for comparison. 

Figure 3. Left : A schematic figure of how the aspect ratio θ ( t ) is defined (equation ( 8 )) superposed on the density map of the jet cocoon, while it is still inside 
the star. The dashed line represents the maximal width of the cocoon, while the dash–dotted line represents the maximal height. Centre and right : Evolution of 
the aspect ratio of the jet as a function of time (central panel) and of the cocoon/jet head location z h (right-hand panel). The square dots represent the choking 
time of the jet while the triangular dots represent the breakout time of the cocoon. In both frames, the thick dashed horizontal line represents the condition for an 
isotropic blast wave ( r c = z h ), while the horizontal dotted line represent the original opening angle of the launched jet (0.2 rad for the figure). On the right-hand 
side the dash–dotted vertical line represents the star edge, located at R ∗ = 3 × 10 10 cm. 
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xpand before they breakout, and therefore a deeper choking results
n a wider cocoon with a larger volume at the time of breakout. As
e show next, this fact has important implications for the energy-
elocity distribution of the outflow. 

The volume of the cocoon at breakout, V bo is another parameter
hat describes the properties of the jet–cocoon system. As the energy
f a choked jet is given to the cocoon, for a given energy, the cocoon
ass (and hence volume) at breakout will corresponds to a typical
 xpansion v elocity of the cocoon material. As the v olume-a veraged
ensity in the shocked cocoon material and the v olume-a veraged
ensity of the star are roughly the same, we can define a charac-
eristic velocity at the breakout linked with the breakout volume, 
amely: 

bo 	 β0 

√ 

V ∗
V 

. (10) 
NRAS 519, 1941–1954 (2023) 

bo 
.3 The ener gy-v elocity distribution 

ig. 4 depicts the energy-velocity distribution of the entire set of
imulations for different values of the engine working time t e and
ifferent initial opening angles θ j at t = 120 s (when the outflow is
omologous and kinetic energy dominates). The x -axis is normalized
y β0 and the y -axis by E 0 . Each curve is differentiated by colour and
abelled by a triplet of numbers describing, respectively, θ j , t e , and
 

V ∗/V bo . We grouped the different curves according to 
√ 

V ∗/V bo .
or a comparison, we superposed the energy-velocity distribution of
n isotropic spherically symmetric explosion (black-dashed line) for
ll panels. 

Fig. 4 shows, first, that in all cases the energy-velocity distribution
xhibits a roughly constant energy per logarithmic scale of �β o v er
 range of velocities. The distribution rises quickly before this rough
lateau starts and decays sharply after it ends. The rough plateau
l w ays starts at β0 , and its highest velocity is determined almost
ntirely by V bo , with a weak dependence on the jet opening angle.

art/stac3640_f2.eps
art/stac3640_f3.eps
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Figure 4. Classification of the energy-velocity distribution grouped according to their different cocoon volume V bo at t = t bo . Each curve is marked by a 
different shade of colour and a triplet of numbers indicating in order: the opening angle in radians, t e in seconds, and then 

√ 

V ∗/V bo . The dashed black line 
represents the isotropic case. 
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Figure 5. Correlation between 
√ 

V ∗/V bo and the cut-off of the energy- 
velocity distribution for the simulated set of jets for a cut-off value of 0.25 of 
the maximum of each differential energy distribution in the plots of Fig. 4 . The 
red-coloured area represents one-standard deviation error of the red fit curve. 
From the fitting formula, we see that the distribution cut-off corresponds to 
four times the the square root of the volume ratio at the breakout for values 
of ( �β) cut abo v e 3. The black dashed line represents the linear limit for high 
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o estimate the highest velocity of the flat part of the distribution,
e define βcut as the velocity obtained when the energy-velocity 
istribution drops to 1/4 of its maximum value. This arbitrary 
efinition provides a velocity that is slightly larger than the end 
f the plateau (e.g. in the spherical case βcut = 2 β0 ). Fig. 5 shows
hat there is a strong positive correlation between βcut and 

√ 

V ∗/V bo . 
or small values of 

√ 

V ∗/V bo < 3, where typically z ch � R ∗, we
ee that βcut ≈ βbo . Ho we ver, for larger values of 

√ 

V ∗/V bo , where
he choking takes place not very deep within the stellar envelope, 

cut > βbo . The origin of the material faster than βbo in these 
ases is the inner cocoon, which retain a significant fraction of its
nergy at the time of the breakout, and outer cocoon material that
s close to the edge of the star, where the forward shock is faster
han βbo . 

The value of V ∗/ V bo is expected to depend on the jet opening angle
nd the choking depth. The jet opening angle determines the aspect 
atio of the cocoon as long as the head that is pushed ahead by the jet
s feeding the cocoon ( θ ≈ θ j ), while the choking depth determines 
y how much this aspect ratio increases until the breakout. Fig. 6
epicts the correlation between V bo and z ch for different values of
he initial θ j . As expected, V bo is a function of z ch and θ j . A deeper
hoking height and a wider jet correspond to a larger cocoon volume
pon breakout. 
MNRAS 519, 1941–1954 (2023) 

cut-offs. 
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Figure 6. Correlation between the cocoon volume at the breakout and the 
choking height of the jet for dif ferent v alues of the initial opening angle θ j . 
The grey-shaded region represents the 1 σ error for the fits. 

Figure 7. A sketch of the division of the stellar volume for the analysis of 
the distribution of the stellar material. The cocoon shape taken at t = t bo is 
o v erlaid. We associate a scalar tracer to each of the four sectors: I) internal- 
axis, II) external-axis, III) internal-equatorial, and IV) external-equatorial. 
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.3.1 The origin of ejecta with different final velocities 

o understand the origin of the various components of the outflow,
e tracked the distribution of the ejected material using four different

calar tracers associated with four distinct regions of the star. The
ivision to the different regions is determined at the time of the
reakout and it is shown in Fig. 7 . The tracers follow the mass in
ach of this region (at the time of breakout): I) internal-axis, II)
xternal-axis, III) internal-equatorial, IV) external-equatorial. 

Fig. 8 shows the distribution of the stellar material from each of
he regions at t = 60 s, roughly 46 s after the breakout. Fig. 9 shows
he energy-velocity distributions of the four sectors. 

We see that the quasi-spherical outflow that leads the ejecta is made
nly of tenuous material coming from the on-axis, external layers of
he progenitor directly abo v e the e xpanding jet cocoon (region II).
his component contains only around 2 per cent of the total stellar
ass, but it contains 11 per cent of the total ejecta energy . Evidently ,
NRAS 519, 1941–1954 (2023) 
he fastest ejecta is dominated by this sector. The material associated
ith the stellar core part that is along the axis (region I; first panel

n Fig. 8 ) is much more concentrated than that of the external-axis
egion (II), but much more extended than the two equatorial sectors.
t contains 30 per cent of the total stellar mass and 46 per cent of
he outflow energy. This section dominates the energy distribution
 v er a wide range of velocities. Almost all the rest of the mass
nd the energy are contained in the internal-equatorial sector (III)
hich carries 60 per cent of the mass and 32 per cent of the energy.

t dominates the energy at low velocities � β0 . Finally, the outer-
quatorial section carries 5 per cent of the ejecta mass and 11 per cent
f its energy. All its material is moving at intermediate velocities and
t is subdominant at all velocities. 

.4 The effect of the stellar density profile 

o study the effect of different stellar density profiles, we consider
tellar density profiles that can be written as: 

( R) = ρ∗

(
R ∗
R 

)α(
1 − R 

R ∗

)n 

, (11) 

here n is the outer slope at the edge, and α is the inner slope, with
< 3. The density profile described by equation ( 1 ), which is used

hrough the rest of the paper, is roughly equi v alent to the case of α =
, n = 2, and it will be referred as the canonical profile hereafter.
he profiles that we consider are listed in Table 1 . For each profile
e run a simulation with our canonical jet parameters, θ j = 0.2 rad,
 j = 10 51 erg s −1 , and we inject the jets from the same initial height
 z 0 = 10 9 cm). 

Fig. 10 shows a comparison of the energy-velocity distributions
rom different stellar profiles. First, it shows that the distributions are
ll flat o v er a range of velocities, implying that the main feature of
he outflow from an explosion driven by a choked jet is independent
f exact stellar profile (a similar result was found by Eisenberg et al.
022 in the case of explosions that are driven by successful jets).
hen looking in more detail, the right-hand side shows two pairs of

imulation. Each pair shows the results of different stellar profiles
ith similar θ j and z ch (which dominates V bo ). The distributions

ound in the two simulations of each pair are very similar, implying
hat when the cocoon properties are similar the stellar profile has a

inor effect on the outflow energy-velocity distribution. 
On the left-hand side of Fig. 10 , we compare the energy-velocity

istributions of jets with the exact same parameters (including t e )
ut different envelope density profiles. It shows that the stellar
rofile affects the velocity of the head (as was found previously by
romberg et al. 2011 ; Harrison et al. 2018 ), and therefore jets with the

ame properties are choked at different heights when propagating in
ifferent density profiles. Since the energy-velocity profile depends
trongly on z ch , two jets with the same properties that propagate at
ifferent stellar profiles will result in outflows with different energy-
elocity distributions, as shown on the right-hand panel of this figure.

.5 The energy velocity distribution at different viewing angles 

ince jet driven explosions are aspherical, one expects that the
utflow will not be isotropic. Fig. 11 depicts the energy-velocity
istribution of four simulations. For each simulation, we show the
istributions at six different sections, where each section is the sum
f the ejecta within a range of polar direction. To see the dependence
n the initial conditions, we show simulations with two different jet
pening angles (0.2 and 0.6 rad) and two different values of breakout
olume 

√ 

V ∗/V bo . As expected, the outflow is aspherical. A common,

art/stac3640_f6.eps
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Figure 8. Maps of the four tracers I, II, III, and IV (from left to right) associated with the four sectors of the stellar material (see Fig. 7 ). The maps show the 
distribution of the stellar material at t = 60 s resulting from a jet with canonical parameters (see Section 3.1 ). 

Figure 9. The energy-velocity distribution of the four different matter tracers 
associated with the sectors depicted in Fig. 8 . Matter from region II (external 
along the axis) dominates the highest velocity region. Matter from region III 
(internal equatorial) dominates the low-velocity regime. Matter from region 
I (internal along the axis) dominates the intermediate region and the plateau. 
Matter from IV (external equatorial) is al w ays subdominant. 
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Table 1. Properties of the jets injected in different density profi
opening angle θ j , the density profile ρ( r ) used in the run, the c
breakout time t bo . 

Jets t e [s] θ j [rad] 

Canonical 1 0.2 ∝
α2 n 2.5 1 0.2 ∝
α2 n 3 1 0.2 ∝
α2.5 n 2 1 0.2 ∝
α2.5 n 3 1 0.2 ∝
Canonical t1.33 1.33 0.2 ∝
Canonical t2 2 0.2 ∝
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lso expected, property of all four simulations is that the maximal
elocity of the outflow is around the jet axis at lower polar angles.
his result was found also for jet-driven explosions of successful jets

Eisenberg et al. 2022 ). In the two simulations with the small value
f 

√ 

V ∗/V bo (i.e. low z ch and/or wide θ j ; top panels), the energy-
elocity distribution of the equatorial outflow ( θ � 60 ◦) is similar to
hat of a spherical explosion, with a typical velocity β0 . The faster
utflow is confined to lower angles. In the two simulations with the
arge value of 

√ 

V ∗/V bo (i.e. high z ch and narrow θ j ; bottom panels),
 large range of velocities was seen in all directions, but still faster
elocities are observed closer to the jet axis. 

For clarity, we present in Fig. 12 the radial density distribution pro-
les, ρ( R ), for different viewing angles of four different simulations.
hese are the same simulations and the same divisions to angular
ections as in Fig. 11 . This presentation is often used in studies of
N ejecta and at subrelativistic velocity ρ( R) ∝ β−5 d E 

d log β . 

 C O N C L U S I O N S  A N D  I MPLI CATI ONS  TO  

BSERVATI ONS  

e carried relativistic hydrodynamical simulations in 2D cylindrical 
oordinates of stellar e xplosions driv en by jets, focusing on configu-
ations of choked relativistic jets, and exploring how those can lead
o different realizations of the velocity distribution of the outflow 
MNRAS 519, 1941–1954 (2023) 

les. The table lists the engine working time t e , the initial 
hoking height relative to the star radius z ch / R ∗, and the 

ρ( r ) z ch / R ∗ t bo [s] 

 R 

−2 ( R ∗ − R ) 2 0.21 13.9 
 R 

−2 ( R ∗ − R ) 2.5 0.25 11.2 
 R 

−2 ( R ∗ − R ) 3 0.25 9.5 
 R 

−2.5 ( R ∗ − R ) 2 0.28 6.8 
 R 

−2.5 ( R ∗ − R ) 3 0.37 4.0 

 R 

−2 ( R ∗ − R ) 2 0.25 11.5 
 R 

−2 ( R ∗ − R ) 2 0.37 8.3 

r on 13 August 2023
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Figur e 10. Left : Ener gy-velocity distributions of jet simulations with canonical parameters for four different stellar density profiles. The blue line ( ρ ∝ R 

−2 ( R ∗
− R ) 2 ) represents the profile used in most of the previous simulations. Right : A comparison of the energy distributions of the cases α = 2, n = 3 and α = 2.5, 
n = 3 with those arising from from two jets choked in a star with a canonical density profile at the same heights z ch / R ∗, respectively. 

Figur e 11. Ener gy-velocity distributions for six dif ferent vie wing angles (chosen so that the corresponding wedges have the same volumes). Top : Two jets with 
the same choking height ( V ∗/ V bo ) 1/2 = 1.95 but different initial opening angles. Bottom : Two jets choked at ( V ∗/ V bo ) 1/2 ∼ 4 (bottom panels), and with the same 
opening angles of the jets on the top ro w, respecti vely. The black dashed line represents the isotropic energy-velocity distribution for 1/6 of the total volume. 
The profiles are taken at t = 120 s. 
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Figure 12. Density profiles at different viewing angles of two jets with a similar breakout volume ( V ∗/ V bo ) 1/2 = 1.95 (top row), but different initial opening 
angle compared to the density profile of jets choked at ( V ∗/ V bo ) 1/2 ∼ 4 (bottom row) with the same opening angles, respectively. The solid thick black line in 
each panel represent a power-law fit of ρ( r ) ∝ v −5 , corresponding to a flat distribution of energy per logarithmic bin of the velocity. The profiles are taken at 
t = 120 s. 
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n its homologous expansion phase. We followed the evolution of 
 relativistic jet from the injection deep inside the star to the point,
here it is choked and then continued to follow the cocoon as it

merges from the envelope, and ultimately unbinds it up to the point
hat the outflow becomes homologous. We scrutinized the various 
tages of the jet inside the star and analysed what happens during
he choking process and the adiabatic cocoon expansion. While the 
esults are given for a specific set of parameters, we provided scaling
elation for the physical parameters of the jet, and the star in order
o facilitate a dimensionless treatment of the problem. We stress that 
he scaling laws presented in Section 2.2.3 don’t inv olve gra vity and
hey are valid as long as the gravitational binding energy of the star is
ubdominant with respect to the total energy of the jet. A conditions
hat holds for the powerful jets that have been observed in some SNe
Piran et al. 2019 ). 

We summarize our findings as follows: 

(i) All jet driven explosions in which the jet is not choked too deep
ithin the star generate an outflow with a unique feature: a significant

ange of velocities over which the outflow carries a roughly constant 
mount of energy per logarithmic scale of the proper velocity ( �β).
his is a universal property of jet driven explosions. The main 
ifference between different set-ups is the range of velocities over 
hich the energy is constant. 
(ii) The plateau of the energy-velocity distribution starts in all 
ases at v 0 = 

√ 

E 0 /M ∗. The maximal velocity of the plateau depends
ostly on the cocoon volume upon breakout, and the correspond- 

ng velocity is βbo = β0 
√ 

V ∗/V bo . For 
√ 

V ∗/V bo < 3, the maximal 
elocity is comparable to βbo , while for larger values of 

√ 

V ∗/V bo ,
he maximal velocity is larger than βbo and it can become mildly
elativistic. 

(iii) The volume of the cocoon upon breakout, V bo , depends on the
hoking height, z ch , and on opening angle of the jet upon launching.
 higher z ch and narrower opening angle leads to a smaller V bo , and

hus to an outflow that extends to higher velocities. 
(iv) The outflow from an e xplosion driv en by a choked jet is not

sotropic. In general, the material along the poles (that is along the
et direction) is faster while the material along the equator is slower.

A spherical explosions accelerate only a negligible fraction of the 
tellar mass to very high velocities. Indeed, hydrodynamic simula- 
ions of core-collapse supernova explosions have proved to be rather 
spherical without necessarily harbouring a jet (e.g. Burrows et al. 
006 ; Janka et al. 2007 ; Janka 2012 ; Janka, Melson & Summa 2016 ,
or a re vie w). Ho we ver, the dif ferential mass-velocity distribution in
hose kind of simulations (Wongwathanarat, M ̈uller & Janka 2015 )
oes not show a significant fraction of the ejected material with
MNRAS 519, 1941–1954 (2023) 
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ufficient velocity to mimic the high-velocity tail seen in some SNe
nd produced by the jets considered here. 

We have shown here that the situation is drastically different
hen there is a jet that breaks the symmetry. Such a jet can
eposit a significant amount of energy at high-velocity matter,
ven in case that the jet is choked within the envelope. This
xcess in high-velocity outflow (compared to a spherical explosion)
s certainly expected when the entire stellar explosion is driven
y a jet, but it is also expected if the jet is accompanied by a
imultaneous more spherical explosion (see e.g. Eisenberg et al.
022 ). If sufficiently optically thick such a high-velocity material
hat surrounds a SN would produce a very broad absorption lines
with typical width corresponding to 0.1-0.2c) in the observed
pectrum. It will be observed in the early spectra but will disappear
ater when this outer envelope that is rapidly expanding becomes 
ptically thin. 
Lines that show an excess of high-velocity material have been

bserv ed in sev eral SNe (Galama et al. 1998 ; Iwamoto et al. 1998 ;
azzali et al. 2000 , 2002 ; Modjaz et al. 2006 ; Mazzali et al. 2008 ;
ufano et al. 2012 ; Xu et al. 2013 ; Ashall et al. 2019 ; Izzo et al.
019 ). Our result show that, as suggested by Piran et al. ( 2019 ), a
hocked jet can lead to that high-velocity material. Ho we ver, we have
ound that some conditions are needed to observe the corresponding
road absorption lines. First, the jet must be chocked at sufficiently
arge distance at the stellar atmosphere. The signature of jets that
re chocked too deep will not be so significant. Second, as there
s less fast moving material in directions far from the jet direction,
he fast moving matter will become optically thin earlier in these
irections. As the broad absorption line will fade faster, this implies
hat observers at such viewing angles are less likely to observe the
road absorption line signature. These last two facts imply that
e may not observer broad emission line in all SNe that harbour

elativistic jets. 
The excess in fast material was observed in various types of

tripped envelope SNe. This include SNe that are associated with
ong GRBs, SNE that are associated with ll GRBs and SNe that
re not associated with GRBs at all. Long GRBs must contain
uccessful relativistic jets. ll GRBs contain jets which may very well
e choked (Kulkarni et al. 1998 ; MacFadyen et al. 2001 ; Tan et al.
001 ; Campana et al. 2006 ; Wang et al. 2007 ; Waxman et al. 2007 ;
atz et al. 2010 ; Nakar & Sari 2012 ; Nakar 2015 ). We do not
now if SNe that are not associated with GRBs harbour jets, but
f they are then these jets must be choked ones. A previous study by
isenberg et al. ( 2022 ) have shown that successful jets can generate

he energy-velocity distribution, which is observed in SNe that are
ssociated with long GRBs. Our finding here show that choked jets
an explain the energy-velocity distribution seen in SNe that are
ssociated with ll GRBs, and in SNe that are not associated with any
ype of GRBs. This provides further support for the interpretation of
he ‘disappearing’ early very broad absorption lines in some SNe as
rising from choked jets. These findings also show that such lines
ay not be detected in all SNe that harbour choked jets. Further

xploration of this model, including estimates of the observed spectra
nd the fraction of events, in which these lines will be observed will
e carried out in future work. 

C K N OW L E D G E M E N T S  

e kindly thank Christopher Irwin for the stimulating discussions
nd suggestions. We also thank our anonymous referee for a construc-
ive and helpful report. This work is supported by the ERC grants
ReX (TP and MP) and JetNS and an ISF grant 1995/21 (EN). 
NRAS 519, 1941–1954 (2023) 
ATA  AVAI LABI LI TY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

EFERENCES  

loy M. A., M ̈uller E., Ib ́a ̃ nez J. M., Mart ́ı J. M., MacFadyen A., 2000, ApJ ,
531, L119 

shall C. et al., 2019, MNRAS , 487, 5824 
egelman M. C., Cioffi D. F., 1989, ApJ , 345, L21 
landford R. D., Rees M. J., 1974, MNRAS , 169, 395 
romberg O., Nakar E., Piran T., Sari R., 2011, ApJ , 740, 100 
romberg O., Nakar E., Piran T., Sari R., 2012, ApJ , 749, 110 
ufano F. et al., 2012, ApJ , 753, 67 
urro ws A., Li vne E., Dessart L., Ott C. D., Murphy J., 2006, ApJ , 640, 878
ampana S. et al., 2006, Nature , 442, 1008 
isenberg M., Gottlieb O., Nakar E., 2022, MNRAS , 517, 582 
alama T. J. et al., 1998, Nature , 395, 670 
ottlieb O., Nakar E., Bromberg O., 2021, MNRAS , 500, 3511 
arrison R., Gottlieb O., Nakar E., 2018, MNRAS , 477, 2128 

rwin C. M., Nakar E., Piran T., 2019, MNRAS , 489, 2844 
rwin C. M.., Linial I., Nakar E., Piran T., Sari R., 2021, MNRAS , 508, 5766
to H., Matsumoto J., Nagataki S., Warren D. C., Barkov M. V., 2015, ApJ ,

814, L29 
wamoto K. et al., 1998, Nature , 395, 672 
zzo L. et al., 2019, Nature , 16, 24 
anka H.-T., 2012, Annu. Rev. Nucl. Part. Sci. , 62, 407 
anka H.-T., Melson T., Summa A., 2016, Annu. Rev. Nucl. Part. Sci. , 66,

341 
anka H. T., Langanke K., Marek A., Mart ́ınez-Pinedo G., M ̈uller B., 2007,

Phys. Rep. , 442, 38 
atz B., Budnik R., Waxman E., 2010, ApJ , 716, 781 
ulkarni S. R. et al., 1998, Nature , 395, 663 
azzati D., Begelman M. C., 2005, ApJ , 629, 903 
azzati D., Morsony B. J., Begelman M. C., 2009, ApJ , 700, L47 
 ́opez-C ́amara D., Morsony B. J., Begelman M. C., Lazzati D., 2013, ApJ ,

767, 19 
 ́opez-C ́amara D., Lazzati D., Morsony B. J., 2016, ApJ , 826, 180 
acFadyen A. I., Woosley S. E., Heger A., 2001, ApJ , 550, 410 
art ́ı J. M., M ̈uller E., Font J. A., Ib ́a ̃ nez J. M. Z., Marquina A., 1997, ApJ ,

479, 151 
arti J. M. A., Muller E., Font J. A., Ibanez J. M., 1995, ApJ , 448, L105 
atzner C. D., 2003, MNRAS , 345, 575 
azzali P. A., Iwamoto K., Nomoto K., 2000, ApJ , 545, 407 
azzali P. A. et al., 2002, ApJ , 572, L61 
azzali P. A. et al., 2008, Science , 321, 1185 
azzali P. A., Deng J., Hamuy M., Nomoto K., 2009, ApJ , 703, 1624 
 ́esz ́aros P., Waxman E., 2001, Phys. Rev. Lett. , 87, 171102 
ignone A., Bodo G., Massaglia S., Matsakos T., Tesileanu O., Zanni C.,

Ferrari A., 2007, ApJS , 170, 228 
izuta A., Aloy M. A., 2009, ApJ , 699, 1261 
izuta A., Ioka K., 2013, ApJ , 777, 162 
izuta A., Yamasaki T., Nagataki S., Mineshige S., 2006, ApJ , 651, 960 
odjaz M. et al., 2006, ApJ , 645, L21 
oharana R., Piran T., 2017, MNRAS , 472, L55 
orsony B. J., Lazzati D., Begelman M. C., 2007, ApJ , 665, 569 
orsony B. J., Lazzati D., Begelman M. C., 2010, ApJ , 723, 267 
agakura H., Ito H., Kiuchi K., Yamada S., 2011, ApJ , 731, 80 
akar E., 2015, ApJ , 807, 172 
akar E., Piran T., 2017, ApJ , 834, 28 
akar E., Sari R., 2010, ApJ , 725, 904 
akar E., Sari R., 2012, ApJ , 747, 88 
iran T., Nakar E., Mazzali P., Pian E., 2019, ApJ , 871, L25 
eynolds C. S., 2001, in Laing R. A., Blundell K. M., eds, ASP Conf. Ser.

Vol. 250, Particles and Fields in Radio Galaxies Conference. Astron. Soc.
Pac., San Francisco, p. 449 

oderberg A. M. et al., 2006, Nature , 442, 1014 

http://dx.doi.org/10.1086/312537
http://dx.doi.org/10.1093/mnras/stz1588
http://dx.doi.org/10.1086/185542
http://dx.doi.org/10.1093/mnras/169.3.395
http://dx.doi.org/10.1088/0004-637X/740/2/100
http://dx.doi.org/10.1088/0004-637X/749/2/110
http://dx.doi.org/10.1088/0004-637X/753/1/67
http://dx.doi.org/10.1086/500174
http://dx.doi.org/10.1038/nature04892
http://dx.doi.org/10.1093/mnras/stac2184
http://dx.doi.org/10.1038/27150
http://dx.doi.org/10.1093/mnras/staa3501
http://dx.doi.org/10.1093/mnras/sty760
http://dx.doi.org/10.1093/mnras/stz2268
http://dx.doi.org/10.1093/mnras/stab2705
http://dx.doi.org/10.1088/2041-8205/814/2/L29
http://dx.doi.org/10.1038/27155
http://dx.doi.org/10.1038/s41586-018-0826-3
http://dx.doi.org/10.1146/annurev-nucl-102711-094901
http://dx.doi.org/10.1146/annurev-nucl-102115-044747
http://dx.doi.org/10.1016/j.physrep.2007.02.002
http://dx.doi.org/10.1088/0004-637X/716/1/781
http://dx.doi.org/10.1038/27139
http://dx.doi.org/10.1086/430877
http://dx.doi.org/10.1088/0004-637X/700/1/L47
http://dx.doi.org/10.1088/0004-637X/767/1/19
http://dx.doi.org/10.3847/0004-637X/826/2/180
http://dx.doi.org/10.1086/319698
http://dx.doi.org/10.1086/303842
http://dx.doi.org/10.1086/309606
http://dx.doi.org/10.1046/j.1365-8711.2003.06969.x
http://dx.doi.org/10.1086/317808
http://dx.doi.org/10.1086/341504
http://dx.doi.org/10.1126/science.1158088
http://dx.doi.org/10.1088/0004-637X/703/2/1624
http://dx.doi.org/10.1103/PhysRevLett.87.171102
http://dx.doi.org/10.1086/513316
http://dx.doi.org/10.1088/0004-637X/699/2/1261
http://dx.doi.org/10.1088/0004-637X/777/2/162
http://dx.doi.org/10.1086/507861
http://dx.doi.org/10.1086/505906
http://dx.doi.org/10.1093/mnrasl/slx131
http://dx.doi.org/10.1086/519483
http://dx.doi.org/10.1088/0004-637X/723/1/267
http://dx.doi.org/10.1088/0004-637X/731/2/80
http://dx.doi.org/10.1088/0004-637X/807/2/172
http://dx.doi.org/10.3847/1538-4357/834/1/28
http://dx.doi.org/10.1088/0004-637X/725/1/904
http://dx.doi.org/10.1088/0004-637X/747/2/88
http://dx.doi.org/10.3847/2041-8213/aaffce
http://dx.doi.org/10.1038/nature05087


Choked jets driven outflows 1953 

T  

W
W
W
W
X
Z

A

W  

r  

1  

a  

a
b

 

1  

(  

t
v  

o
 

s
j  

c  

s
h  

t
a  

r  

a  

t  

i
s  

s  

F
s
θ

6
(
0
c
d

Figure A2. The energy-velocity distributions for simulations with θ j = 

0.1 rad and L j = 10 51 erg s −1 with different resolutions. For each curve, 
we report the different choking height relative to the stellar radius. The 
resolutions are the same as reported for the curves in Fig. A1 . 
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PPENDIX  A :  RESOLUTION  C H E C K  

e tested the convergence of our jet evolution in 2D varying the grid
esolution of our simulation box for the case θ j = 0.1 rad and L j =
0 51 erg s −1 . The engine powering the jet in each simulation stops
fter 1 s, and thus we expect that the jet is choked inside the stellar
tmosphere around the same height, and the cocoon expands slowly 
efore accelerating again close to the stellar edge. 
We tested our set-up for different resolutions: 1) 620 × 595, 2)

240 × 1190, 3) 1860 × 1785, 4) 2480 × 2380, and 5) 3720 × 3570
purple). Resolution 4) is what we use for all the simulations in
his paper. For these different resolutions, we investigated the head 
 elocity conv ergence. Fig. A1 presents the head v elocity as a function
f time for the five resolutions previously discussed. 
We see how the lower resolution runs tend to propagate slightly

lower than the high-resolution runs (red and purple dots) before the 
et engine terminates its acti vity. Lo w-resolution runs also tend to
onverge slower to a constant velocity in the internal part of the the
tellar atmosphere after the jet engine switches off and the choking 
appens. This results in a different choking height position z ch for
he low-resolution runs with respect to the high-resolution cases (red 
nd purple). At around R 	 R ∗/2, the head velocity stabilizes and
eaches a stable value of 0.06 c for all the resolutions taken into
ccount. The convergence to this velocity is excellent, ho we ver it
akes some time for the jet to reach this velocity and ‘forget’ about its
nitial conditions, which depends on the resolution. After the forward 
hock reaches R ∗/2, the head accelerates as it nears the edge of the
tar, eventually resulting in a shock breakout at z ch / R ∗ = 1. After
igure A1. Results of the resolution test showing the average head forward 
hock velocity as a function of the head position z for the simulation with 

j = 0.1 rad and L j = 10 51 erg s −1 at different resolutions. The resolutions are: 
20 × 595 (blue), 1240 × 1190 (orange), 1860 × 1785 (green), 2480 × 2380 
red), and D) 3720 × 3570 (purple). Convergence is excellent for z/ R ∗ > 

.5. As the numerical initial conditions of the jets depend on the resolution, 
onvergence is less clear for z/ R ∗ < 0.5 as in this regime the jet has to settle 
own and ‘forget’ its initial conditions (see text). 
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he shock breakout, we notice that the forward shock propagation 
or the low-resolution runs is much slower with respect to the high
esolution simulations, a clear sign that the numerical resolution is 
nsufficient to treat the problem properly. 

In Fig. A2 , we plot the energy-velocity distribution for the five
ifferent resolutions we analysed for Fig. A1 . We can clearly see
ow the distribution converges to a similar shape (red and purple
urves at the highest resolutions) at the resolution increases. The 
wo highest resolutions differ very little qualitatively, and the jets are
hoked almost at the same z ch . This demonstrates that our results are
ufficiently converged for the runs used in the paper. 

PPENDI X  B:  DI FFERENT  S M O OT H I N G  

U N C T I O N  

he smoothing function for the stellar density profile (equation 2 )
revents the computation to break down at the moment of the shock
reakout because of the sudden drop in density of ∼20 orders of
agnitude at the edge of the star in a relatively small distance. The

unctional form of the smoothing function ho we ver is either arbitrary,
o we tested whether the result is affected by the particular choice of
MNRAS 519, 1941–1954 (2023) 

igure B1. Comparison of the energy-velocity distribution of two simu- 
ations of a jet with canonical parameters with two different smoothing 
unctions. The blue line uses the smoothing function of equation ( 2 ), while 
he orange line uses the smoothing of equation ( B1 ). 
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quation ( 2 ). We run a simulation for canonical jet parameters with
he sharper smoothing function 

smooth , 2 ( R) = ρs 

(
R 

R s 
+ 1 

)−10 

, (B1) 

ith ρs = 0.05 g cm 

−3 and R s = 5 × 10 8 cm. In Fig. B1 , we report
he comparison of the energy-velocity distribution of this new run
ith the old one which uses the smoothing of equation ( 2 ). We
NRAS 519, 1941–1954 (2023) 
an immediately see that the the two curves almost o v erlap and
ho w insignificant dif ferences which do not af fect the final result.
his is also due to the fact that the external additional mass given
y these smoothing functions is of the order of 10 −6 M ∗, which
s completely negligible and do not alter the physical scale of the
ystem. 
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