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A B S T R A C T 

Relativistic jets originating from protomagnetar central engines can lead to long duration gamma-ray bursts (GRBs) and are 
considered potential sources of ultra-high-energy cosmic rays and secondary neutrinos. We explore the propagation of such 

jets through a broad range of progenitors, from stars which have shed their envelopes to supergiants which have not. We use 
a semi-analytical spin-down model for the strongly magnetized and rapidly rotating protoneutron star (PNS) to investigate the 
role of central engine properties such as the surface dipole field strength, initial rotation period, and jet opening angle on the 
interactions and dynamical evolution of the jet-cocoon system. With this model, we determine the properties of the relativistic jet, 
the mildly relativistic cocoon, and the collimation shock in terms of system parameters such as the time-dependent jet luminosity, 
injection angle, and density profile of the stellar medium. We also analyse the criteria for a successful jet breakout, the maximum 

energy that can be deposited into the cocoon by the relativistic jet, and structural stability of the magnetized outflow relative 
to local instabilities. Lastly, we compute the high-energy neutrino emission as these magnetized outflows burrow through their 
progenitors. Precursor neutrinos from successful GRB jets are unlikely to be detected by IceCube, which is consistent with the 
results of previous works. On the other hand, we find that high-energy neutrinos may be produced for extended progenitors like 
blue and red supergiants, and we estimate the detectability of neutrinos with next generation detectors such as IceCube-Gen2. 
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 INTRODUCTION  

elativistic jets are commonly inferred in a wide variety of compact 
strophysical systems and can be powered by, e.g. magnetic extrac- 
ion of neutron star (NS) rotational energy or accretion of infalling 

ass onto a black hole (BH). The extracted energy is transported 
utward as the Poynting flux, and converted to kinetic energy flux 
ither gradually (Heyvaerts & Norman 1989 ; Lyubarsky 2009 ) or
mplusiv ely (Granot, Komissaro v & Spitko vsk y 2011 ; Lyutiko v
011 ), and magnetic dissipation may be important for efficient 
cceleration (Usov 1992 ; Drenkhahn 2002 ). Ultra-relativistic jets 
hat break out from their dense host medium can potentially power 
amma-ray bursts (GRBs; see e.g. M ́esz ́aros 2006 , for a re vie w), and
he association of long duration GRBs with core-collapse supernovae 
SNe) further indicates their production in stellar core-collapse. Suf- 
ciently lo w-po wer jets, including lo w-luminosity (LL) GRBs and 
ltra-long (UL) GRBs, may arise if the relativistic jet gets smothered 
y extended stellar material or large stellar progenitors (Campana 
t al. 2006 ; Toma et al. 2007 ; Irwin & Che v alier 2016 ). Such jets
ave been of special interest as they exhibit intermediate properties 
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023
etween GRBs and transrelati vistic supernov ae (Soderberg et al. 
006 ), thereby potentially providing a unified picture for the GRB-
Ne connection (Margutti et al. 2013 , 2014 ; Nakar 2015 ). 
Protomagnetars have been the subject of great interest as the 

entral engine of GRBs (Thompson, Chang & Quataert 2004 ; 
etzger et al. 2011a ). Observations of flares and extended emission

uggest that some central engines can be active for a long time
e.g. Dai et al. 2006 ; Romano et al. 2006 ; Metzger, Quataert &
hompson 2008 ; Zhang et al. 2014 ), which could be powered by the
rotomagnetar. It is known that pulsar winds are highly relativistic, 
nd the tenuous nebular drives the ejecta, that powers superluminous 
Ne (SLSNe) and aids SNe Ibc (Kashiyama et al. 2016 ; Margalit
t al. 2018a , b ). The magnetar outflow is also an interesting site
or nucleosynthesis of heavy elements (e.g. Metzger, Giannios & 

oriuchi 2011b ; Horiuchi et al. 2012 ; Bhattacharya, Horiuchi &
urase 2022 ; Ekanger, Bhattacharya & Horiuchi 2022 ). 
An una v oidable consideration in all these systems is the jet

nteraction with the stellar and extended external media. This 
nteraction determines the jet system dynamics and, e.g. affects 
he jet velocity, collimation, and breakout criterion. There has been 
ignificant progress in understanding this physics. Many analytical 
e.g. Blandford & Rees 1974 ; Begelman & Cioffi 1989 ; M ́esz ́aros &

axman 2001 ; Matzner 2003 ; Lazzati & Begelman 2005 ; Bromberg
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t al. 2011 ) and numerical (e.g. Aloy et al. 2000 ; Zhang, Woosley &
e ger 2004 ; Lazzati, Morson y & Be gelman 2009 ; Mizuta & Aloy
009 ; Nagakura et al. 2011 ; Mizuta & Ioka 2013 ; Harrison, Got-
lieb & Nakar 2018 ; Gottlieb, Levinson & Nakar 2019 ) efforts
ave been made to investigate the propagation of hydrodynamic
ets. In recent years, some numerical works have included the
ffect of magnetic fields to study how they alter the hydrodynamic
icture (e.g. Uzdensky & MacFadyen 2007 ; Bucciantini et al. 2009 ;
evinson & Begelman 2013 ; Bromberg & Tchekhovsk o y 2016 ;
romberg et al. 2019 ; Matsumoto, Komissarov & Gourgouliatos
021 ; Nathanail et al. 2021 ). Magnetized jets tend to have narrower
ross-section compared to hydrodynamic jets and propagate at
elativistic velocities with shorter breakout times (Bromberg et al.
012 ; Bromberg, Granot & Piran 2015 ). 
Relati vistic outflo ws can be collimated by oblique shocks that

orm inside the outflow close to the jet base and converge on the
et axis (Bromberg et al. 2011 ). Jet collimation reduces the jet-
ead cross section, thereby accelerating its propagation through the
urrounding medium. Observations indicate that the opening angle of
ong duration GRBs can be distributed o v er sev eral to tens of de grees
see e.g. Fong et al. 2012 ). Interactions of jets with the surrounding
ense medium promotes the growth of local instabilities along the
et-cocoon boundary. If these instabilities grow to large amplitudes,
hey can lead to substantial entrainment of baryons into the jet which
an alter the jet dynamics and its emission properties (Aloy et al.
000 ; MacF adyen, Woosle y & Heger 2001 ; Gottlieb et al. 2019 ;
atsumoto & Masada 2019 ). Strong mixing of jet material with the

ocoon prior to breakout leads to heavy baryon loading especially
fter the collimation point (see e.g. Preau, Ioka & M ́esz ́aros 2021 ).
he degree of mixing is strongly influenced by the jet power, injection
ngle, and density of the stellar medium (e.g. Gottlieb, Levinson &
akar 2020 ): high-power jets with small injection angle propagating

n low-density medium develop faster moving jet-head and show a
maller degree of mixing. 

Due to the challenges in probing jets embedded deep inside a star,
eutrinos have been of interest as one of the possible messengers
e.g. M ́esz ́aros & Waxman 2001 ; Razzaque, Meszaros & Waxman
003 , 2004b ; Ando & Beacom 2005 ; Horiuchi & Ando 2008 ). The
ignatures are often called precursor neutrinos for successful jets
nd orphan neutrinos for choked jets. Ho we ver, neutrino production
s likely to be inefficient in radiation-dominated jets as shown in

urase & Ioka ( 2013 ; see their fig. 3), where high-luminosity GRB
ets propagating in a Wolf–Rayet (WR) star were essentially excluded
s precursor/orphan neutrino sources. This is especially the case
or slow jets including collimated jets where the jet is radiation
ominated. 1 Except for special situations of subshock formation
Gottlieb & Globus 2021 ), the radiation constraint is so severe
hat fast jet acceleration and/or extended material are necessary
Murase & Ioka 2013 ). Jets inside much more extended material, e.g.
NRAS 521, 2391–2407 (2023) 

 Note that, Murase & Ioka ( 2013 ) provide generic criteria for a given shock 
adius and the Lorentz factor at this radius, which should be determined by 
imulations or data. Importantly, in contrast to previous works (M ́esz ́aros & 

axman 2001 ; Razzaque, Meszaros & Waxman 2004a , b ; Ando & Beacom 

005 ), they largely exclude cosmic-ray acceleration in typical GRB jets, 
specially after the collimation point, where the jet is radiation dominated 
nd the Lorentz factor is only a few, independent of the maximum attainable 
orentz factor. Guarini, Tamborra & Margutti ( 2022 ) argue that their results 
re contrary to Murase & Ioka ( 2013 ), which is incorrect. Murase & Ioka 
 2013 ) actually showed that shock acceleration in slow jets in a WR star is 
nlikely, while the allowed parameter space essentially corresponds to that 
nexplored by Guarini et al. ( 2022 ). 
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lue supergiants (BSGs), red supergiants (RSGs), and circumstellar
aterial, have been considered in the literature (Senno, Murase &
eszaros 2016 ; He et al. 2018 ; Grichener & Soker 2021 ; Guarini

t al. 2022 ). For example, uncollimated jets can be expected for low-
uminosity GRBs (Senno et al. 2016 ) and jets from supermassive
lack hole mergers (Yuan et al. 2021 ). In the protomagnetar model,
he outflow can achieve large Lorentz factors especially at late times
Metzger et al. 2011a ), which we focus upon in this work. 

To this end, we explore a self-consistent semi-analytical descrip-
ion for magnetized outflows that arise from PNS central engines, as
hey propagate inside and across stellar progenitors including WRs,
SGs, and RSGs (see e.g. Woosley & Weaver 1995 ; Woosley &
eger 2006 ). The dynamics of the magnetized outflow is determined
y its time-dependent luminosity and magnetization which are
btained from the PNS spin-down evolution (Metzger et al. 2011a ).
t should be noted that even state-of-art magnetohydrodynamic
imulations do not fully explore the effects of central engine spin-
own and continued neutrino-driven mass-loss on the magnetized
utflow in a time-dependent manner, especially at late times where
he magnetization is expected to be very large. The jet is typically
oynting-dominated even if it acquires a large Lorentz factor, so we
onsider magnetic reconnection as a viable mechanism for particle
cceleration (Hoshino 2012 ; Guo et al. 2016 ; Xiao, Dai & M ́esz ́aros
017 ; Ball, Sironi & Özel 2018 ). 
The focus of this work is to model the evolution of the magnetized

et-cocoon system; study its dependence on the physical parameters
uch as jet luminosity, injection angle, and density profile of the
xternal medium; and compute its high-energy neutrino emission and
etectability at IceCube-Gen2. This paper is organized as follows.
n Section 2 , we provide a brief o v erview of the PNS spin-down
volution and the input parameters used in our semi-analytical
tudy. In Section 3 , we describe the analytical model used to study
he propagation of magnetized jets and potential collimation from
nteraction with the surrounding stellar medium. In Section 4 , we
xamine the energy requirement for a successful jet breakout and
nalyse the structural stability of these jets relative to local magnetic
nstabilities. We compute the time-dependent energy spectra of high-
nergy neutrinos and estimate their detectability in Section 5 . Finally,
e discuss the main implications of our results in Section 6 and

ummarize our conclusions in Section 7 . The symbols used in this
ork are listed along with their physical description in Table A1 . 

 DESCRIPTION  OF  PHYSICAL  SYSTEM  

ere, we describe the spin-down evolution of rapidly rotating and
trongly magnetized PNS, and its effect on the neutrino-driven winds
hat e ventually po wer the relati vistic jet. We estimate the time-
ependent jet luminosity from outflow magnetization and mass-loss
ate for system parameters such as the dipole field strength, initial
otation period, jet injection angle, and density profile of the stellar
edium. 

.1 Protomagnetar central engine 

e adopt the analytical prescription of Qian & Woosley ( 1996 )
nd Metzger et al. ( 2011a ) to model the properties of neutrino-
riven winds from PNS. The mass-loss rate from PNS surface due
o neutrino-heated wind is given by 

˙
 = (5 × 10 −5 M � s −1 ) f open f cent C 

5 / 3 
es L 

5 / 3 
ν, 52 ε

10 / 3 
ν, 10 R 

5 / 3 
10 M 

−2 
1 . 4 , (1) 

here f open is the fraction of PNS surface threaded by open magnetic
eld lines, f cent accounts for the magnetocentrifugal enhancement to
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Figure 1. Time variation of jet magnetization σ 0 and isotropic luminosity 
Ė iso = Ė tot / ( θ2 

j / 2) are shown for magnetic obliquity angle χ = π /2. The wind 

properties are e v aluated for configurations with ( B dip , P i ) = (10 15 G , 2 ms ) 
(solid curves) and (3 × 10 15 G , 1 . 5 ms ) (dashed curv es). F or both these cases, 
the blue curves correspond to an initial jet opening angle θ j = 5 ◦, whereas 
the red curves are those for θ j = 10 ◦. 
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˙
 , C es is a heating correction factor for inelastic neutrino-electron 

catterings, L ν = L ν, 52 × 10 52 erg s −1 is the neutrino luminosity, 
ν = εν, 10 × 10 MeV is the mean neutrino energy, R NS = R NS , 10 ×
0 km is the PNS radius, and M NS = M NS , 1 . 4 × 1 . 4 M � is the PNS
ass. We use the same definition for time-dependent Ṁ correction 

actors, f open and f cent , as in Metzger et al. ( 2011a ). Following Pons
t al. ( 1999 ), we adopt the dynamical neutrino quantities for a PNS
ith M NS = 1 . 4 M �. As Pons et al. ( 1999 ) do not account for effects
f rapid rotation on PNS cooling, we follow Metzger et al. ( 2011a )
nd include a stretch factor ηs = 3 to appropriately model the cooling
s: L ν → L ν | �= 0 η

−1 
s , t → t | �= 0 ηs , εν → εν | �= 0 η

−1 / 4 
s where the

ubscript � = 0 represents non-rotating PNS quantities. 
The outflow magnetization equals the Lorentz factor that the 

et attains once its magnetic energy is fully converted into the 
ulk kinetic energy, and is given by σ0 = φ2 

B �
2 / Ṁ c 3 , where φB =

 f open / 4 π ) B dip R 
2 
NS is the magnetic flux due to a rotating dipole

eld with magnitude B dip and � is the PNS angular velocity. The 
adial distance r from the central engine is obtained by solving the
quation (see also e.g. Drenkhahn 2002 ) 

j � j = 

{
σ0 ( r/R mag ) 1 / 3 , r ≤ R mag 

σ0 , r > R mag 
, (2) 

here � j = (1 − β2 
j ) 

−1 / 2 is the jet Lorentz factor and the magnetic
issipation radius is 

 mag = (5 × 10 12 cm ) 
( σ0 

10 2 

)2 
(

P 

ms 

)( ε

0 . 01 

)−1 
. (3) 

ere, ε = v r / c ≈ 0.01 parametrizes the reconnection velocity v r .
RB emission is initiated when r ∼ R mag , and is typically powered
y the dissipation of jet’s Poynting flux near the photosphere. From
quation ( 2 ), the minimum outflow Lorentz factor is obtained at R =
 L , where R L = c / � is the light cylinder radius. 
The pulsar wind would not be highly collimated at the light 

ylinder, and the wind in the open field zone creates a tenuous bubble
r cavity. The wind, which pushes the ejecta including the cocoon 
aterial, is significantly decelerated after the wind termination 

hock, forming a hot magnetized b ubble. The ev olution of the cavity
nd nebula depends on the spin-down power of the PNS and the
jecta (e.g. Che v alier & Fransson 1992 ; Bucciantini et al. 2009 ;
otera, Phinney & Olinto 2013 ). Magnetic dissipation inside the 

enuous wind bubble with radius R w has been considered in the 
ontext of magnetar models for broadline SNe Ibc, SLSNe, and 
apidly rising optical transients (Kashiyama et al. 2016 ; Hotokezaka, 
ashiyama & Murase 2017 ; Margalit et al. 2018a , b ). For the typical
agnetic fields and spin periods for the PNS considered here, we 

btain R w ∼ 10 9 − 10 10 cm at ∼ few 10 s (e.g. Kotera et al. 2013 ;
urase, Kashiyama & M ́esz ́aros 2016 ). The mixing with the external

ocoon material may be prohibited for jets inside the bubble, and the
et can attain large Lorentz factor before interacting with the stellar

aterial. 
The kinetic wind luminosity is Ė kin = ( � j − 1) Ṁ c 2 , where � j is

etermined by equation ( 2 ). Relativistic outflows achieve � j ≈ σ
1 / 3 
0 

t r = R mag and therefore Ė kin is independent of Ṁ . As magnetic
ower is determined by the Poynting flux φB , it is given as
˙
 mag = (2 / 3) Ṁ c 2 σ0 for relati vistic outflo ws (Metzger et al. 2011a ).
or such outflows, most of the wind power resides in Poynting flux
s Ė mag / ̇E kin ∼ σ

2 / 3 
0 � 1. The rapidly rotating PNS gradually loses 

ts angular momentum J = (2 / 5) M NS R 
2 
NS � to the wind at a rate

 ̇= −Ė tot /�. PNS spin-down is solved from its mass M NS , surface
ipole field B dip , initial rotation period P i = 2 π / �i , and magnetic
bliquity angle χ . As PNS continues to contract for the first few
econds post core-collapse, �i and B dip are defined as the maximum 
alues that are achieved when the PNS contracts with conserved 
ngular momentum J ∝ R 

2 
NS M NS � and conserved magnetic flux 

B ∝ B dip R 
2 
NS . 

Fig. 1 shows the time evolution of σ 0 and Ė iso = Ė tot / ( θ2 
j / 2) for

agnetized jets with fixed obliquity angle χ = π /2. The outflow 

roperties are shown for two central engine ( B dip , P i ) configurations
nd for jet opening angle θ j = 5 ◦, 10 ◦. Irrespective of the values
f B dip , P i , and θ j , the initially non-relativistic outflow evolves to
 relativistic state with σ 0 � 1 o v er the first few seconds. While
he jet magnetization does not depend on θ j , σ0 ∝ B 

2 
dip �

2 tends to
e larger for PNS with strong field and rapid rotation. The wind
sotropic luminosity Ė iso increases until t ∼ 5 − 10 s as both B dip 

nd � grow due to conservation of φB and J , respectively, while the
NS shrinks in radius. Once the contraction stops, Ė iso gradually 
ecreases as the PNS continues to spin-down and finally saturates 
fter t ∼ 30 –50 s. As expected, for central engines with similar B dip 

nd P i , jets with smaller opening angle tend to be more energetic.
he stronger magnetocentrifugal acceleration in these outflows leads 

o a larger energy loss rate and therefore Ė iso . 

.2 Initial parameters 

agnetized jet dynamics and interaction with stellar medium are 
rimarily determined by the surface dipole field B dip , initial rotation
eriod P i , jet opening angle θ j , and density profile ρa ( r ) of the external
edium. In the spirit of a parameter study, we treat these physical

arameters as independent of each other. We discuss the effect of
ach of these physical parameters in more detail below. 

Magnetic field and obliquity: We consider surface dipole 
eld, 3 × 10 14 G � B dip � 3 × 10 16 G. If PNS magnetic energy is
oughly equal to its rotational energy, fields up to ∼ 3 × 10 17 G
an be achie ved. Ho we ver, stable configurations require the dipole
omponent to be at least 10 times smaller than the total field strength,
hereby giving B dip � 3 × 10 16 G. PNS with dipole field component
elow ∼ 10 14 G are generally not considered as protomagnetars. The 
bliquity angle between the magnetic and rotational axes is 0 � χ

 π /2. Although both B dip and χ can affect the mass-loss rate and
MNRAS 521, 2391–2407 (2023) 
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Figure 2. Stellar density profiles are shown for the three progenitor models 
considered in this work: the (15 . 7 M �, 5 . 15 R �) Wolf–Rayet star, the 
(15 . 9 M �, 52 R �) blue supergiant with Z = 0 . 01 Z �, and the (11 . 9 M �, 
875 R �) red supergiant with Z = Z �. The evolution of mass density is shown 
as a function of the radial distance R from the central PNS. 
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aryon loading of the outflow (Shibata et al. 2011 ), here we assume
hat Ṁ is primarily determined by neutrino heating as given by
quation ( 1 ). 

Initial rotation period: In this study, we treat the initial spin
eriod (1 ms � P i � 5 ms ) as an independent parameter. While P i �
 ms is determined by the allowed range of stable PNS rotational
eriods (Strobel, Schaab & Weigel 1999 ), the maximum rotation
eriod P i ∼ 5 ms is imposed by the angular momentum loss that is in-
urred by the rapidly spinning PNS to magnetorotational instability-
enerated turbulence (see e.g. Ott et al. 2005 ). Rapid rotation leads
o higher Ė tot due to larger magnetocentrifugal acceleration, and
herefore an increased feasibility to generate jets that can break
ut. Enhancement in Ṁ due to magnetocentrifugal forces is most
ignificant when the PNS is rapidly rotating and has a large magnetic
bliquity angle. 

Jet initial opening angle: Jet opening angle affects GRB energy
utput and its observed rate. Observations of GRB outflows indicate
hat the initial jet opening angle θ j for long duration GRBs can vary
ithin a broad range of several to tens of degrees (Fong et al. 2012 ).
s θ j ∼ 1/ � j , it is determined by σ 0 which itself is a function of the

entral engine parameters B dip , P i , and χ (see equation 2 ). In this
tudy, we will assume θ j = 5 ◦, 10 ◦, 20 ◦ as the three representative
ases for magnetized jets. Jet collimation through oblique shocks at
ater times can also impact the opening angle as shocks converge the
utflow to jet axis and reduce jet-head cross section, thereby reducing
he opening angle. 

PNS mass: Larger PNS mass leads to smaller σ 0 , while Ė tot is
nly marginally ele v ated (see Bhattacharya et al. 2022 ). Furthermore,
˙
 is also amplified by higher PNS mass. To simplify our model, we

x PNS baryonic mass to M NS = 1 . 4 M � for all calculations and
se corresponding neutrino cooling curves from Pons et al. ( 1999 ),
orrected for rotation as described in the previous subsection. 

Stellar density profile: The density profile in the stellar envelope
f GRB progenitors can be roughly approximated as 

a ( r) = ρ
( r 

R 

)−α

= 

(
3 − α

4 π

)
M 

R 
3 

( r 

R 

)−α

(4) 

here α ∼ 2–3 is the density profile index, ρ is the average density,
 is the mass of the stellar progenitor with radius R (Matzner &
cKee 1999 ). Density is only a function of height r , which is a good

pproximation since opening angles of jet and cocoon are relatively
mall. 
e adopt three progenitor scenarios as representative cases of
assive stars that have expended all available nuclear fuel just

rior to collapse. The first is a rapidly rotating young Wolf–Rayet
WR) star, which represents the final evolutionary stage of the most
assive stars that have depleted their hydrogen/helium envelope due

o either winds or binary interactions. Due to their association with
bserv ed GRBs, the y are strongly moti v ated for po wering jets. Since
hey lack an envelope, WR stars are generally compact. Second,
e consider massive stars which have retained their envelopes until

ore-collapse: blue supergiants (BSGs) and red supergiants (RSGs).
hese stars have significantly larger radii ( R � 50 R �) than WR stars

see e.g. Matzner 2003 ). No supergiant has yet been found as GRB
rogenitor, but jet-like outflows are harder to detect in supergiants
n contrast to their WR counterparts. Jet launch should be associated
ith properties such as the core size, magnetic field, or rotation rate,

nd the connection to the envelope is not clear. Thus, we also consider
NRAS 521, 2391–2407 (2023) 
upergiants as hosts of jets. For our calculations, we consider three
tellar density profiles (see e.g. Woosley & Weaver 1995 ; Woosley &
eger 2006 ): a 15 . 7 M � and 5 . 15 R � WR star, a 15 . 9 M � and 52 R �
SG with metallicity Z = 0 . 01 Z �, and a 11 . 9 M � and 875 R � RSG
ith Z = Z �. The mass and radius of stellar progenitors are specified

t the end of their evolution. 

Fig. 2 shows the radial mass density distribution for the three
tellar progenitor profiles that we consider here. The surface layers
f both BSG and RSG models predominantly consist of hydrogen
nd helium, whereas the WR star surface is already stripped off its
ighter elements prior to the core-collapse stage. The density profile
f the WR can be divided into three parts: a power-law profile with
ndex α ≈ −2.5 up to R ∼ 10 10 cm , followed by a sharp decline in
ensity around R ∼ 3 × 10 10 cm and then a steep power-law tail up
o R ∼ 3 × 10 11 cm . F or the BSG, the density profile is a power la w
ith index α ≈ −2.5 up to R ∼ 10 12 cm , followed by a steep drop

n density near the edge of the star. In case of the RSG progenitor,
he density profile is a power law with index α ≈ −2.5 up to R ∼
 × 10 11 cm and a shallower profile ( α ≈ −2) up to its radius R ∼
 × 10 13 cm . 

 ANALYTICAL  MODEL  FOR  THE  

ET-COCOON  SYSTEM  

et interaction with its surrounding medium plays an important role in
etermining the propagation velocity of the jet, energy deposited onto
he cocoon and therefore the jet breakout criterion. The jet-cocoon
nteraction decides the morphology of both these components, inside
he dense medium and after breaking out of it. Here, we discuss a
imple analytical model that we adopt to self-consistently determine
he properties of the jet-cocoon system. 

.1 Jet-head propagation 

e consider a magnetized jet with luminosity L j , injected with
n opening angle θ j into a medium of density ρa ( r ). The jet
uminosity is L j = Ė tot and its isotropic-equi v alent one is given
y L j , iso = Ė iso = Ė tot / ( θ2 

j / 2). As the jet propagates through the
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Figure 3. A schematic description of the structure of the jet-cocoon system in the two collimation regimes (left-hand panel shows a collimated jet, whereas the 
right-hand panel shows an uncollimated jet), distinguished by the jet luminosity, initial opening angle, and density of the surrounding medium. The five main 
components are shown: the jet head, the jet divided into shocked, and unshocked parts by the CS, the inner and outer regions of the cocoon separated by the 
contact discontinuity, and the stellar medium. 
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tellar envelope, it forms a bow shock around the jet-head which 
issipates jet energy onto the cocoon surrounding the jet. The mildly 
elativistic cocoon, in turn, e x erts pressure on the jet to potentially
ollimate it and thereby changing its propagation velocity. The 
ynamics of the jet-cocoon system also depends on the outflow 

agnetization, as the asymptotic jet Lorentz factor is practically 
imited to � j , ∞ � ( σ0 /θ

2 
j , ∞ 

) 1 / 3 (Levinson & Begelman 2013 ). We
ssume that the entire system is axisymmetric and use the subindices 
j’, ‘jh’, ‘c’, and ‘a’ to denote quantities related to the jet, the jet-head,
he cocoon, and the ambient medium, respectively. 

Fig. 3 shows a schematic diagram for: the jet head, the shocked,
nd unshocked parts of the jet, the inner and outer regions of the
ocoon, and the surrounding stellar medium. The collimation shock 
CS) splits the jet into shocked and unshocked regions, whereas the 
ontact discontinuity separates jet material entering the head from 

mbient medium and extends to the cocoon to divide it into an inner
nd outer part. The cocoon expands into the ambient medium behind 
 shock that extends from the forward shock at the jet head. Jets can be
ither collimated (left-hand panel) or uncollimated (right-hand panel) 
ased on L j , iso , θ j , ρa ( r ), and strength of the CS (see Appendix C for
iscussion). Lo w-po wer jets, with generally smaller σ 0 , are easier 
o get collimated inside the star by the ambient medium, as they
ecome slow and cylindrical. In contrast, the bulk of the jet material
s unshocked with a conical shape, for magnetized jets with σ 0 �
. As the jet propagates within the star, it collides with the stellar
nv elope. A rev erse shock then decelerates the jet and a forward
hock runs into the stellar envelope; the shocked region is referred 
o as the jet-head. 

The velocity of the jet-head is determined by the ram pressure bal-
nce between the shocked jet and the shocked envelope (M ́esz ́aros &
axman 2001 ; Matzner 2003 ) 

 j ρj c 
2 � 

2 
jh β

2 
jh + P j = h a ρa c 

2 � 
2 
h β

2 
h + P a , (5) 

here � jh = � j � h (1 − β j βh ) is the relative Lorentz factor between
he jet and its head, β jh = ( β j − βh )/(1 − β j βh ) is the corresponding
elativ e v elocity and h = 1 + 4 P / ρc 2 is the specific enthalpy. We
efine the ratio between the jet energy density and rest-mass energy 
ensity of the ambient medium as well as the ratio between total jet
ressure and energy density of the surrounding medium as 

˜ 
 = 

L j 

πr 2 j ρa c 3 
, ˜ P = 

P j + B 
2 / (8 π� 

2 
j ) 

ρa c 2 
, (6) 

here P j = L j /πcr 2 j is the jet pressure. 
For known ˜ L and ˜ P , the general solution for the jet head velocity

s given by (Levinson & Begelman 2013 ) 

h = βj 

˜ L − [ ̃  L 
2 − ( ̃  L + 

˜ P /β2 
j )( ̃  L − ˜ P − 1)] 1 / 2 

˜ L − ˜ P − 1 
. (7) 

or cold ambient matter and strong reverse shock, both P j and P a 

an be ignored. The solution for jet-head velocity then simplifies 
o βh = βj / (1 + 

˜ L 
−1 / 2 ) (Matzner 2003 ). In the limit of a relativistic

everse shock, 

˜ 
 
1 / 2 = 

1 

βh 
− 1 = 

{
2 � 

2 
h , � 

4 
j � ˜ L � 1 

βh , ˜ L � 1 
(8) 

herefore, the velocity of the jet head depends only on the ambient
ensity near the head and is insensitive to the geometry of the jet
elow the head. 

.2 Cocoon properties 

ocoon pressure is sustained by continuous energy inflow from the 
et head. At a given time, the total energy deposited in the cocoon
s E c = ηL j ( t − r h / c ), where η ∼ 0–1 represents the fraction of
he energy that flows into the jet head and deposits into the cocoon
Bromberg et al. 2011 ). For simplicity, we assume η = 1 in our
nalysis. Assuming that energy density is uniformly distributed 
ithin the cocoon, cocoon pressure is determined by the injected 

nergy divided by the cocoon volume (see Begelman & Cioffi 1989 ) 

 c = 

E c 

3 V c 
= 

η

3 

∫ 
L j (1 − βh )d t 

πr 2 c r h 
= 

η

3 π

∫ 
L j (1 − βh )d t 

( 
∫ 

βc c d t) 2 ( 
∫ 

βh c d t) 
. (9) 

he cocoon geometry can be approximated as a cylinder of height
 h = c 

∫ 
βh d t = c ξ h βh t and radius r c = c 

∫ 
βc d t = c ξ c βc t . The cocoon’s

ateral e xpansion v elocity is obtained by balancing P c with ram
MNRAS 521, 2391–2407 (2023) 
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Figure 4. Contours for the energy deposited ( E c ) by the magnetized jet onto the cocoon until the breakout time t bo (see Appendix B ), are shown in the B dip –P i 
plane. The results are shown here for a fixed jet opening angle θ j = 20 ◦ and η = 1. As expected, E c ( t bo ) is maximized for the central engines with a combination 
of stronger fields and rapid rotation rates for all three progenitors. We find that E c ( t bo ) is significantly larger for (15.9 M �, 52 R �) BSG and (11.9 M �, 875 R �) 
RSG progenitors due to their much longer jet breakout times as compared to (15.7 M �, 5.15 R �) WR. 
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ressure of the ambient medium 

c = 

√ 

P c 

ρa c 2 
, ρa = 

∫ 
ρa d V 

V c 
= ξa ρa , (10) 

here ρa is the mean density of the ambient medium. As the
ensity profiles of stellar progenitors generally follow a power-law
ependence ρa ∝ r −α , the coefficients ξ a , ξ h , and ξ c become constant
Mizuta & Ioka 2013 ): ξ a = 3/(3 − α) and ξ h = ξ c = (5 − α)/3. For
implicity, ξ a is obtained assuming a spherical cocoon with radius
 h . 

Fig. 4 shows the contour plots in B dip –P i plane for total energy
eposited by the relativistic head into its surrounding cocoon until the
ime of jet breakout (see Appendix B for discussion). The results are
hown for three progenitors (WR, BSG, and RSG), jet-opening angle
j = 20 ◦ and η = 1. For each progenitor, energetic jets originating
rom PNS with stronger field and rapid rotation deposit more energy
nto the cocoon material. Ho we ver, E c ( t bo ) is not directly affected by
he variation in θ j ∼ 5 −20 ◦. The deposited energy is significantly
arger for BSG ( E c ∼ 10 46 –10 50 erg ) and RSG ( E c ∼ 10 47 –10 51 erg )
rogenitors in comparison to WR stars ( E c ∼ 10 45 –10 49 erg ), due to
heir larger R ∗, and consequently, longer t bo . 

.3 Collimation of the jet 

et collimation occurs due to the formation of an oblique shock
t the jet base, which deflects the jet flow-lines and generates a
ressure that counterbalances P c . To maintain the required pressure,
he shock curves towards the jet axis until it converges at some
eight, abo v e which collimation is complete. While ˜ L determines
he evolution of the jet-cocoon system, ˜ L θ

4 / 3 
j distinguishes between

ollimated and uncollimated jets (Bromberg et al. 2011 ). ˜ L can vary
ith jet propagation, even if L j remains unchanged, depending on

he density profile and jet’s cross section. The shape of the initially
onical jet changes to cylindrical after collimation and the CS sets
et head’s cross section to be much smaller than the cross section of
ncollimated jet. Consequently, the jet applies a larger ram pressure
n the head to push it to higher velocities further reducing the energy
ow rate into the cocoon. The cocoon’s height then increases at a
aster rate, leading to a larger volume and decrease in P c . Therefore,
here is a upper limit to βh abo v e which P c becomes insufficient to
f fecti vely collimate the jet. 
NRAS 521, 2391–2407 (2023) 
The CS geometry is determined by the pressure balance between
he jet and the cocoon (Bromberg et al. 2011 ) 

 0 ρ0 c 
2 � 

2 
0 β

2 
0 sin 2 ψ + P i = P c , (11) 

here the first term is the jet ram pressure normal to the shock surface
nd the subscript ‘0’ stands for the unshocked jet. Here, ψ denotes
he angle between the direction of the relativistic outflow and the CS
urface. As the jet internal pressure falls off as P i ∝ r −4 with increase
n its size, the P i term can be ne glected. F or small incident angle and
o the first order, 

in ψ = 

R s 

r 
− d R s 

d r 
= r 

d 

d r 

(
R s 

r 

)
, (12) 

here R s is the cylindrical radius of the shock position. Assuming that
0 ≈ 1 and L j ≈ h 0 ρ0 c 

3 � 
2 
0 ( πr 2 θ2 

j ), one can integrate to obtain the

S geometry, z cs = θ j r (1 + Az ∗) − θ j Ar 2 , where A = 

√ 

πcP c /L j β0 

s e v aluated using constant P c . The CS expands to maximum size
t (d z cs / d r) | r= z max 

= 0, and converges to r s ( r = z cs ) = 0 where the
aximally expanding position z max and the converging position z cs 

re 

 cs = 2 z max = (1 /A ) + z ∗ ∼ 1 /A = 

√ 

L j β0 

πcP c 
, (13) 

ere, we assume that the CS is initially small with z ∗ � 1/ A (see e.g.
izuta & Ioka 2013 ). At a given time post core-collapse, both r h and

 cs tend to be larger for jets that originate from PNS with stronger
eld and rapid rotation. For outflows with similar ( B dip , P i ), less
ense external medium (e.g. BSG and RSG progenitors) leads to a
arger r h and the CS also converges at larger distance from the central
ngine. 

 JET  CHOKING  AND  STABILITY  

bserved jet duration is the difference between engine’s operation
ime ( t eng ) and jet’s breakout time ( t bo ). For a successful jet breakout,
he central engine has to be active for at least the threshold activity
ime, t th = t bo − R ∗/ c , where R ∗/ c is the light crossing time of
he star. Here, we discuss the criteria for successful jet breakout
nd also the stability of magnetized jets relative to current-driven 
nstabilities. 
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Figure 5. Contours for the ratio between jet isotropic-equi v alent energy and ef fecti ve energy deposited into the cocoon, both computed at the jet breakout time, 
are shown in B dip –P i plane. The results are shown here for the WR (left-hand panel), BSG (centre panel) and RSG (right-hand panel) progenitor, respectively. 
We find that ˜ E j , iso / ̃  E ej ( t bo ) has a relatively weak dependence on P i for all three progenitors. While jets from compact objects with 10 15 � B dip /G � 3 × 10 16 

and 1 � P i /ms � 4 can successfully break out ( ̃  E j , iso / ̃  E ej � 1) from the less dense BSG/RSG progenitors, outflows arising from PNS with relatively weaker 
fields B dip � 3 × 10 15 G get choked ( ̃  E j , iso / ̃  E ej < 1) inside the envelope of WR stars. 
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.1 Jet choking criteria 

elow a critical jet isotropic luminosity L j , iso = L j / ( θ2 
j / 2), both

ydrodynamic and Poynting flux dominated outflows may fail to 
roduce stable jets, which are instead choked inside the star (see e.g.
etzger et al. 2011a ). For such choked jets, the cocoon is the only

omponent that breaks out from the star and spreads quasi-spherically 
orming an entirely different structure from jets that typically break 
ut. 
The central engine needs to generate a minimum amount of energy 

o push the jet out of the star. This corresponds to minimal engine
ctivity time, t eng � t th = t bo − R ∗/ c , necessary for a successful jet
reakout. If the jet head is non-relativistic during the entire crossing,
 bo � R ∗/ c and t th ≈ t bo . For a relativistic jet head, the threshold time
s t th = (1 . 1 s) L 

−1 / 3 
j , 49 M 

1 / 3 
∗, 15M �R 

2 / 3 
L, 7 . The jet can get choked within the

tellar envelope due to two possibilities: (a) the central engine stops
t t < t th before the jet manages to exit the star, (b) the isotropic jet
ower is less than the minimum requirement. Recently, Gottlieb & 

akar ( 2022 ) derived a breakout criterion that just depends on the
et opening angle and the jet to ejecta energy ratio. In particular,
or strongly magnetized jets where the engine activity time t eng 

ypically exceeds the delay time for jet launch since core-collapse, 
˜ 
 j , iso � 

˜ E ej ≈ 40 E ej , tot θ
2 
j , e v aluated at t bo . Here, ˜ E j , iso = 

∫ t bo 
0 L j , iso d t 

nd E ej, tot ≈ E c ( t bo ). 
Fig. 5 shows contour plots in B dip −P i plane for ˜ E j , iso / ̃  E ej evaluated

t t bo . Results are shown for three progenitors (WR, BSG, and
SG) and for θ j = 20 ◦. As L j, iso ∝ θ−2 

j for the time-independent
 j at later times (see Fig. 1 ), ˜ E j , iso / ̃  E ej ∝ θ−4 

j increases sharply for
maller θ j ∼ 5 −10 ◦ aiding jet breakout, and we choose θ j = 20 ◦ to
rovide a conserv ati ve estimate. Irrespecti ve of the density profile
onsidered, we find that ˜ E j , iso / ̃  E ej ( t bo ) has a weak dependence on P i ,
hich therefore does not affect the breakout condition. Magnetized 
utflows arising from PNS with weaker fields B dip � 3 × 10 15 G can
et choked inside the envelope of WR stars as ˜ E j , iso / ̃  E ej ( t bo ) � 1.
n contrast, for comparable ranges of B dip and P i , jets tend to
uccessfully break out from the less dense BSG and RSG progenitors.

.2 Stability of the magnetized jet 

rior to jet breakout, instabilities may develop along the jet-cocoon 
oundary from the collimation point up to the jet head and lead to
 diffused structure that separates the jet from the cocoon, termed
s the jet-cocoon interface (JCI; Gottlieb et al. 2020 ). The growth
f instabilities incites efficient mixing of the jet and cocoon material
long JCI. Magnetic fields inhibit the growth of local hydrodynamic 
nstabilities (see e.g. Matsumoto & Masada 2019 ). Magnetization 
equired to stabilize the jet depends on various jet parameters such as
he initial opening angle and jet power. Wider and/or lo w-po wer jets
equire stronger fields for stabilization whereas narrower and/or high- 
ower jets are generally more stable and therefore the required σ 0 is
maller. Even a sub-dominant magnetization (0.01 < σ 0 < 0.1) can 
tabilize the jet ag ainst h ydrodynamic instabilities on the jet-cocoon
oundary, allowing the jet to maintain a larger fraction of its original
nergy (Gottlieb, Nakar & Bromberg 2021 ). Ho we ver, in highly
agnetized jets ( σ 0 > 1), current-driven instabilities such as kink 
ay emerge and potentially render the jet structure globally unstable 

Matsumoto et al. 2021 ). Narrow jets are most susceptible to kink
nstability which excites large-scale helical motions that can strongly 
istort the jet and thus trigger violent magnetic dissipation (Eichler 
993 ; Lyubarskii 1999 ; Giannios & Spruit 2006 ). Poynting-flux dom-
nated jets can survive the crossing of the star if the crossing time is
horter than the growth time of the instability (Bromberg et al. 2014 ).

While outflows with purely toroidal fields are most sensitive 
o disruption by kink instability (Mignone et al. 2010 ; O’Neill,
eckwith & Begelman 2012 ), toroidal fields comparable to the 
oloidal field can result in a more stable flow (Lyubarsky 2009 ).
he full growth of kink instability requires a time-scale which 

s comparable to a few light crossing times of the jet width (see
evinson & Begelman 2013 ). The total time necessary for the full
evelopment of the instability is then t ′ kink ∼ 10 f r j /c, where f ∼
.5 −1 is a numerical factor (Mizuno et al. 2009 , 2012 ). As the
nstable perturbation propagates with the jet plasma in the observer 
rame, the instability disruption time-scale is 

 kink = � j t 
′ 
kink ∼ 100 f 

r 2 j 

cR L 
, (14) 

here R L = c / � is the light cylinder radius. This time should be
ompared with the dynamical time t dyn = min( r h / c , R ∗/ c ) available
or the instability to grow in the jet. 

Fig. 6 shows a comparison between the time required for kink
nstability to grow in the jet and the expansion time-scale of the
MNRAS 521, 2391–2407 (2023) 
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Figure 6. Comparison between the growth time-scale for kink instability and 
system dynamical time-scale for jets with ( B dip , P i ) = (10 15 G , 2 ms ) (solid 
curves) and (10 16 G , 1 ms ) (dashed curves). The blue, green, and red curves 
are shown for WR, BSG, and RSG progenitor, respectively. Jets originating 
from protomagnetars with stronger fields and rapid rotation rates tend to be 
more stable at earlier times. 
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Table 1. Characteristic range of parameters for WR, BSG, and RSG 

progenitors. � j is e v aluated at t bo . 

Progenitor t bo ( s ) � j ( t bo ) 

WR 10–60 20–60 
BSG 100–200 10 3 –10 4 

RSG 2000 10 5 
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agnetized jet for two PNS configurations. Results are shown for
he WR, BSG, and RSG progenitors, and for θ j = 10 ◦. The gradual
ncrease in t kink / t dyn at later times occurs due to the rapid jet expansion
ost breakout ( r h � R ∗). Magnetized jets arising from PNS with
tronger fields and rapid rotation rates are generally more stable to
he kink instability. While t kink / t dyn is somewhat comparable for all
hree progenitors considered, jets with wider opening angles tend
o be more stable as t kink ∝ r 2 j . Bromberg et al. ( 2014 ) performed a
imilar analysis to test the stability of the magnetized jet under the
ssumption that it is non-rotating and mo v es upward rigidly. The y
howed that the jet is expected to be stable as its typical width is
few 10 s of R L , so the kink instability does not have enough time

o develop in the jet before it breaks out of the star. 

 HIGH-ENERGY  NEUTRINO  EMISSION  

e consider magnetized jets with time-varying luminosity that arise
rom PNS central engines, to calculate neutrino spectra during the
hase when the jet propagates within a stellar progenitor. This
rovides a better estimate of high-energy neutrino production that
epends on the dissipation radius, which in turn is a function of the
entral engine parameters. Neutrinos are produced from pion and
uon decay which originate from p γ interactions. We assume that

he protons are accelerated around the termination shock, where for
ighly magnetized outflows, strong magnetic dissipation is expected
o occur as in pulsar wind nebulae. For the target photons, we consider
hotons that originate from the jet head and leak into the jet. 
The central engine parameters that we focus on are: B dip ∼ 10 15 −

0 16 G, P i ∼ 1 − 2 ms , and θ j = 10 ◦. The typical breakout time and
et Lorentz factors � j for the chosen parameters are summarized in
able 1 . For these parameters, the jet remains uncollimated until
reakout and neutrino production originates from the interactions of
igh-energy particles. 
Shocks can be collisionless in the presence of large magnetic fields

ut the dominant fraction of the outflow energy is magnetic, so we
onsider magnetic reconnection as the plausible energy dissipation
echanism (Usov 1992 ; Drenkhahn 2002 ). While some half of

he dissipated energy gets converted into jet kinetic energy, the
NRAS 521, 2391–2407 (2023) 
emaining half is utilized to accelerate the particles. Once the outflow
agnetization reduces to σ 0 ∼ 1 and the jet stops accelerating,
agnetic reconnection no longer remains efficient. While particles

an be accelerated up to the magnetic dissipation radius R mag , where
he outflow Lorentz factor finally saturates, we stop their injection at
he stellar radius. 

Assuming that the magnetic field is predominantly toroidal far
rom the PNS surface and shock propagates perpendicular to the
eld, Kennel & Coroniti ( 1984 ) showed that the Rankine–Hugonoit
elations can be simplified to obtain the particle temperature in the
et-comoving frame 

T ′ = m e c 
2 

{ 1 √ 

18 
(1 − 2 σ0 ) , σ0 < 0 . 395 

1 
8 
√ 

σ0 

(
1 − 0 . 297 

σ0 

)
, σ0 � 0 . 395 . 

(15) 

hile large σ 0 shocks are generally weak, strong shocks ef fecti vely
pproach the classical hydrodynamical limit for small σ 0 . For
he range of PNS parameters considered here, we obtain T ′ ∼
0 7 –10 9 K. In the rest frame of the shocked jet-head, the photon
ensity and energy of individual photons are boosted by a factor
f � jh = � j � h (1 − β j βh ) ∼ 10 3 –10 5 , which implies that nuclei are
ompletely dissociated into protons within the outflow. These protons
re accelerated and we assume a spectrum (number of protons per
nit comoving proton energy ε ′ p ), d N p / d ε ′ p ∝ ε ′−s 

p , where primes
ndicate quantities in the jet-comoving frame and s is the power-
aw spectral index. The jet becomes highly magnetized over time,
or which hard spectra with 1 ≤ s ≤ 2 are moti v ated by numerical
imulations (see e.g. Guo et al. 2016 ; Werner et al. 2016 ). While s ≈
 for σ 0 = 10, the proton spectrum becomes harder as σ 0 increases:
 ≈ 1.5 for σ 0 = 50 and s ≈ 1 for highly magnetized outflows with
0 � 1 (see e.g. Kagan et al. 2015 ). For this reason, we will consider

he cases with s = 1 and s = 2. 
The magnetic field strength in the outflow is given by B 

′ =
 

2 εB L j , iso /r 
2 
h � 

2 
h c , where εB = 0.3 is the fraction of the isotropic

uminosity converted to magnetic field energy. Petropoulou et al.
 2019 ) performed large-scale 2D particle-in-cell (PIC) simulations to
etermine the mean electron energy in the post-reconnection region,
or a range of outflow magnetization and particle temperatures. Other
IC simulations for electron and ion energy spectra, including 3D,
ave also been explored in the literature (Ball et al. 2018 ; Zhang,
ironi & Giannios 2021 ). Here, we adopt their model to estimate the
ean energy of the electrons from 

 γe − 1 〉 = 

√ 

σ0 

(
1 + 

4 kT ′ e 

m e c 2 

)(
1 + 

σe , h 

30 

)
, (16) 

here T ′ e is the electron temperature and σ e , h is the pair plasma
agnetization. It should be noted that the precise value of pair plasma
agnetization depends on the energies of particles as well as the pair
ultiplicity (see Petropoulou et al. 2019 , for more exact estimates). 
The maximum proton energy is determined by the balance between

cceleration time t ′ p, acc = ηacc ε 
′ 
p / ( e B 

′ c ) and cooling time t ′ cool =
 t ′−1 
ad + t ′−1 

syn + t ′−1 
pγ ) −1 , where t ′ ad = r h / � jh c is the adiabatic time-

cale and ηacc ∼ 1 is assumed. We multiply the proton spectrum by
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he suppression factor exp ( −ε ′ p /ε 
′ 
p, max ), to account for the maximum

roton energy. The minimum proton energy is ε ′ p , min = σ
1 / 2 
0 m p c 

2 and
e normalize the injection spectrum such that the energy injection 

ate is equal to the jet isotropic-equi v alent kinetic luminosity εp L j, iso ,
here εp = 0.3 is the energy fraction given to cosmic rays. We choose

p = 0.3 based on our assumption of equipartition of the total energy
uch that εp ∼ εe ∼ εB . 

The protons will interact with the ambient photons to create pions, 
ith time-scale t p γ given by the formula 

 
−1 
pγ ( ε ′ p ) = 

c 

2 γ 2 
p 

∫ ∞ 

0 

d ε ′ γ
ε ′ 2 γ

d n ′ γ
d ε ′ γ

∫ 2 γp ε 
′ 
γ

0 
d ̄ε γ ε̄ γ σpγ ( ̄ε γ ) κpγ , (17) 

here σ p γ is the photomeson production cross section obtained from 

urase & Nagataki ( 2006 ), κp γ is the proton’s inelasticity, γp = 

 
′ 
p /m p is the proton’s Lorentz factor, d n γ / d ε′ 

γ is the comoving target
hoton density per energy and ε̄ γ is the photon energy in the proton
est frame. The photon spectrum is determined as follows. The Thom- 
on optical depth for the jet head is τh ≈ θj L j, iso σT / 4 πr h � h � j m p c 

3 ,
here σ T is the Thomson cross section. The comoving jet head 

hickness is ∼θ j r h (M ́esz ́aros & Waxman 2001 ). When τ h � 1,
hotons at the termination shock are assumed to be thermalized to 
he temperature T ′ γ , and a fraction 1/ τ h of these photons leaks into the
et for subsequent p γ interactions. Note that this is the temperature in
he far-downstream region, which is different from the temperature 
 
′ in the immediate do wnstream, gi ven by the hydrodynamical jump

onditions in equation (15) . In general, we can have T ′ > T ′ γ .
When τ h < 1, we use a non-thermal photon spectrum that 

ollows a broken power law (Murase et al. 2006 ). In the termination
hock frame, we have d n ′ γ / d ε ′ γ = n b ( ε ′ γ /ε b ) −1 . 5 for ε min < ε ′ γ ≤ ε b 

nd n b ( ε ′ γ /ε b ) −2 . 2 for ε b ≤ ε ′ γ ≤ ε max . When ε b > ε max , we use
 n ′ γ / d ε ′ γ = n b ( ε ′ γ /ε b ) −1 . 5 for ε min ≤ ε ′ γ ≤ ε max . The photon break
nergy ε b is calculated as ε b = 〈 γ e 〉 2 � j eB 

′ 
/ m e c . We also

hoose ε min = 1 eV, while the maximum photon energy is limited
y ε max ≈ 0.15 TeV � j, 3 , with � j, 3 = � j /10 3 (e.g. Kashiyama
t al. 2016 ). The normalization n b is such that 

∫ ε max 

ε min 

d ε ′ γ ε ′ γ
d n ′ γ
d ε ′ γ

= 

εB L j , iso 

4 πr 2 h � 
2 
h c 

. (18) 

The fraction of photons that enter the unshocked jet and contribute 
o photopion production is estimated by f esc = min (1 , τ−1 

h ). The
hoton density entering equation ( 17 ) is thus the density at the
ermination shock (for its corresponding τ h ) multiplied by f esc and 
oosted to the jet frame by the factor � jh . The calculation of t ′ pγ is
hen used to define the ef fecti ve optical depth 

 pγ = min (1 , t ′ cool t 
′ −1 
pγ ) . (19) 

Pions and muons lose their energies with their associated cooling 
ates t ′−1 

cool = t ′−1 
ad + t ′−1 

syn + t −1 
IC , where t ′ syn = 6 πm 

4 c 3 /σT m 
2 
e Z 

4 ε ′ B 
′ 2 

s the synchroton cooling time-scale in the comoving frame for a 
article of mass m , comoving energy ε 

′ 
, and charge Ze and t ′ IC =

 m 
2 / 4 cσIC � 

2 
jh U rad ε 

′ is the Inverse Compton (IC) time-scale, where
 rad is the radiation energy density and σ IC is the IC cross section,
hich also accounts for the Klein–Nishina suppression at the highest 

nergies. In the presence of cooling, the pion and muon fluxes are
ach modified by the suppression factor f sup = 1 − exp ( −t ′ cool /t 

′ 
dec ),

here t ′ dec is the decay time-scale in the jet comoving frame. 
Neutrinos are mainly produced via p γ interactions inside the 

nshocked jet where the baryon density is so small that the jet is
ot radiation-dominated. We get the per -fla v our neutrino spectrum 
n jet frame from (Kimura 2022 ) 

 
′ 
ν

2 d N 
′ 
ν

d ε ′ ν
≈ 1 

8 
f sup f pγ ε ′ p 

2 d N 
′ 
p 

d ε ′ p 
, (20) 

here f sup = f πsup for νμ produced during pion decay and f sup =
 
π
sup f 

μ
sup for neutrinos originating from muon decay. The spectrum is

hen boosted to the observer frame and injected at the corresponding
adius, giving d N ν /d ε ν , where ε ν is the neutrino energy in the engine
rame. The spectrum d N ν /d ε ν becomes flat for energies below the
orresponding minimum pion energy. This happens if ε ′ ν < ε ′ p , min / 20,
r when ε ′ p is low enough to significantly suppress t −1 

pγ as a result
f the energy threshold of σ p γ . Finally, we propagate the spectrum
hrough vacuum to get d N ν /d E ν . 

Neutrino propagation is simulated using NUSQUIDS (Arg ̈uelles, 
alvado & Weaver 2022 ), while neutrino oscillation parameters are 
xed to the best fit values provided by NUFIT 2021 (Esteban et al.
020 ). The propagation is discontinued once the neutrinos reach 
 ∗. For a source distance D , the neutrino flux is given by φν =

1/4 πD 
2 )d N ν /d E ν , while the neutrino fluence � ν is the time integral

f φν until t bo . We adopt a source distance of D = 100 Mpc for
ur calculations. For the parameters that we have chosen, τ h > 

 throughout the majority of the neutrino emission phase, so the
hotopion production is caused mostly by a thermal photon spectrum. 
n the case of RSG, progenitors, � j ∼ 10 4 −10 5 after ≈400 s, which in
urn reduces τ h significantly during late emission. The non-thermal 
hotons after this time have maximum energies ∼10 TeV and their
umber density n γ drops significantly when compared to the number 
ensity of thermal photons. This decline results in f p γ � 1 and very
ew neutrinos are produced. 

The neutrino spectrum computed at the breakout time is shown in
he left-hand panels of Fig. 7 , for different ( B dip , P i ) configurations
nd progenitor models, assuming both ε ′−2 

p and ε ′−1 
p proton spectra. 

e first look at ε ′−2 
p injection spectra (top panels) and then compare

hem against their ε ′−1 
p counterparts (bottom panels). We defined 

 ε ν = ε νd N ν/ d ε ν and E ε ν = 

∫ t bo 
0 d tL ε ν as the time integral of L ε ν .

s the flux is e v aluated at the time of jet breakout, it is equal to
he injected neutrino flux and no neutrino attenuation is present. In
he case of RSG progenitors, the non-thermal photon spectrum at 
 bo produces a neutrino spectrum with ε νL ε ν < 10 44 erg s −1 and is
herefore not shown in the panels. For the other progenitors, there
re three prominent features: spectral break due to ε ′ p, min , pion and
uon cooling, each with a suppression factor proportional to ε −2 

ν for
 
′ 
cool � t ′ dec , and proton spectrum suppression when t ′ cool � t p, acc ′ . We
nd that stronger fields and rapid rotation rates will lead to larger
eutrino fluxes, which are related to the dependence of L j, iso on these
arameters. In the case of WR progenitors, t bo � 100 s and � j � 10 4 ,
o we do not see the effects of ε ′ p, min for ε ν � 1 TeV . For BSGs,
o we ver, the break in the spectrum is caused by f p γ < 1 and occurs
t ε ν ≈ 100 TeV. Pion and muon cooling effects dominate in the 4–
00 TeV range for WR progenitors and 100 TeV–10 PeV range for
SGs. The energies at which these features present themselves at t =

 bo do not depend on the choice of proton spectra, as the quantities
nvolved only depend on the progenitor properties. Ho we ver, as the
hape of the proton spectrum gets modified, performing the time 
ntegral for fluence can cause visible differences. 

On the right-hand panels of Fig. 7 , we show the time-integrated
eutrino flux up to t = t bo for the same configurations. We first
iscuss the s = 2 case, which corresponds to the top-right-hand panel.
or WR stars, we find that the neutrinos with energies exceeding 
0 TeV are scarce due to strong IC cooling at breakout times and
trong neutrino attenuation at earlier times. The majority of the 
MNRAS 521, 2391–2407 (2023) 
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M

Figure 7. Left-hand panels: Neutrino spectra in the engine frame at the breakout time, summed o v er all three fla v ours are shown for magnetized outflows with 
( B dip , P i ) = (10 16 G , 1 ms ) (solid curves), (3 × 10 15 G , 1 . 5 ms ) (dashed curves) and (10 15 G , 2 ms ) (dotted curves). The green, blue, and red curves are shown 
for the (15.7 M �, 5.15 R �) WR, (15.9 M �, 52 R �) BSG and (11.9 M �, 875 R �) RSG progenitor, respectively. The spectra for RSG are not shown because at 
the breakout time, the photons are non-thermal, causing a rapid decline in f p γ and the resulting spectra falls below 10 44 erg s −1 . The top and bottom panels 
correspond to an ε ′−s 

p proton injection spectrum with s = 2 and s = 1, respectively. Right-hand panels: Neutrino fluence i.e. the neutrino spectrum integrated 
up to t = t bo is shown for the same ( B dip , P i ) configurations and progenitor models. 
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ontribution to the fluence essentially comes from the later times,
hen the progenitor density is sufficiently small. Since t bo ∼ 60 s

s rather short, the fluence � ν is too small to yield an observable
eutrino signal. Neutrino spectra in BSGs can reach the 1–10 PeV
ange with L j ∼ 10 47 –10 49 erg s −1 at t bo . Furthermore, the neutrino
pectrum at injection can extend up to 100 TeV before cooling
ffects become important. When P i = 2 ms and B dip = 10 15 G,
he comoving temperature is low enough such that f p γ < 1 and
eutrino production at late times is suppressed. RSG progenitors
ave breakout times at ∼ 2000 s, which allows for � j ∼ 10 5 .
s mentioned earlier, photons are no longer thermalized after
400 s. Hence, neutrino production drops significantly after this

ime, such that only neutrinos originating from thermal photons
t t � 400 s contribute to the neutrino fluence. We see that the
pectral break appears in the 10 TeV–1 PeV energy range. In this
ase, the fluence is largest between 1 and 100 PeV, which accounts
or the emission after 100 s. The low-energy tail comes from the
uperposition of the low-energy tails of emissions at all times,
reating a smooth rise in fluence, while the high energy tail end of
NRAS 521, 2391–2407 (2023) 

o  
he neutrino spectrum is the superposition of contributions from late 
imes. 

The main difference between the s = 1 and s = 2 cases is that, for
 = 1, most of the energy is injected into protons at ε ′ p ∼ ε ′ p, max . As
 result, for a given ηacc , we do not have a large fraction of the low-
nergy neutrino events. At the same time, all the peaks in ε νL ε ν and
 νE ε ν are shifted to higher energies. As we have more high-energy
ions for s = 1, the total energy deposited into neutrinos is lowered
s a result of pion and muon cooling. This affects the cases of WR
rogenitors the most, where the magnetic fields are stronger during
he neutrino emission time as radii and Lorentz factors are small. The
trong magnetic fields lower ε ′ p, max and increase synchrotron cooling
ates, enhancing the suppression effect abo v e ε ν � few TeV. The
 v erall effect is that ε νE ε ν has a smooth rise, resembling a power law
ntil it reaches the peak fluence, as shown in the bottom-right-hand
anel of Fig. 7 . 

Both BSG and RSG progenitors are more common than WR stars,
aking the intrinsic rates of RSG and BSG core-collapse higher

han that of WR core-collapse. On the other hand, the occurrence
f relativistic jets in these supergiants remains highly uncertain.

art/stad494_f7.eps
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Table 2. Expected number of ε ν > 1 TeV neutrino events detected with 
IceCube-Gen2 for a source located at D = 100 Mpc , e v aluated for v arious 
PNS configurations and density profiles, and during the epoch while jet 
propagates through the progenitor ( t < t bo ). Number of events without (with) 
brackets correspond to an ε ′−2 

p ( ε ′−1 
p ) injected proton spectrum. 

( B dip /G, P i /ms) WR BSG RSG 

(10 15 , 2) 1.3 × 10 −2 4.3 × 10 −2 4.8 × 10 −2 

(6.9 × 10 −4 ) (5.9 × 10 −3 ) (6.3 × 10 −3 ) 
(3 × 10 15 , 1.5) 5.6 × 10 −2 8.9 × 10 −1 1.1 

(1.2 × 10 −3 ) (5.9 × 10 −2 ) (1.2 × 10 −1 ) 
(10 16 , 1) 1.1 × 10 −1 14 43 

(6.5 × 10 −3 ) (4.7 × 10 −1 ) (3.2) 
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uch jets are unlikely to correspond to canonical GRBs and thus
ay not be triggered by current searches for GRB-like transients. 
s jets originating from these supergiants are harder to detect 

lectromagnetically, their potential as neutrino sources is worth 
xploring. 

The neutrino fluxes obtained from Fig. 7 are too low to detect with
he current IceCube. This is consistent with the non-observations of 
eutrinos from GRBs (Aartsen et al. 2017 , 2019 ; Abbasi et al. 2022 )
nd SNe Ibc (Esmaili & Murase 2018 ; Senno, Murase & M ́esz ́aros
018 ; Chang et al. 2022 ). In addition, the recent GRB221009A 

2 

ould constrain the neutrino fluence E 
2 
ν� ν � 3 × 10 −4 erg cm 

−2 for
 source at redshift z = 0.15. For that distance, our WR fluences
re E 

2 
ν� ν � 10 −7 erg cm 

−2 . Likewise, the differential energy of
mitted neutrinos ε νE ε ν � 10 49 erg is well below the precursor limits
f ∼10 −4 erg cm 

−2 from Abbasi et al. ( 2022 ) for GRB180720B
nd GRB130427A (Gao, Kashiyama & M ́esz ́aros 2013 ), at their
orresponding redshifts. We therefore look for detectability in future 
eutrino detectors. In the case of IceCube-Gen2, we estimate the 
umber of track events from 

 = 

∫ 
d E νA eff ( E ν) � νμ

( E ν) , (21) 

here A eff is the neutrino ef fecti ve area and � νμ
is the muon neutrino

ux. To get A eff , we use the ef fecti ve area in Stettner ( 2020 ) and scale
t by a factor of 10 2/3 to account for IceCube-Gen2’s detector size. 

In Table 2 , we list the expected number of neutrino events that
an be detected with IceCube-Gen2, for a source located at distance 
 = 100 Mpc , for both s = 1 and s = 2. We take E ν, min = 1 TeV

s the minimum detectable neutrino energy. We first analyse s = 2,
hich is our proton injection spectrum which leads to a larger number 
f neutrino ev ents. Ev en in the most optimistic PNS configuration
ith strong field and rapid rotation, we find that WR stars have a
egligible neutrino signal. For the BSG progenitor, only the most 
ptimistic scenario with ( B dip , P i ) = (10 16 G , 1 ms ) yields a few
etectable neutrino events. The RSG progenitor presents the most 
romising scenario with several neutrino events detectable above 
0 TeV , resulting from the typically large jet Lorentz factors for times
lose to t bo . In this case, we can get up to a few tens of events for
ptimistic central engine configurations. For a harder spectral index 
 = 1, we see that the expected number of neutrino events drops by
oughly an order of magnitude. This is explained by the reduction of
ower-energy neutrinos. The neutrino-nucleon cross section and A eff 

o not increase sufficiently fast with energy to compensate for this
ack of low-energy neutrino flux, which results in fewer detectable 
 vents. Ho we ver, one should keep in mind that the results for s =
 https:// gcn.gsfc.nasa.gov/ other/ 221009A.gcn3 (Veres et al. 2022 ) 

T
m  

p

23
 are sensitive to ε ′ p, max , which can be lowered for larger values 
f ηacc . 

 DISCUSSION  &  IMPLICATIONS  

.1 Impacts of the progenitor 

elativistic jets can be launched from highly magnetized rapidly 
otating PNS that are formed shortly after stellar core collapse. 
he Poynting flux is initially stored close to the PNS and gradually
onverted into jet kinetic energy post launch. This leads to an increase
n σ 0 o v er time which subsequently facilitates dissipation (see Fig.
 ). More energetic jets emerge from PNSs with a combination of
tronger field and rapid rotation, coupled with smaller jet opening 
ngle. In this study, we analytically investigated the properties of 
uch magnetized outflows as they propagate through their stellar 
rogenitors, in particular considering BSGs and RSGs as well as 
tars with stripped He envelopes such as WRs. 

The jet collimation occurs due to the formation of oblique shock
lose to jet base and depends on the strength of jet-cocoon inter-
ctions. For B dip ∼ 10 15 –10 16 G and P i ∼ 1 –2 ms , the jet remains
ncollimated before breakout as the jet pressure exceeds the cocoon 
ressure, P j � P c for t � t bo . As the jet-head attains relativistic
elocities at later times inside more dense stellar media, it is easier for
ets with larger θ j to be collimated inside WR stars. By comparison,
he cocoon remains sub-relativistic throughout the cooling phase. 

Unlike hydrodynamic jets, magnetized jets have a narrower jet 
ross-section and encounter less stellar material prior to breakout. 
herefore, they propagate much faster with a shorter t bo and dissipate
onsiderably less energy to the cocoon E c ( t bo ) while crossing the
tellar envelope. As expected, the relativistic jets originating from 

NS with stronger fields and rapid rotation rates deposit more 
nergy into their surrounding cocoon. The deposited energy at t bo 

ends to be larger for BSGs ( E c ∼ 10 46 –10 50 erg ) and RSGs ( E c ∼
0 47 –10 51 erg ) progenitors, with significantly longer t bo , compared 
o their WR counterparts ( E c ∼ 10 45 –10 49 erg ). 

Jets can get choked within the stellar envelope if the PNS stops
t t < t th before the jet exits star or if ˜ E j , iso = 

∫ t bo 
0 L j, iso d t is smaller

han the minimum energy ˜ E ej required to push through the stellar 
nvelope. Magnetized jets with smaller θ j are more likely to break 
ut as ˜ E j , iso ( t bo ) / ̃  E ej ∝ θ−4 

j . The rotation rate P i does not affect
he breakout criterion, whereas relativistic outflows from PNS with 
eaker fields B dip � 3 × 10 15 G can get choked inside the stellar

nvelope of WR stars. Ho we ver, jets with 10 15 � B dip /G � 3 × 10 16 

nd 1 � P i /ms � 5 tend to break out from their less dense BSG and
SG counterparts. 
Magnetic fields can stabilize the jet by inhibiting the growth of

ocal instabilities along the jet-cocoon boundary. While wider and/or 
o w-po wer jets require stronger fields for stabilization, narrower 
nd/or high-power jets tend to be more stable. Current-driven kink 
nstabilities can arise in magnetized jets which can render the jet
tructure globally unstable. We find that magnetized jets with 10 15 

 B dip /G � 3 × 10 16 and 1 � P i /ms � 5 are al w ays stable against
ink instability as t kink / t dyn � 1 throughout their propagation in the
tellar envelope. Furthermore, jets with wider opening angles are 
ore stable as t kink ∝ r 2 j . 

.2 Model assumptions 

his study makes several assumptions to simplify the analytical 
odelling of magnetized jet propagation in the stellar ejecta of GRB

rogenitors. First, we assume an axisymmetric jet that expands into 
MNRAS 521, 2391–2407 (2023) 
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niform cold stellar medium, i.e. the external pressure is negligibly
mall and does not influence dynamical evolution of the system. The
et is launched with an opening angle that does not vary with time.

e approximate the cocoon pressure as being uniform and assume
hat the jet material does not lose energy due to the work done against
ocoon pressure as its propagates from the injection point to the jet-
ead. This is justified as the jet injection angle is fixed and small, and
hat the stellar envelope does not expand with time (Bromberg et al.
011 ). Although we assume a fixed PNS mass for this study, central
ngine properties such as its size, magnetic field, and/or rotation
ate should correlate with properties of the stellar envelope. Lastly,
 dip can be dynamically amplified o v er the cooling phase due to
ifferential rotation of the PNS outer layers, an effect that we do not
onsider here. 

.3 Neutrinos 

f protons are accelerated in the magnetized jet through magnetic
issipation, they must interact with ambient photons escaping from
he termination shock to generate pions. This subsequently leads
o the production of high-energy neutrinos with ε ν � 1 TeV via p γ
nteractions. The signatures of neutrino oscillation have been of much
nterest. The oscillations of these neutrinos in the context of precursor
r orphan neutrinos have been studied using both analytical and
umerical methods (Mena, Mocioiu & Razzaque 2007 ; Razzaque &
mirnov 2010 ; Sahu & Zhang 2010 ; Xiao & Dai 2015 ; Carpio &
urase 2020 ; Abbar, Carpio & Murase 2022 ). 
PNSs with stronger magnetic fields and rapid rotation rates

otentially have larger intrinsic po wers. Ho we ver, in WR stars,
he high-energy neutrino flux is largely suppressed. The resulting
eutrino fluence is too small for the detection even with IceCube-
en2. This is consistent with previous conclusions (e.g. Murase &

oka 2013 ). Canonical GRB jets propagating in a WR star are unlikely
o be efficient sources of high-energy neutrinos but quasi-thermal
eutrinos may still be detectable (Gao & M ́esz ́aros 2012 ; Kashiyama,
urase & M ́esz ́aros 2013 ; Murase, Kashiyama & M ́esz ́aros 2013 ). 
For the BSG and RSG progenitors with larger radii, the observed

eutrino fluence is a result of late time emission when attenuation
s negligible. Neutrinos from BSG sources are only detectable for
nergetic outflows with strong B dip � 3 × 10 15 G, rapid P i � 1 . 5 ms
nd s ≈ 2, unless the source distance is significantly smaller than
00 Mpc. In the case of s = 1, BSG leads to no detectable neutrinos
f the source distance is 100 Mpc. The high luminosities and large
orentz factors for magnetized jets in RSG progenitors present the
ost promising scenario with s = 2 for the detection of N > few ×

0 events above 10 TeV with IceCube-Gen2. For a harder spectrum
ith s = 1, N is marginal, but we could still detect N ∼ 3 events

or the most energetic configuration. 
As noted abo v e, the jet may be accelerated to achieve a large

orentz factor inside the expanding magnetized bubble. Once the
et leaves the bubble (before the breakout from the star), the mixing
ith the ambient cocoon may occur. In this case, one should consider

adiation constraints (Murase & Ioka 2013 ) for a hydrodynamic jet
ith z cs > R w . 

.4 Cosmic-rays 

he relativistic winds studied in this paper are promising ultra-high
nergy cosmic ray (UHECR) sources as their environments consist
f primarily heavy nuclei (Murase et al. 2006 , 2008 ; Metzger et al.
011b ; Horiuchi et al. 2012 ; Bhattacharya et al. 2022 ; Ekanger et al.
NRAS 521, 2391–2407 (2023) 
022 ). Recent measurements by the Pierre Auger Observatory (The
ierre Auger Collaboration 2015 ) indicate that UHECR composition
t high energies is primarily dominated by heavier nuclei (Abraham
t al. 2010 ; Taylor, Ahlers & Aharonian 2011 ; Abbasi et al.
018 ; Batista et al. 2019 ). Since relativistic outflows in rapidly
otating magnetars can also power GRBs, they can simultaneously
ynthesize and accelerate heavy nuclei to ultrahigh energies, making
hem intriguing nuclei UHECR sources. Therefore, it is important
o consider the effect of jet propagation and subsequent mixing
ith its surrounding medium on the composition of outflows and
HECR (Gottlieb & Nakar 2022 ; Hamidani & Ioka 2021 ). For our

nalysis, we have considered PNS with mass M ns = 1 . 4 M �, dipole
agnetic fields 3 × 10 14 G � B dip � 3 × 10 16 G, rotation periods
 ms � P i � 5 ms , and obliquity angle χ = π /2. We find that before
reakout, any nuclei synthesized in the outflow will be disintegrated
ue to the large photon density in the outflow, implying that UHECRs
eed to be sourced at later epochs (see e.g. Bhattacharya et al. 2022 ;
kanger et al. 2022 ). 

 SUMMARY  &  CONCLUSIONS  

elati vistic jets po wered by strongly magnetized and rapidly rotating
rotomagnetars may be rele v ant for GRBs, and have been investi-
ated as potential sources of UHECRs and very high energy neutri-
os. In this work, we used a semi-analytical model for protomagnetar
pin-down to investigate the role of central engine properties (namely
 dip , P i , and θ j ) on the dynamical evolution of the jet-cocoon
ystem, its interaction with the surrounding stellar material, and the
roduction of high-energy neutrinos. The time evolution of the jet
s determined by the time-dependent luminosity and outflow mag-
etization which are obtained from the protomagnetar spin-down.
or a broad range of protomagnetar parameters and potential GRB
rogenitors, we argued that magnetized jets can be stable against
urrent-driven kink instabilities such that they are uncollimated when
hey break out (especially, for B dip � 10 15 G and P i � 2 ms ). While
elativistic jets break out for most protomagnetar configurations,
he breakout time is longer for BSG and RSG progenitors and
he jet can therefore deposit considerably more energy into the
ocoon. 

Late-time neutrino emission contributes the most towards the
etectability of precursor neutrino signals, as neutrino absorption
rom the source environment is the weakest at that stage. We find that
he expected fluxes for magnetized jets powered by protomagnetars
re below the IceCube detection range, but may be observed in
ceCube-Gen2 if the external material is sufficiently e xtended. F or

R stars, there is little observable signal for a source distance
f 100 Mpc and neutrinos typically get absorbed by their dense
nteriors; for BSGs, when B dip � 3 × 10 15 G and P i � 1 . 5 ms , which
orrespond to the most energetic jets, one might detect ∼15 neutrino
vents with IceCube-Gen2 for s = 2, but fe wer e vents if s =
. Magnetized outflows from RSG progenitors at distances up to
00 Mpc could yield as many as ∼40 detectable neutrino events with
ceCube-Gen2 for s = 2 and ∼3 events for s = 1. The precursor
eutrino signatures from BSG and RSG progenitors are one of
he few ways of observing jets launched in their core collapses
hich are otherwise hard to directly detect electromagnetically. Thus,

earches for neutrinos coincident with possible nearby transients
rom the collapse of RSGs and BSGs may provide a unique
pportunity to study the presence of jets using the multimessenger
pproach. 
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OTE ADDED 

ecently, Guarini, Tamborra & Gottlieb ( 2023 ) performed numerical 
imulations of collapsar jets to study neutrino production. Our work 
s inherently distinct from their work. We considered large values of

0 which are difficult to study with current magnetohydrodynamic 
imulations, and explored different progenitors such as BSGs and 
SGs which are much more extended than their WR counterparts. 
ome of the descriptions of Carpio ( 2022 ) presented in their ‘Note
dded’ are inaccurate. In particular, the explored parameter space for 

ets and progenitors in these works are different, and we considered 
hotomeson production and magnetic reconnections as the rele v ant 
echanisms. 

ATA  AVAILABILITY  

he data underlying this article will be shared on reasonable request 
o the corresponding author. 
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Table A1. List of symbols used in this work along with their physical description and where (equation or section) they are 
first used. We write ‘Text’ for the symbols that come from equations within the text. 

Symbol Description Equation/Section 
Central engine parameters 

L ν , εν Neutrino luminosity, mean energy ( 1 )/§2.1 
Ṁ Mass loss rate due to neutrino-heated wind ( 1 )/§2.1 
M NS , R NS Protomagnetar mass, radius ( 1 )/§2.1 
χ Magnetic obliquity angle Text/§2.1 
� = 2 π / P PNS angular velocity for spin period P Text/§2.1 
ηs Stretch factor for the neutrino quantities Text/§2.1 
φB Magnetic flux due to surface dipole field B dip Text/§2.1 
R mag Magnetic dissipation radius ( 3 )/§2.1 
Ė kin , Ė mag Kinetic, magnetic wind luminosity Text/§2.1 
J Angular momentum of rotating PNS Text/§2.1 

Jet/outflow parameters 
f open Fraction of PNS surface threaded by open field lines ( 1 )/§2.1 
f cent Enhancement to Ṁ from magnetocentrifugal effect ( 1 )/§2.1 
C es Heating correction for inelastic neutrino-electron scatterings ( 1 )/§2.1 
� j Jet Lorentz factor ( 2 )/§2.1 
σ 0 Magnetization of the outflow Text/§2.1 
L j Jet luminosity Text/§2.1 
θ j Jet opening angle Text/§2.1 
h j/a Specific enthalpy of the jet/ambient medium ( 5 )/§3.1 
� jh Relative Lorentz factor between jet and jet-head ( 5 )/§3.1 
P j , r j Jet pressure, cross-sectional radius Text/§3.1 
� h Lorentz factor of the jet-head ( 5 )/§3.1 
˜ L Jet energy density/ambient energy density ( 6 )/§3.1 
˜ P Jet pressure/ambient pressure ( 6 )/§3.1 
r h Jet-head position ( 9 )/§3.2 
r s Cylindrical radius of the collimation shock §3.3 
z cs Converging position of the collimation shock ( 13 )/§3.3 

Ejecta parameters 
ρa ( r ) Density profile of the external medium Text/§2.2 
α Density profile power-law index Text/§2.2 
M ∗, R ∗ Mass, radius of the stellar progenitor Text/§2.2 
Z Metallicity corresponding to stellar progenitor composition Text/§2.2 
P ext Pressure of external medium ( 5 )/§3.1 

Cocoon parameters 
E c Energy deposited into the cocoon by jet Text/§3.2 
η Fraction of jet energy deposited into cocoon Text/§3.2 
P c , V c , r c Cocoon pressure, cylindrical volume, cross-sectional radius ( 9 )/§3.2 
� c Lorentz factor of the cocoon ( 9 )/§3.2 
ρa Mean density of the surrounding medium ( 10 )/§3.2 

System time-scales 
t bo, hyd Breakout time for hydrodynamic jets ( B1 )/App B 

t bo, mag Breakout time for magnetized jets ()/App B 

t eng/th Central engine/threshold activity time Text/§4.1 
t kink Time-scale for kink instability to develop ( 14 )/§4.2 
t dyn Outflow dynamical/expansion time-scale Text/§4.2 

CR and neutrino spectrum parameters 
d N /d ε Proton/neutrino spectrum Text/Section 5 
εB , εp Luminosity fraction converted to magnetic field energy, proton energy Text/Section 5 
f p γ Ef fecti ve optical depth for p γ interactions Text/Section 5 
f sup Spectrum suppression factors Text/Section 5 
φν , � ν Neutrino flux, fluence Text/Section 5 
D Neutrino source distance Text/Section 5 
N Detected events with IceCube-Gen2 ( 21 )/Section 5 
E ν, min / max Minimum/maximum neutrino energy ( 21 )/Section 5 
σνN ( E ν ) Neutrino-nucleon cross section ( 21 )/Section 5 
n γ , T γ Photon number density, temperature Text/Section 5 
f esc Photon escape fraction from termination shock Text/Section 5 
n sj Number density of particles in shocked jet Text/Section 5 
σ p γ Cross section for p γ interactions ( 19 )/Section 5 
L ε ν ε νd N ν /d ε ν ( 19 )/Section 5 
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PPENDIX  B:  JET  BREAKOUT  TIME  

rior to breakout, the jet collides with the stellar envelope to generate
 reverse shock. The shocked material from the jet and the envelope
o v e sideways from the jet head to form a cocoon. At the expense of

his shocked matter, the jet head mo v es outwards and drills a hole into
he stellar envelope. This is called the jet breakout. The high pressure
ocoon confines the jet through a CS before the jet breaks out. After
et breakout, the jet expands into the circumstellar medium which is
ssumed to be very dilute. Unlike hydrodynamic jets that typically
ross the star at sub-relativistic velocities, Poynting flux dominated
ets have a narrower jet head and therefore encounter less resistance
y the stellar material. Consequently, these magnetized jets mo v e
uch faster with a shorter t bo and dissipate much less energy while

rossing the stellar envelope. 
Bromberg et al. ( 2015 ) derived the jet breakout time assuming

anonical values for the stellar mass M ∗ = 15 M �, stellar radius
 ∗ = 4 R �, and a power-law density profile ρ∗ ∝ r −2.5 . For hydro-
ynamic jets, the breakout time is 

 bo , hyd = (6 . 5 s) R ∗, 4 R �

[ (
L j 

L rel 

)−2 / 3 

+ 

(
L j 

L rel 

)−2 / 5 
] 1 / 2 

(B1) 

ere, L rel ∼ (1 . 6 × 10 49 erg s −1 ) R 
−1 
∗, 4 R �M ∗, 15M �θ4 

0 . 84 is the transition
uminosity between a non-relativistic breakout time and a relativistic
ne. As a Poynting flux dominated jet becomes relativistic deep
ithin the star, the corresponding breakout time is 

 bo , mag = (9 . 2 s) R ∗, 4 R �

(
1 + 0 . 11 L 

−1 / 3 
j, 49 R 

2 / 3 
L, 7 M 

1 / 3 
∗, 15M �R 

−1 
∗, 4 R �

)
(B2) 

here R ∗, 4 R � = R ∗/ 4 R � and M ∗, 15M � = M ∗/ 15M �. The breakout
ime for a magnetized jet is significantly smaller compared to
he breakout time for a hydrodynamic jet with similar luminosity
nd progenitor star parameters. From equation ( B2 ), the breakout
imes for the (15.7 M �, 5.15 R �) WR, (15.9 M �, 52 R �) BSG and
11.9 M �, 875 R �) RSG progenitors are 14 . 6, 122 . 2, and 2023 s,
espectively. As t bo, mag does not have a strong dependence on L J , it
s primarily decided by the stellar radius R ∗ instead of the specific
 B dip , P i ) configuration considered. 
NRAS 521, 2391–2407 (2023) 

igure C1. Contour plots for ˜ L ( t bo ) /θ
−4 / 3 
j shown in B dip −P i plane, where ˜ L is g

ollimated before it breaks out of the stellar env elope pro vided that ˜ L ( t bo ) � θ
−4
j 

ollimate jets with larger opening angles θ j as their isotropic-equi v alent luminositi

o remain uncollimated (with ˜ L ( t bo ) � θ
−4 / 3 
j , for similar values of B dip and P i ) if th
PPENDIX  C:  CRITERIA  FOR  JET  

OLLIMATION  BEFORE  BREAKOUT  

agnetized jets that arise from PNS central engines are either colli-
ated or uncollimated based on the jet energy density ( L j /πr 2 j c) and

ts initial opening angle θ j . For sufficiently high P c , jet collimation
ccurs which reduces the jet-head cross section and accelerates its
ropagation through the dense stellar medium. There is an upper
imit to βh abo v e which P c becomes too lo w to ef fecti vely collimate
he jet and therefore the jet can transition to an uncollimated state
efore it finally breaks out of the stellar envelope. 
The critical jet parameter ˜ L = L j / ( πr 2 j ρa c 

3 ) varies as the jet
ropagates, depending on the stellar density profile and behaviour
f the jet’s cross section. ˜ L , together with θ j , generally decides
hether the jet is collimated by the cocoon or not. It is easier to

ollimate the outflow inside the star for sufficiently low-power jets
 ̃
 L ( t bo ) � θ

−4 / 3 
j ), as they become slow and cylindrical. Contrastingly,

hen ˜ L ( t bo ) � θ
−4 / 3 
j , the cocoon pressure is generally too weak to

aterally compress the jet and it remains conical in geometry. 
Fig. C1 shows the ˜ L /θ

−4 / 3 
j contours in B dip −P i plane, evaluated at

he time of jet breakout. The results are shown for WR, BSG, and RSG
rogenitors, and for jet opening angle θ j = 20 ◦. The relativistic jet
s collimated by the surrounding medium before breakout provided
˜ 
 /θ

−4 / 3 
j � 1, for a given ( B dip , P i ) configuration and stellar density

rofile. Jets with a wider opening angle are somewhat easier to get
ollimated by the cocoon due to their marginally smaller energy
ensities for a similar central engine configuration. Irrespective of
he progenitor density profile, jets that arise from PNS with stronger
elds and rapid rotation rates are more likely to be uncollimated
t the breakout time due to their large energy density. Ho we ver,
or the WR star with M ∗ = 15 . 7 M � and R ∗ = 5 . 15 R �, we find
hat ˜ L /θ

−4 / 3 
j � 1 across the entire B dip −P i considered, indicating

hat most jets within such progenitors can potentially be collimated
efore breakout if P jet � P c . 
A fast head is essential for successful jet breakout from the

onfining medium during the lifetime of the central engine. Without
trong collimation, the jet head would remain buried deep in the
edium when the engine ceases to be active, and jets would fail to

reak out and produce luminous GRBs. Initially, the internal pressure
iven by equation ( 6 ) and jet-opening angle θ j = 20 ◦. A relativistic jet gets 
 / 3 and P j � P c . For a given stellar density profile, it is generally easier to 
es are relati vely smaller. On the other hand, magnetized jets are more likely 

e external medium is less dense, for e.g. BSG and RSG progenitors. 
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Figure C2. Variation of cocoon, jet and jet-head velocities with time are shown for three PNS configurations with ( B dip , P i ) = (10 15 G , 2 ms ) (solid curves), 
(3 × 10 15 G , 1 . 5 ms ) (dashed curves) and (10 16 G , 1 ms ) (dot–dashed curves). The left-hand, centre, and right-hand panels are shown for WR, BSG, and RSG 

progenitor, respectively. While both βc and βh tend to increase with an increase in the progenitor radius R ∗, the effect on the jet-head velocity is more pronounced. 

Figure C3. Time evolution of the external medium pressure, jet pressure, and cocoon pressure are shown for same PNS configurations and stellar density 
profiles as in Fig. C2 . Jet pressure scales with the initial opening angle as P j ∼ L j /r 

2 
j ∼ θ−2 

j once the magnetized outflow becomes relativistic, increasing for 
smaller θ j as jet energy density rises. While P c and P ext are independent of θ j , P c is marginally higher for WR stars with smaller R ∗ compared to BSG and RSG 

progenitors, as density of the external medium is relatively larger. 
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f the jet is so large that it expands freely until the collimation point
here P j = P c . After this point, the jet is collimated by the P c with

he transition to collimated state accompanied by oscillations in r j 
round its equilibrium value. 

Fig. C2 shows the evolution of velocities for different system 

omponents, namely the cocoon, jet, and the jet-head for θ j = 

0 ◦. The results are shown for three PNS configurations with 
 B dip , P i ) = (10 15 G , 2 ms ), (3 × 10 15 G , 1 . 5 ms ) and (10 16 G , 1 ms ).
he velocity profiles for the WR, BSG, and RSG progenitors are 
hown in the left, center, and right-hand panels, respectively. We find 
hat the jet opening angle does not affect the component velocities of
he jet-cocoon system for θ j ∼ 5–−20 ◦. While βc remains sub- 
elativistic for t ∼ t KH , the jet-head powered by σ 0 can attain 
elativistic velocities at later times t � few 10 s. For a given progenitor
ensity profile, magnetized jets with a combination of stronger fields 
nd rapid rotation rates achieve higher βc and βh . While βc increases 
arginally for progenitors with a larger R ∗, the corresponding βh 

eaches relativistic velocities earlier due to less dense surrounding 
tellar medium. 
Fig. C3 shows the time evolution of pressure for the external
edium, the jet, and the cocoon for a magnetized outflow propagating 

n the stellar medium. The results are shown for the same ( B dip , P i )
onfigurations and density profiles as in Fig. C2 . As expected, for a
iven stellar density profile and jet opening angle, P j and P c are both
igher for the outflows that are more energetic i.e. with larger B dip and
maller P i . For B dip ∼ 10 15 − 10 16 G and P i ∼ 1–−2 ms, P j generally
xceeds P c throughout the PNS spin-down evolution suggesting that 
he jet remains uncollimated prior to its breakout. The jet pressure
ncreases with the initial opening angle as P j ∼ L j /r 

2 
j ∼ θ−2 

j once
0 � 1 and L j becomes roughly constant after few seconds (see Fig.
 ). Although both P c and P ext are independent of θ j ∼ 5–−20 ◦, the
ormer tends to be slightly lower for the BSG and RSG progenitors
hat have a larger R ∗ (and therefore smaller P ext ) in comparison to
heir WR counterparts. Consequently, it is easier for the surrounding 

edium to collimate the magnetized jets that have a wider θ j , and
specially, in the WR progenitors. 
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