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A B S T R A C T 

After the first multimessenger observation of a binary neutron star (BNS) merger powering a short-duration gamma-ray burst 
(GRB), GW170817-GRB 170817A, remarkable effort is ongoing to unravel the evolution of the collimated, relativistic outflow 

(or jet) that was launched during the merger and fed the GRB event, imprinting its angular structure onto the follow-up afterglow 

signal. Current theoretical models, based on relativistic magnetohydrodynamic (RMHD) simulations, offer detailed insights into 

the launch and propagation processes that go v ern jet evolution. Notably, these simulations point out that jet injection parameters, 
such as luminosity, magnetization, power decay time-scale, and launch time relative to merger, play a crucial role. Ho we ver, the 
impact of these parameters is typically investigated within simplified jet propagation environments, lacking a direct connection 

with a realistic BNS merger aftermath. In this work, we present the first suite of 3-D RMHD simulations exploring the influence 
of such parameters on the propagation of magnetized incipient GRB jets injected into magnetized environments directly imported 

from the outcome of a general-relativistic MHD BNS merger simulation. Our results demonstrate that, alongside the injection 

parameters, the BNS merger environment has a central role in shaping the o v erall jet evolution. Specifically, under identical 
jet parameters, the fate of an incipient jet (whether it successfully breaks out or becomes choked) depends strongly on the 
properties of such an environment. Further quantitative comparison between realistic and simplified environments reveals major 
differences, emphasizing the importance of incorporating the former for accurate modelling. 

Key words: MHD – relativistic processes – methods: numerical – stars: jets – gamma-ray bursts – neutron star mergers. 
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 I N T RO D U C T I O N  

he widely accepted paradigm for gamma-ray bursts (GRBs) at- 
ributes these events to electromagnetic (EM) emission arising from 

ollimated, relati vistic outflo ws (‘jets’) launched by a compact 
entral engine [e.g. a hyper-accreting black hole (BH) or a rapidly 
pinning, highly magnetized neutron star], formed in the aftermath 
f a massive star’s collapse or the merger of a binary neutron star
BNS) or NS-BH system (see e.g. Zhang 2018 for a re vie w). The
ssociation with BNS mergers, specifically, was confirmed in 2017 
ith the first joint detection of gravitational waves (GWs) from the 

nspiral of two NSs (event named GW170817) and the short-duration 
RB 170817A (Abbott et al. 2017a , b , c ). Follow-up analysis of the

ccompanying afterglow signal further confirmed that the merger 
aunched a jet, emerging with a non-uniform angular structure and 
owering the GRB. Moreo v er, the observation angle was constrained 
etween about 15 and 25 degrees relative to the main propagation 
xis of the jet itself (Lazzati et al. 2018 ; Mooley et al. 2018 ; Ghirlanda
t al. 2019 ; Nakar & Piran 2021 ; Mooley, Anderson & Lu 2022 ). 
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While the physical connection between BNS mergers and GRBs 
as been firmly established, the processes driving the jet evolution, 
rom launch by a compact central engine, through propagation in 
he surrounding post-merger environment, up to formation of an 
ngular structure imprinted on the following EM emission, remain 
nder investigation (Salafia & Ghirlanda 2022 ). Notably, due to the
ptically thick regime of the system, EM observations cannot directly 
robe such evolution phases. 
Gi ven these observ ational limitations, a gro wing ef fort has been

evoted to developing theoretical models that explore the physical 
onditions at jet launch and during propagation through the post- 
erger environment, in relation to their final EM signatures. This 

ffort has involved both analytical/semi-analytical approaches (e.g. 
arrison, Gottlieb & Nakar 2018 ; Hamidani, Kiuchi & Ioka 2020 ;
azzati, Ciolfi & Perna 2020 ; Salafia et al. 2020 ; Hamidani & Ioka
021 ; Gottlieb & Nakar 2022 ; Garc ́ıa-Garc ́ıa, L ́opez-C ́amara &
azzati 2024 ; Guti ́errez et al. 2025 ) and relativistic (magneto-

hydrodynamic simulations (e.g. Bromberg et al. 2018 ; Duffell et al.
018 ; Geng et al. 2019 ; Kathirgamaraju et al. 2019 ; Gottlieb et al.
020 ; Nathanail et al. 2020 ; Gottlieb, Nakar & Bromberg 2021 ;
urguia-Berthier et al. 2021 ; Nathanail et al. 2021 ; Nativi et al.
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1 Compared to P23, in this work we use a more accurate numerical setup, 
particularly a less dif fusi ve Riemann solver, in order to increase the ef fecti ve 
resolution of our simulations. In Appendix A , we quantify this increase by 
comparing the new results with those obtained using a similar setup to P23. 
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rrutia, De Colle & L ́opez-C ́amara 2023 ; Mattia et al. 2024 ; Pais
t al. 2024 ). In these works, in particular, it has been shown that the
roperties of the jet at launch (including luminosity, magnetization,
nd angular profiles), the time delay of the launch itself relative to the
erger, and the jet’s power decay time-scale (linked to the duration of

he central engine activity), play a crucial role in shaping the o v erall
et evolution and its final configuration. 

Ho we ver, while some of the above simulations can capture jet
hysics with a high level of sophistication, the role of launch
onditions on the o v erall jet evolution is explored using simplified
ropagation environments, i.e. surrounding distributions of rest-mass
ensity , pressure, velocity , and magnetic field that are inspired by,
ut not directly imported from, general-relativistic (GR) BNS merger
imulations. 

With the aim of providing a more realistic and self-consistent
escription of the jet propagation process, in Pavan et al. ( 2023 ,
enceforth P23) we developed numerical methods to import mag-
etized environments directly from the outcome of BNS merger
imulations, extending the purely hydrodynamical approach first
resented in Pavan et al. ( 2021 ) (see also Lazzati et al. 2021 ).
hen, we carried out the 3D relativistic magnetohydrodynamic

RMHD) simulation of an incipient GRB jet manually injected into
 ‘realistic’ (i.e. imported) magnetized BNS merger environment,
o v ering up to 2 s of jet evolution. The simulation results, despite
eing limited to a single fiducial case, demonstrated the crucial
mportance of employing a realistic magnetized environment and
ts strong impact on the jet propagation process shaping the final jet
ngular structure. In particular, the inhomogeneities and anisotropies
haracterizing the realistic post-merger ambient medium resulted in a
on-axisymmetric final configuration, with implications for the asso-
iated EM emission. In our previous purely hydrodynamical analysis
Pavan et al. 2021 ), we also showed that such inhomogeneities
nd anisotropies, under identical jet injection conditions, result in
 significantly different jet breakout time and energy partitioning
ith respect to the equi v alent simulation with a typical simplified

nvironment. 
In this paper, we employ the numerical methods developed in

23 to conduct the first parameter study of GRB jets propagat-
ng through realistic BNS merger environments. Specifically, we
erform the first suite of 3D RMHD simulations of magnetized
ncipient GRB jets, manually injected with different luminosity,

agnetization, power decay time-scale, and launch time relative
o merger, into a realistic magnetized environment resulting from
 3D GRMHD BNS merger simulation. We particularly focus on the
mpact of such parameters on the jet’s dynamics, energetics, and final
ngular structure, providing quantitative details and comparison with
tate-of-the-art models in which instead simplified environments
re adopted. In addition, our simulations extend up to 3 s after
aunch, significantly longer than the previous 3D RMHD simulations
f GRB jets in BNS merger environments (e.g. P23 and refs.
bo v e). 

This paper is organized as follows. In Section 2 , we describe
ur simulation setup, including numerical methods, data import
rocedure, computational grid, and jet injection prescription. In
ection 3 , we present and discuss the results of simulations with
 fixed launch time relative to the merger, but different jet injection
uminosity, decay time-scale, and magnetization. In Section 4 , we
xamine the results of simulations with different launch time relative
o the merger. In Section 5 , we analyse and compare the final jet
ngular structure across all the simulations in this work. Finally, in
ection 6 , we summarize our findings and provide an outlook on
uture directions. 
NRAS 540, 1345–1362 (2025) 
 N U M E R I C A L  A N D  PHYSI CAL  SETUP  

ur simulations are performed using the ideal RMHD module of the
LUTO code (version 4.4-patch2; Mignone et al. 2007 ). Numerical
ntegration is carried out employing fifth-order piecewise parabolic
econstruction (Mignone 2014 ), the First ORder CEntred (FORCE)
iemann solver (Toro & Titarev 2006 ; Mattia & Mignone 2022 ), and

hird-order Runge Kutta time stepping in 3D spherical coordinates
 r, θ, φ). 1 To enforce the free-divergence constraint of the magnetic
eld, we use Hyperbolic Divergence Cleaning as in P23, retaining a
ell-centred representation of the primary fluid variables (including
he magnetic field) in our simulations. 

As initial conditions in PLUTO , we import data directly from
he outcome of a BNS merger simulation published in Ciolfi
 2020b ), specifically the ‘B5e15’ model (the same model referred
o in P23). The reference merger simulation is performed in 3D
RMHD, setting the initial BNS system with the same chirp mass as

stimated for GW170817 (Abbott et al. 2019 ), mass-ratio �0 . 9, and
agnetic field of the two NS components with a maximum strength

f 5 × 10 15 G. Specifically, the magnetic field is set as poloidal
nd internal to each NS. Furthermore, the adopted equation of
tate (EOS) is a piecewise-polytropic approximation of the APR4
OS (Akmal, P andharipande & Rav enhall 1998 ) as implemented

n Endrizzi et al. ( 2016 ). The GR simulation is carried out o v er
 hierarchical 3D-Cartesian grid (maximum resolution ≈250 m)
xtended to ≈ 3400 km along all axes (equatorial symmetry is
mposed on the system orbital plane, i.e. only the z ≥ 0 region
s evolved). During the evolution, an artificial floor with constant
ensity (6 . 3 × 10 4 g cm 

−3 ) and pressure is adopted. We refer the
eader to Ciolfi ( 2020b ), for details on numerical codes and methods.

The BNS merger simulation co v ers up to � 255 ms after merger,
eading to the formation of a metastable, magnetized, differentially
otating NS remnant with gravitational mass M 0 � 2 . 596 M �, sur-
ounded by an expanding post-merger environment with anisotropic
istribution and non-homologous radial motion. Within the simula-
ion time span, neither the collapse of the NS remnant into a BH nor
he formation of a relativistic jet compatible with GRBs is observed
see Ciolfi 2020b , for further physical discussion). 

To import data from the outcome of the BNS merger simulation
nto PLUTO , we follow the same procedure as presented in P23. In
articular: 
(i) we remap 3D outputs of rest-mass density, pressure, 3-

elocity, and magnetic field onto a uniform Cartesian grid with
he same resolution as the hierarchical grid at the radial distance
 exc = 380 km; 

(ii) we extend the computed values to the z < 0 region, exploiting
he original equatorial symmetry; 

(iii) we tilt the imported system by 90 ◦ to arrange the orbital axis
long a direction orthogonal to the spherical polar axis (specifically,
long the y-axis); 

(iv) we interpolate the computed values on the PLUTO spherical
rid, replacing the original constant floor with a static, unmagnetized
atmosphere’ that decays in density and pressure as r −6 . 5 up to the
uter radial boundary r max = 2 . 5 × 10 6 km. 
When interpolating data onto the PLUTO spherical grid, we excise

he central region at r < r exc , out of which GR effects have no impact
n the system dynamics. Moreo v er, we set up the spherical grid with
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2 We note that the sign function in equations ( 11 )–( 13 ) was not accounted for 
in P23, leading to unphysical north–south asymmetries in the reproduced jet 
pattern. In this work, we have solved this problem, and the differences with 
respect to P23 are discussed in Appendix A . 
3 Here, we adopt the correct definition of L j , rectifying the version reported 
in P23 where T 00 was used instead of T 0 r . 
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ogarithmic and uniform spacing along the radial and angular direc- 
ions, respectively, and resolution of 768 × 256 × 512 cells along 
 ∈ [ r exc , r max ], θ ∈ [0 . 1 , π − 0 . 1], and φ ∈ [0 , 2 π ], respectively. In
articular, this resolution allows us to retain the same grid spacing 
t r exc as the uniform Cartesian grid in (i). In Appendix B , we also
onsider a higher grid resolution. 

For the time evolution in PLUTO , we account for the (Newtonian)
ravitational pull by the central remnant, setting the mass of the latter
o M 0 as in the reference BNS merger simulation. Moreo v er, we
elate thermodynamic quantities by means of a Taub-Matthews EOS 

Mignone & McKinney 2007 , and refs. therein), corresponding to an 
deal gas law with adiabatic index � ad = 4 / 3 in the ultrarelativistic
imit, and � ad = 5 / 3 in the non-relativistic one, with a smooth
nd continuous behaviour at intermediate regimes. Such an EOS, 
n particular, allows us to properly account for the non-relativistic 
nvironment imported from Ciolfi ( 2020b ), and for a relativistic jet 
anually injected into it (see injection recipe in the next subsection). 
e refer the reader to P23, for discussion on the impact of our EOS

hoice, with respect to the simpler � ad = 4 / 3 (more appropriate for
he treatment of radiation-dominated systems) and to the original 
OS employed in the reference BNS merger simulation. 
During the time evolution, we assume that the metastable NS 

emnant eventually collapses into a BH-accretion disc system, which 
hortly afterward is able to launch an incipient GRB jet along the
rbital axis of the progenitor binary. In particular, we treat the time ( t c )
t which such a collapse occurs as a free parameter of our simulations.
t t = t c , then, we introduce a ‘collapse phase’ lasting 30 ms, during
hich we take into account (via the corresponding prescription 

s detailed in P23) the decrease in radial pressure gradients in 
he innermost regions of the domain due to the formation of the
entral BH-disc. In particular, we model the temporal trend of such 
 decrease with an exponential decay function, with time-scale 

= τj + ( τd − τj ) sin 2 � , (1) 

here τj = 30 ms is the delay time between NS collapse and incipient
et launch, τd is the accretion time-scale of the BH-disc, and � is
he angle with respect to the orbital axis of the system (not to be
onfused with the angle θ with respect to the spherical coordinates 
olar axis, which is orthogonal to the orbital axis as a consequence
f step (iii) described abo v e). 

.1 Jet prescription 

n this work, we account for a variety of incipient GRB jets manually
njected via the prescription presented in P23, varying the physical 
arameters of that prescription, such as jet launch time, initial jet 
uminosity and magnetization (see later), and power decay time- 
cale. 

At the time of launch (i.e. t c + τj ), at r = r exc , all our jets are set
ith half-opening angle � j = 10 ◦, and initial and terminal Lorentz

actors � j = 3 and � ∞ 

= 300, respectiv ely. F or � ≤ � j , then, we
et uniform radial velocity, namely, 

 

r = c 

√ 

1 − 1 

� 

2 
j 

, (2) 

here c is the light speed, and uniform rotation, 

 

	 = 
r exc sin � , (3) 

here 
 � 10 rad s −1 is the jet’s angular velocity as calculated in
23. In equation ( 3 ), 	 denotes the azimuthal angle around the

et injection axis (i.e. the y-axis, see abo v e). Since the latter is
rthogonal to the spherical polar axis, 	 is not the azimuthal angle
f the spherical coordinates ( r, θ, φ). Consequently, v 	 turns out to
e a combination of the linear velocities v θ and v φ , the latter being
omputed as (see P23) 

 

θ = F 

θ ( θ, φ) v 	 , (4) 

 

φ = F 

φ( θ, φ) v 	 , (5) 

here 

 

θ ( θ, φ) = csc θ cos 	 , (6) 

 

φ( θ, φ) = sin φ sin 	 , (7) 

eing 	 calculated as 

 = −sgn ( cos θ ) arccos 

( 

sgn ( cos φ sin θ ) √ 

1 + ( cos φ tan θ ) −2 

) 

. (8) 

he abo v e transformations allow us to inject uniformly rotating jets
long both the y > 0 and y < 0 directions (‘two-sided’ jet injection).
or the magnetic field of such jets, we adopt similar profiles as Geng
t al. ( 2019 ) (see also Mart ́ı 2015 ), that is, 

 

	 = 

2 B 

	 

j , m 

( � / � j , m 

) 

1 + ( � / � j , m 

) 2 
, (9) 

 

r = B ratio B 

	 

j , m 

, (10) 

here � j , m 

= 0 . 4 � j is the angle at which B 

	 is maximum (i.e. B 

	 

j , m 

),
nd B ratio = 0 . 5. As for the velocity field, the θ - and φ-components
f the magnetic field are also derived through transformations of B 

	 ;
o we ver, due to the pseudo-vector nature of the magnetic field itself,
t is necessary to account for a sign change for jet injection along the
e gativ e direction, i.e. 2 

 

r = sgn ( y) B 

r , (11) 

 

θ = sgn ( y) F 

θ ( θ, φ) B 

	 , (12) 

 

φ = sgn ( y) F 

φ( θ, φ) B 

	 . (13) 

inally, the rest-mass density and pressure profiles, ρ( � ) and P ( � ),
especti vely, are deri ved follo wing the calculations in appendix B1
f P23, for specified values of initial jet luminosity and relative
ontribution of magnetic luminosity, L j and � j , respectively, being 3 

 j / 2 = 

∫ � j 

0 

∫ 2 π

0 
T 0 r ( r exc , �, 	 ) c r 2 exc sin � d � d 	 , (14) 

ith T 0 r the time-radius component of the energy–momentum tensor 
nd 

 j ≡ L j , B 

L j 
, (15) 

here L j , B is the magnetic luminosity of the jet, i.e. L j with purely
ydrodynamic contributions set to zero. In particular, L j , B ∝ ( B 

	 

j , m 

) 2 .
hus, L j , B and � j are not free parameters of our prescription, but
erived once B 

	 

j , m 

and L j are set. 
MNRAS 540, 1345–1362 (2025) 
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4 We remark that Poynting flux-dominated jets are prone to current-driven 
instabilities, e.g. kink, which can make the jet configuration globally unstable 
(Bromberg & Tchekhovsk o y 2016 ). 
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After the jet is launched, the abo v e prescription is applied continu-
usly o v er time, introducing a time dependence for the jet variables.
pecifically, as in P23, we adopt the following time trends: 

, v 	 = const. , (16) 

 

r ( t) = 

� j v 
r e −t/ 2 τd 

�( t) 
, (17) 

 

	 ( t) = B 

	 

√ 

v r 

v r ( t) 
e −t/ 2 τd , (18) 

 

r ( t) = B 

r 

√ 

v r 

v r ( t) 
e −t/ 2 τd , (19) 

 ( t ) = 

1 

4 

[
ρc 2 ( h 

∗( t ) − 1) − b 2 ( t) 
]

, (20) 

here 

( t) = 

√ 

1 + 

(
� j v r e −t/ 2 τd /c 

)2 
, (21) 

nd 

 

∗( t) = 

h 

∗
0 � j e 

−t/ 2 τd 

�( t) 
, (22) 

eing h 

∗
0 ≡ � ∞ 

/ � j , b 2 the magnetic field strength squared measured
n the proper frame, that is, 

 

2 = 

1 

4 π

[
B 

2 

� 

2 
+ 

( v · B ) 2 

c 2 

]
, (23) 

nd τd the same time scale of BH–disc as in Section 2 . In particular,
he abo v e trends result in a jet luminosity that decays o v er time, with
 faster decay occurring for smaller values of τd . 

 I M PAC T  O F  J E T  PA R A M E T E R S  

n this section, we discuss the results of simulations performed using
he abo v e numerical and physical setup, in which we adopt a launch
ime of 385 ms after merger and vary the parameters L j , B 

	 

j , m 

, and
d . The impact of a different launch time will be addressed in 
ection 4 . 
In all our simulations, we import data for the realistic BNS
erger environment at t 0 = 155 ms after merger, that is just before

he environment material e xpands be yond the outer boundary of
he original computational grid (thus a v oiding any loss of physical
nformation; see P23). Therefore, from t 0 to 355 ms after merger
i.e. t c ), we need to evolve such an environment in PLUTO , setting
ppropriate boundary condition on the r = r exc excision surface.
ollowing P23, we set the initial angular distribution of each primary
uid variable, multiplied by a time function best fitting the temporal

rend of the respective angle-averaged quantity (see P23 for details).
he resulting physical evolution is then refined via the substitution
ethod developed in P23, which allows us to exploit the results of

he reference BNS merger simulation up to the last available time
f the latter, i.e. 255 ms after merger. After reaching the envisage
 c and carrying out the next 30 ms collapse phase (see Section 2 ),
e start jet injection. We refer the reader to fig. 7 in P23, for the
hysical properties of the BNS merger environment at 385 ms after
erger. 
In this paper, jet propagation is reproduced until 3 s after launch,

o v ering the following physical steps. 
(1) Propagation within a dense environment 
At early times, the jet drills through the high-density regions of the

urrounding BNS merger environment. This occurs through forward
nd reverse shocks at the jet front, heating the inflowing material
NRAS 540, 1345–1362 (2025) 
t the expense of the jet’s own kinetic energy. The heated material
s then diverted sideways (as its pressure exceeds that of the sur-
ounding unshocked medium), forming a pressured cocoon around
he jet, which keeps it collimated during propagation. Meanwhile,
hermomagnetic energy is converted into kinetic form within the jet,
llowing the material at the front to accelerate and apply the necessary
am pressure to sustain the propagation itself (see Bromberg et al.
011 , for a more in-depth physical discussion). During the abo v e
rocess, anisotropies in the realistic environment cause the jet to
nake along regions of lower density, developing turbulence and
symmetries at the front (where the jet-environment interplay is
ost intense; P23). The presence of magnetic fields, on the other

and, reduces mixing between the jet and surrounding environment,
llowing the former to retain higher stability and collimation during
ropagation (Mignone et al. 2010 ; Gottlieb et al. 2020 , 2021 ). 4 

(2) Jet breakout 
If the abo v e drilling is successful, the jet breaks out of the BNS
erger environment and begins to propagate into the rarefied outer
edium. Due to the strong density and pressure gradients upstream,

he jet front undergoes rapid acceleration, reaching ultrarelativistic
elocities (the bulk Lorentz factor can increase by a factor � 10;
ee fig. 8 in P23). Simultaneously, it undergoes lateral expansion,
idening the jet’s opening angle (Mizuta & Ioka 2013 ). As a result,

ny asymmetry previously generated by interaction with the realistic
nvironment is spread out o v er larger angular scales. On the other
and, toward the jet base, the injected material leads to the formation
f a highly collimated, relativistic tail. 
(3) Evolution to full detachment 
When the injection stops or drops enough to become negligible, the

ail of the jet also begins to detach from the BNS merger environment,
ccelerating into the rarefied medium (in P23, this occurs at �1 s
fter launch, when L j ( t) has decreased by a factor �30; see third
endering from the left in fig. 8 of that work). Notably, the tail material
ropagates into the previously drilled channel, converting much of
he injected energy into kinetic form, up to speeds even higher than
hose at the jet front. Consequently, the jet material at the bottom
pproaches the top, forming a kinetically dominated bullet (hereafter
eferred to as the ‘jet head’). 

(4) Free expansion towards ballistic phase 
Once the jet head has completely detached, it expands freely

nto the rarefied medium, converting the remaining thermomagnetic
nergy into kinetic form. As a result, the bulk Lorentz factor increases
owards the local saturation value (the latter depending on � ∞ 

at
aunch and the amount of energy expended in drilling). At the same
ime, energy redistribution due to internal interactions can reduce
he local maxima of the Lorentz factor, transferring energy to slower
uid elements. Long enough after the full detachment (and beyond

he 3 s after launch co v ered in this work), the expansion itself will
ventually become ‘ballistic’, that is, all the energy is in kinetic form
nd the angular structure remains frozen (see further discussion in
reas et al. 2025 ). 
In P23, we analysed the abo v e process mostly in a qualitative

ay. Moreo v er, we focused our analysis on a single jet-environment
ystem. In the following, we present a more quantitative and
ystematic investigation based on the evolution and comparison of a
ariety of such systems. 
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Table 1. Physical models investigated in this paper. For each model, labelled as in the first column on the left, we list the fixed jet parameters, i.e. 
half-opening angle ( � j ), and initial and terminal Lorentz factors ( � j and � ∞ 

, respectively), and the variable jet launch time (sum of the NS collapse time, 
t c , and τj = 30 ms; see Section 2 ), initial jet luminosity ( L j ) and maximum toroidal magnetic field ( B 

	 

j , m 

), and decay time-scale ( τd ). In addition, in the last 
two columns on the right, we list the initial jet magnetic luminosity ( L j , B ) and relative contribution to L j (i.e. � j ; equation ). We recall that other fixed jet 
parameters of our prescription include the initial poloidal-to-toroidal magnetic field ratio ( B ratio = 0 . 5) and angular distance from the jet injection axis at 
which B 

	 = B 

	 

j , m 

(i.e. � j , m 

= 0 . 4 � j ). 

Fixed parameters Variable parameters 
Model � j ( ◦) � j � ∞ 

( t c + τj ) ( ms ) L j (erg s −1 ) B 

	 

j , m 

(G) τd ( ms ) L j , B ( erg s −1 ) � j 

(a) 10 3 300 385 8 . 95 × 10 51 1 . 56 × 10 13 300 1 . 07 × 10 50 1 . 20 × 10 −2 

(b) 10 3 300 385 5 . 37 × 10 51 1 . 21 × 10 13 500 0 . 64 × 10 50 1 . 20 × 10 −2 

(F) 10 3 300 385 5 . 37 × 10 51 1 . 21 × 10 13 300 0 . 64 × 10 50 1 . 20 × 10 −2 

(c) 10 3 300 385 5 . 37 × 10 51 1 . 38 × 10 13 300 0 . 84 × 10 50 1 . 56 × 10 −2 

(d) 10 3 300 385 4 . 12 × 10 51 1 . 21 × 10 13 300 0 . 64 × 10 50 1 . 56 × 10 −2 

(e 1 ) 10 3 300 385 3 . 69 × 10 51 0 . 62 × 10 13 300 0 . 17 × 10 50 0 . 46 × 10 −2 

(e 2 ) 10 3 300 185 3 . 69 × 10 51 0 . 62 × 10 13 300 0 . 17 × 10 50 0 . 46 × 10 −2 

Note. : models (e 1 ) and (e 2 ) are analysed in Section 4 . 

Figure 1. Radial distance ( r j , log scale) travelled by the jet front as a function 
of time, from launch to 500 ms later, in the north and south sides ( φ ∈ [0 , π ] 
and φ ∈ [ π, 2 π ], respectively) of the PLUTO domain, for different models. 
The solid/dotted coloured lines indicate trends before/after the jet breakout 
(dot markers). The hatched region indicates where causality is violated, i.e. 
r j > r exc + c 
t . See the text for additional details and discussion. 
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.1 Fiducial model 

e first discuss the results of our fiducial simulation performed 
etting L j , B 

	 

j , m 

, and τd to 5 . 37 × 10 51 erg s −1 , 1 . 21 × 10 13 G, and
00 ms, respectively. This configuration, in particular, corresponds 
o a magnetic luminosity of L j , B = 0 . 64 × 10 50 erg s −1 , thus � j =
 . 20 × 10 −2 . Along with t c = 355 ms after merger, such a config-
ration defines our fiducial model, hereafter labelled (F), which is 
sed in this paper as a reference to set up the other models and
ake quantitative comparisons. In Table 1 , we list the configuration 

dopted for each model, to be presented throughout the paper. 
Fig. 1 shows the radial distance ( r j , in log scale) travelled by

he jet front as a function of time, from launch to 500 ms later
 
t being the elapsed time since launch), in the north and south
ides (namely φ ∈ [0 , π ] and φ ∈ [ π, 2 π ], respectively) of the PLUTO

pherical domain, for different models. Specifically, r j is the radial 
istance at which, at a given computational time (outputs sav ed ev ery
5 ms), going from the outer radial boundary r max (specified abo v e)
oward r exc = 380 km along each radial direction, we first encounter
hocked material interacting with the jet with velocity larger than 
 . 8 c. The time trends of such a distance are shown as solid/dotted
oloured lines before/after the jet breakout (dot markers), which 
ccurs when r j first exceeds the radial extension of the (expanding)
NS merger environment. Additional light grey profiles refer instead 

o analytical estimates discussed below . Finally , the hatched region in
he figure indicates where causality is violated, i.e. r j > r exc + c 
t . 

Focusing on model (F), we note that r j grows immediately after
he jet launch, both in the north and south sides, indicating prompt
ropagation of the jet into the BNS merger environment. According 
o analytical modelling by Gottlieb & Nakar ( 2022 ), this is typical
f a ‘strong jet’ regime, in which (see subsections 3.1-3.2, 4.4 and
ables 1, 4 of the cited work) 

crit ≡ N crit 

[ 

L j � 

−2 
j 

(
t c + τj 

)
ρe r 3 exc v 

2 
e 

] 1 / 2 

> 1 , (24) 

here N crit = 0 . 5, ρe and v e are, respectively, the rest-mass density
nd velocity of the BNS merger environment at r = r exc and � = 0 at
he time of jet launch ( t c + τj ). In model (F), specifically, we estimate
crit �35 both in the north and south sides, consistent with the abo v e
egime. 

To directly compare our simulation results with analytical predic- 
ions by Gottlieb & Nakar ( 2022 ), we first note that in the current
odel (F), at the time the jet is launched, the local magnetization,

.e. the ratio of Poynting flux to total hydrodynamic energy flux, 

= 

b 2 

4 πρhc 2 
, (25) 

here h = 1 + ε + P /ρ is the specific enthalpy ( ε being the specific
nternal energy), has a maximum value within the jet of σmax � 1 . 52.
o we v er, the abo v e analytical predictions can be applied only to

ets that are purely hydrodynamic or at most weakly magnetized, i.e.
max � 0 . 1 (Gottlieb & Nakar 2022 , and refs. therein). Therefore,
or the purpose of direct comparison, we consider here a simulation
imilar to model (F) but null B 

	 

j , m 

, i.e. unmagnetized jet at injection.
n this simulation, moreo v er, the initial jet luminosity is lowered
o L j = 3 × 10 51 erg s −1 , allo wing us to enforce a sub-relati vistic
egime at the jet front throughout the system evolution (see below).
ote that in this model, due to the magnetic field of the BNS merger

nvironment, the relati vistic outflo w gains σmax � 0 . 28, compatible
ith a weak magnetization regime. The time trends of r j in this
odel are shown in darker gray in Fig. 1 . Analytical trends based on
ottlieb & Nakar ( 2022 ), shown instead in lighter gre y, hav e been
MNRAS 540, 1345–1362 (2025) 
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Figure 2. Volume rendering of the jet-environment system configuration at time of jet breakout, in terms of the rest-mass density and Lorentz factor, for 
different models. Specifically, in models (a), (b), (F), (c), and (d), the configuration shown is at 200, 275, 275, 275, and 300 ms after launch, respectively (launch 
time is 385 ms after merger in all models). Only configurations in the north side are shown; we refer to Fig. 5 for a fully 3D view of model (F) at 1 s after launch. 
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jet injection luminosity in the analytical case. A jet luminosity that decays 
o v er time (as in our simulation) would increase the propagation time of jet, 
resulting in even larger differences. 
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alculated assuming an analytical (unmagnetized) jet propagation
nvironment, with homologous radial expansion, and power-law rest-
ass density distribution, isotropic at angles � ≤ � j (anisotropies

utside the initial jet opening angle are indeed of little rele v ance to
et propagation; see subsection 4.4 in the cited work). Specifically,
e have assumed the following profiles: 

( r) = ρe 

(
r 

r exc 

)−α (
t 

t c + τj 

)−α

; � ≤ � j , (26) 

( r) = v r = v e 

(
r 

r exc 

)
; v e ≤ v ≤ v e , max , (27) 

here α∈ N is constant, ρe �10 8 g cm 

−3 , and v e , max �0 . 48 c is the
aximum velocity of the BNS merger environment at the time of jet

aunch in the comparison numerical simulation. In particular, we have
alculated analytical trends for α = 1 , 2 , 3 , 4. In addition, we have
ssumed that a uniform jet is injected at r = r exc into the analytical
nvironment, at the same time after merger as in the comparison
imulation, with a constant luminosity equal to the initial value
dopted in the simulation itself (i.e. L j ). Finally, we have made use
f eqs (25), (44) and (45) in Gottlieb & Nakar ( 2022 ) to calculate,
or a given α, the analytical time trend of r j and the corresponding
et breakout time, within a sub-relativistic regime consistent with the
esults of our simulation. 

Comparing the abo v e analytical trends with the null B 

	 

j , m 

simula-
ion, we find very good agreement for α=4 (especially in the north
ide). This is consistent with the power-law index typically employed
or the description of BNS merger environments (Gottlieb & Nakar
022 , and refs. therein). In terms of jet breakout, ho we ver, the
= 4 analytical case predicts � 514 ms after launch [estimation

erformed using equation (45) in the cited paper, where the parameter
˜ 
 d , defined therein, is � 15 . 5 in the present comparison], while
NRAS 540, 1345–1362 (2025) 
ur simulation gives � 375 and � 350 ms after launch in the
orth and south sides, respectively. 5 The f aster break out of the
atter case, despite the nearly identical time trend of r j (i.e. jet
dvancement speed), results from the lower expansion rate of the
ealistic propagation environment compared to a simple homologous
odel. 
The abo v e comparison demonstrates that accurate predictions

f jet breakout times in BNS merger context require a realistic
ropagation environment, particularly rest-mass density and velocity
rofiles obtained self-consistently in a GR simulation of the BNS
erger itself (confirming previous results by Pavan et al. 2021 ). 
Going back to our model (F), we note that the jet breakout occurs at
 275 ms after launch (red dots in Fig. 1 ). The system’s configuration

n the north side at that time, in terms of the 3D logarithmic
istributions of rest-mass density and Lorentz factor, is shown at
he top centre in Fig. 2 . We see that the BNS merger environment has
een excavated by the relativistic jet in all density regions, the latter
ecreasing outward from � 10 5 to � 10 g cm 

−3 (notice that variable
olour transparency is employed in the Figure). Within such regions,
he � distribution is uniform and smooth near the jet base, while
oward the jet front it looks more discontinuous and asymmetrical.

oreo v er, the same distribution shows higher values near the jet
ase: maximum is � max � 48 below 2 × 10 4 km radius, including
he south side; while � max � 18 toward the jet front. Finally, we
ote the high collimation of the jet within the dense post-merger
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Figure 3. System evolution in terms of kinetic ( E kin ), thermal ( E th ), and magnetic ( E mag ) energy, from launch to 500 ms later, for different models. The left 
panel shows E kin (top), E th (middle), and E mag (bottom), while the right panel shows each energy divided by E sum 

= E kin + E th + E mag . The solid/dotted 
coloured lines indicate the trends before/after the jet breakout (marked by coloured dots). 
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nvironment, and the widening of the jet opening angle upon entry 
nto the rarefied medium. 

In Fig. 3 , we show the system evolution from launch to 500 ms
ater, in terms of kinetic ( E kin ), thermal ( E th ), and magnetic ( E mag )
nergy . Specifically , these energies are calculated in the lab frame,
 v er the entire computational domain as follows: 

 kin = 

∫ 
e kin d V = 

∫ 
ρ�c 2 ( � − 1 ) d V , (28) 

 th = 

∫ 
e th d V = 

∫ 
[ ρε� 

2 c 2 + P ( � 

2 − 1)]d V , (29) 

 mag = 

∫ 
e mag d V = 

∫ 
[ b 2 ( � 

2 − 1 / 2) − ( b 0 ) 2 ]d V , (30) 

here e kin , e th , e mag are the kinetic, thermal, and magnetic energy
ensities, respectively, and 

 

0 = 

1 √ 

4 π
�( v · B ) /c . (31) 

ote that e kin + e th + e mag plus the rest-mass energy density, ρ�c 2 ,
ives us the total energy density in the lab frame, i.e. the time–time
omponent of the energy–momentum tensor in the same frame (P23). 
n the left panel, in particular, we show the time trends of the abo v e
nergies, while in the right panel those of each energy divided by
 sum 

= E kin + E th + E mag . 
At the time of jet launch (in all models in Fig. 3 ), we have

hat E kin � 2 . 06 × 10 50 erg and E th � 3 . 02 × 10 50 erg, which corre-
pond to about 39 and 57 per cent of E sum 

, respectively. On the other
and, E mag � 2 . 00 × 10 49 erg, i.e. � 4 per cent of E sum 

. Hence, at
aunch, pure-HD contributions dominate the energetics of the BNS 

erger environment as a whole. 6 

In model (F), the kinetic energy remains essentially constant until 
80 ms after launch (with less than 7 per cent of variation). In such

 time window, in fact, the jet struggles to pierce the higher density
egions of the surrounding environment, with the result that much of
he injected energy is deposited there instead of being converted into 
ulk acceleration. At very early stages, in addition, a significant drop 
 Notice, ho we ver, that such an environment has magnetic energy density and 
agnetic pressure higher than the thermal ones beyond � 2500 km radius 

fig. 7 in P23). On the other hand, thermal contributions dominate by far at 
ower radii, resulting in E th � E mag when inte grating o v er the entire domain. 

s

7

h
p

n thermal energy ( � 50 per cent) and a minor drop ( � 15 per cent)
n magnetic energy occur. Both are due to the falling back of dense,
ot, and magnetized material below the excision radius, driven by 
he gravitational pull from the central object of mass M 0 . Starting
rom �40 ms after launch, then, a remarkable change in the time
rend of such energies is observed. Due to the first successes of
he jet in drilling through the environment, a significant amount of
njected energy is brought into the system, increasing E th and E mag .
otice the relative steep increase in the magnetic energy from � 40

o � 80 ms after launch. This occurs because at such early times
he jet drilling and associated energy conversion process are not 
et well established, thus the injected magnetic energy accumulates 
ithin the system itself. Thereafter, E mag decreases rapidly, being 

onverted into bulk acceleration and thermal energy, the latter being 
n turn converted to E kin via adiabatic expansion. 7 

By looking at the right panel in the same figure, we note a nearly
ntisymmetric, non-monotonic trend of E kin /E sum 

with respect to 
 th /E sum 

before the jet breakout. In particular, the non-monotonic 
attern results from the turbulent interaction of the jet with the real-
stic BNS merger environment, which causes repeated modifications 
f the energy partitioning in the whole system. After the jet breakout,
n the other hand, E kin /E sum 

monotonically increases o v er E th /E sum 

ue to acceleration into the rarefied medium. 
Thermal and magnetic energy density distributions at breakout, 

n the xy-plane (north side only), are shown at the top centre in
ig. 4 , in the left and right polyptychs, respectively. In each panel,

he white horizontal dashed line indicates the distance reached by 
he jet front at that time (consistent with values of r j in Fig. 1 ).

e observe that e th is higher near the injection site and along the
hannel excavated by the jet. On the other hand, e mag peaks only
round the former. This means that in model (F), at breakout, the
agnetic energy in the jet has largely been converted into kinetic

nd thermal forms. Notably, the high collimation of the jet up to the
reakout radius ( � 4 . 2 × 10 4 km) is not due to confinement by the
et magnetic field, but is a consequence of the wider-angle cocoon
urrounding the jet itself, in which a considerable amount of energy is
tored. 
MNRAS 540, 1345–1362 (2025) 

 We note that magnetic energy may also be dissipated via resistive processes; 
o we ver, in our simulations (where resistivity is of numerical origin) such 
rocesses are subdominant, as demonstrated in Appendix B . 
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Figure 4. Thermal (left polyptych) and magnetic (right polyptych) energy densities at the time of jet breakout, for different models (north side only). Within 
each panel, the specific model, time of jet breakout (relative to launch), and distance along y-axis reached by the jet front are shown in white. 
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The configuration reached at 1 s after launch is shown in Fig. 5 .
pecifically, the up per central panel displays the distributions of
est-mass density and Lorentz factor in the xy-plane, while the lower
anel provides a full 3D view of the same distributions (notice that
ariable colour transparency is consistently used in these panels). We
bserve a low degree of north–south asymmetry in model (F), with
 max � 49 . 2 and � 58 . 6 in the north and south sides, respectively. 
We refer the reader to Section 5 for the properties of the jet at 3 s

fter launch, corresponding to much larger spatial scales than those
nalysed so far. 

.2 Luminosity and decay time-scale 

he impact of luminosity on the propagation of GRB jets has been
nvestigated both in analytical/semi-analytical models (e.g. Harrison
t al. 2018 ; Salafia et al. 2020 ; Hamidani & Ioka 2021 ; Gottlieb &
akar 2022 ; Garc ́ıa-Garc ́ıa et al. 2024 ) and in numerical simulations

eproducing jet injection and propagation for dif ferent v alues of
nitial jet luminosity and decay time-scale (e.g. Duffell et al. 2018 ;
ottlieb et al. 2021 ; Murguia-Berthier et al. 2021 ; Nativi et al.
021 , 2022 ; Urrutia et al. 2021 , 2023 ). In these investigations, it
as been shown that as the initial jet luminosity increases, the jet
ront propagates faster into the same BNS merger environment,
hortening the breakout time. On the other hand, when such a
uminosity decreases, the propagation results to be slower, and the
reakout itself may not occur (‘choked jet’). Finally, in the case of
 jet injection luminosity decaying o v er time, the decay time-scale
ffects the dynamics of propagation and the eventual success of the
reakout. 
In this subsection, we investigate the impact of luminosity and its

ecay time-scale on the propagation of GRB jets in a realistic BNS
erger environment. Specifically, we discuss and compare with our

revious fiducial model (F) the results of the following simulations: 
NRAS 540, 1345–1362 (2025) 
(i) model (a), with setup similar to model (F) but initial jet
uminosity increased by a factor 5 / 3, i.e. L j = 8 . 95 × 10 51 erg s −1 ; 

(ii) model (b), with setup similar to model (F) but decay time-scale
f luminosity increased by a factor 5 / 3, i.e. τd = 500 ms. 

In both models, we perform the launch of the jet at the same
ime as in model (F), i.e. 385 ms after merger, into the same
ealistic environment, using the same prescription described in
ubsection 2.1 . Ho we ver, gi ven the increased L j and τd in models
a) and (b), respectively, the energy injected at r = r exc o v er the
otal simulation time is a factor ≈ 5 / 3 larger than in model (F). In
ddition, we keep the same � j as in model (F). This allows us to
robe the impact of luminosity and its decay time-scale under the
ame relative contribution of the jet magnetic field. To achieve this
n model (a), we increase the maximum toroidal magnetic field of
he jet to B 

	 

j , m 

= 1 . 56 × 10 13 G. Refer to Table 1 , for the detailed
onfiguration of each model. 

In Fig. 1 , the time trends of r j in models (a) and (b) are indicated
ith blue and green lines, respectively. Compared to model (F),
e note that r j reaches much larger values in model (a), both in

he north and south sides, and in all 500 ms after the jet launch.
oreo v er, the jet breakout occurs �75 ms earlier, i.e. � 200 ms

fter launch (blue dots in the figure). Thus, the increase in L j 

dopted in model (a) impro v es jet drilling in the realistic BNS merger
nvironment, making jet propagation faster. This is in agreement with
he results of previous investigations mentioned abo v e, despite the
se of an analytical environment in most of them. Comparing models
F) and (b), on the other hand, we do not see significant differences
oth in the north and south sides, and both before and after the jet
reakout ( � 275 ms after launch in both models). Thus, the increase
n τd has a minor impact on jet drilling, particularly on the jet front
inematics (but see the discussion below regarding the overall jet
nergetics). 
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Figure 5. Jet-environment system configuration at 1 s after launch, in terms of rest-mass density and Lorentz factor, for different models. The upper panels 
show the north–south distributions in the xy-plane, for different models, while the lower panel the fully 3D view of the same distributions in the fiducial model 
(F). 
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Comparing with analytical modelling by Gottlieb & Nakar ( 2022 ), 
or α = 4 (refer to Subsection 3.1 ), we have that (eqs 20, 25 of the
ited work, adapted for the present discussion): 

 j ( ̃ t ) = r exc 

⎧ ⎪ ⎨ 

⎪ ⎩ 

1 + 

� 

−2 / 3 
j −1 

˜ t coll −1 

(
˜ t − 1 

)
˜ t < 

˜ t coll 

� 

−2 / 3 
j 

(
˜ t −1 

˜ t coll −1 

)3 (
˜ t 

˜ t coll 

)−1 
˜ t coll < 

˜ t 
, (32) 

here ˜ t = t/ ( t c + τj ) and ˜ t coll ≈ 3 /ηcoll + 1, being 

coll ≈ 0 . 4 

(
ηcrit 

N crit 

)2 / 3 

� 

−4 / 9 
j . (33) 

n addition, according to equation ( 24 ), we have that ηcrit ∝ L 

1 / 2 
j 

or given environment configuration at the time of launch ( t c + τj ),
nd initial jet half-opening angle ( � j ). Including this in the abo v e
quations, we have that as L j increases, ˜ t coll decreases, resulting in 
igher values of r j at any time after the launch. Moreo v er, r j grows
aster for ̃  t coll < 

˜ t (equation 32 ), and then such a trend starts earlier as
 j increases. All this is actually observed in Fig. 1 when comparing
odels (F) and (a). In particular, in the former, a faster growth in

ime of r j is observed starting from � 80 ms after launch, while in the
atter, with increased L j , as early as � 20 ms after launch. Notably,
e observe that in both models the faster growth of r j starts upon
eaching full collimation of the jet at its base, due to the formation of
 pressured cocoon around it. Indeed, this is exactly the process that is
xpected to occur at ̃  t coll according to the aforementioned modelling. 
sing the corresponding analytical expression, we estimate ˜ t coll � 

 . 204 in model (F), i.e. full collimation of the jet is expected to
ccur at � 78 . 5 ms after launch. This is highly consistent with our
umerical result (differences less than time interval between two 
onsecutive simulation outputs), despite the realistic environment 
aken into account in our model. This is because at the jet base,
here the abo v e collimation process takes place, interaction with

uch an environment is rather weak, reducing the impact of the latter
n evolution. 
The north side system configuration at the time of jet breakout in
odels (a) and (b) is shown at the top left and bottom left in Fig. 2 ,

espectively. In both models, we note a high- � region extending
rom the base of the jet up to its middle, which is more elongated
nd heightened compared to the corresponding region in model (F), 
ndicating a more stable and efficient conversion of the injected 
nergy into kinetic form. 

Focusing then on energetics, in the left panel in Fig. 3 the time
rends of E kin , E th , and E mag in models (a) and (b) are indicated with
MNRAS 540, 1345–1362 (2025) 
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8 Across our models, the adopted values of B 

	 

j , m 

(at r exc = 380 km; Table 1 ) 
would correspond to magnetic field strengths at a radius of 10 km (i.e. close 
the poles of the central black hole) in the range (0 . 9 − 2 . 3) × 10 16 G. These 
values are consistent with those required to launch a GRB-like incipient jet 
in the aftermath of a BNS merger, as observed in GRMHD simulations (e.g. 
Ruiz et al. 2016 ; Gottlieb et al. 2022 ). 
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lue and green lines, respectively. We note that E kin reaches higher
alues in model (a) than in models (b) and (F), in all 500 ms after the
et launch (consistent with enhanced jet front kinematics). The same
ccurs for E th , due to the larger amount of injected energy in model
a) from the very beginning of the simulation. On the other hand, we
ote very similar trends of E kin and E th at early times after launch in
odels (b) and (F), while at later times, the longer τd adopted in the

ormer model results in a larger increase in E kin and E th o v er time,
ith E th reaching values comparable to those in model (a) at the end
f the 500 ms time window. 
The energy conversion in models (a) and (b) can be e v aluated by

ooking at the right panel in Fig. 3 , blue and green lines, respectively.
ere, we note similar features as those discussed in model (F) (see
ubsection 3.1 ). Ho we ver, the increased L j adopted in model (a)
esults in larger values of E th /E sum 

before the jet breakout compared
o model (F). As we show below, such a larger fraction of thermal
nergy leads the jet to accelerate toward higher Lorentz factors during
he subsequent free expansion phase. Higher E th /E sum 

is observed in
odel (b) as well, but this occurs at longer times after launch than in
odel (a), as a result of the slower decay of the jet power o v er time.
The abo v e discussion is enriched when looking at the e th and e mag 

istributions in models (a) and (b) in Fig. 4 , at the top left and bottom
eft in each polyptyich, respectively. At breakout, the increased L j 

nd τd in models (a) and (b), respectively, results in more continuous
nd heightened distributions than in model (F). In particular, e mag 

eaks both at the jet base and along the jet propagation axis, not only
round the former as in model (F). This means that the magnetic
nergy has not all been spent on jet drilling, but it will contribute to
ccelerate the jet during free expansion. 

The Lorentz factor distributions reached at 1 s after launch in
odels (a) and (b) are shown in the first and second panels from the

eft in Fig. 5 , respectively. In both models, the jet attains much higher
alues of � than in model (F). Specifically, when taking into account
he full jet distribution, in the north side we obtain � max � 81 . 6 and
 125 . 9 in models (a) and (b), respectively, while in the south side
 93 . 7 and � 98 . 9, respectively (cfr. Subsection 3.1 ). 
In Section 5 , the jet configuration at 3 s after launch in models (a)

nd (b), respectively, will be discussed and compared with that in the
ther models, to provide final insights into the impact of luminosity
nd decay time-scale. 

.3 Magnetic field contribution 

agnetic fields play a central role in BNS mergers and their
onnection with GRBs (see Ciolfi 2020a for a re vie w). Notably,
he winding of magnetic fields threading a rotating BH surrounded
y an accretion disc is to date considered one of the leading
echanisms for launching a GRB jet in a BNS merger aftermath

see Blandford & Znajek 1977 ; Thorne, Price & MacDonald 1986 ;
ee, Wijers & Brown 2000 , and refs. therein). Therefore, magnetic
elds are very likely to be involved in the subsequent jet propagation

hrough the surrounding BNS merger environment. Their impact on
he propagation process has been investigated through (G)RMHD
imulations, either within the ideal MHD framework (e.g. Bromberg
t al. 2018 ; Geng et al. 2019 ; Kathirgamaraju et al. 2019 ; Gottlieb
t al. 2020 , 2022 , P23; Nathanail et al. 2020 , 2021 ; Garc ́ıa-Garc ́ıa
t al. 2023 ) or taking into account physical resistivity (Mattia et al.
024 ). 
In Gottlieb et al. ( 2020 ), in particular, a detailed comparison

etween the propagation of weakly magnetized jets ( σ ∼ 0 . 01 − 0 . 1;
quation 25 ) and that of purely hydrodynamic jets has been car-
ied out, showing that in the former case instabilities at the jet-
NRAS 540, 1345–1362 (2025) 
nvironment interface are significantly reduced, resulting in more
fficient drilling and, consequently, a jet front propagation speed
wo to three times faster. Conversely, in a parallel analysis of
ore-collapse GRB jets, Bromberg & Tchekhovsk o y ( 2016 ) have
bserved that in the case of dominant magnetic fields (i.e. σ �1),
he jet dynamics becomes prone to kink instabilities, developed both
nternally to the jet and along the aforementioned interface, which
nduce magnetic field dissipation and global deformation of the jet
ngular structure o v er a time-scale (measured in the lab frame) 

 kink � 

2 πR 0 � j 

c 

| b Pol | 
| b Tor | 

√ 

1 + 

1 

σ
, (34) 

here b Pol and b Tor are, respectively, the poloidal and toroidal
agnetic field strengths measured in the proper frame, and R 0 is

he size of the jet core dominated by b Pol . 
In this subsection, we investigate the impact of magnetic fields

n jet propagation through a realistic magnetized BNS merger
nvironment. Specifically, we discuss and compare with our fiducial
odel (F) the results of the following simulations: 

(i) model (c), with setup similar to model (F) but maximum
oroidal magnetic field increased to B 

	 

j , m 

= 1 . 38 × 10 13 G; 8 

(ii) model (d), with setup similar to model (F) but with the same
elative contribution of magnetic luminosity as in model (c), i.e. � j =
 . 56 × 10 −2 (see also below). 

In both models, in particular, we perform the launch of the jet at
he same time as in model (F), into the same realistic environment
similarly to models (a) and (b) in Subsection 3.2 ]. Nevertheless,
∈ [0 . 03 , 1 . 52] in models (a), (b), and (F), whereas σ ∈ [0 . 04 , 4 . 89]

n models (c) and (d). In the latter model, moreo v er, we adopt the
ame B 

	 

j , m 

as in model (F), lowering L j to keep the same � j as
n model (c). This allows us to probe the impact of increased jet
agnetization at a lower initial jet luminosity than in model (F).
efer to Table 1 , for the detailed configuration of each model. 
In Fig. 1 , the time trends of r j in models (c) and (d) are indicated

ith yellow and cyan lines, respectively. Compared to model (F),
e see that r j reaches similar values in model (c), both in the north

nd south sides, with the jet breakout that occurs at � 275 ms after
aunch. The average advancement speed at the jet front (calculated
s the temporal variation of r j between two consecutive simulation
utput times) is comparable between these models, while �2 . 5 times
igher than in the model with B 

	 

j , m 

=0. Such an increase is due to
oth the higher initial jet luminosity and the presence of jet magnetic
elds, the latter being consistent with Gottlieb et al. ( 2020 , see abo v e
iscussion). Notably, the increase in average advancement speed due
o a higher initial jet luminosity alone, as estimated between models
F) and (a), is by a factor �1 . 6 − 1 . 7. 

Comparing models (d) and (F) in Fig. 1 , then, we note similar
ime trends in the north side, while in the south side, r j reaches lower
alues in model (d). In such a model, moreo v er, in the north side the
et breakout occurs � 25 ms later than in model (F), i.e. � 300 ms
fter the jet launch, while in the south side it is further delayed by
 25 ms. This is due the lower L j adopted in model (d), which makes

t harder for the jet to drill into the same BNS merger environment.
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Figure 6. Magnetization and lab-frame poloidal-to-toroidal magnetic field ratio in the xy-plane, north side, at the time of jet breakout in models (F) and (c) 
(left and right panels, respectively). See discussion in the text. 
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he more difficult drilling along with the realistic anisotropies of the 
nvironment itself account for the observed north–south asymmetries 
n the jet propagation trends. 9 

The north-side configuration at the time of jet breakout in models 
c) and (d) is shown at the top right and bottom right in Fig. 2 ,
espectively. Similar to models (a) and (b), we note the presence of a
igh Lorentz factor re gion e xtending from the base of the jet up to its
iddle, which is more elongated relative to the total jet size than the

orresponding region in model (F). Such a pattern is also evident in
he distributions shown in Figs 4 and 5 , and is associated with better
reservation of the initial jet toroidal magnetic field. 
Preservation of the initial jet toroidal magnetic field is highlighted 

n Fig. 6 , in which distributions of magnetization and lab-frame 
oloidal-to-toroidal magnetic field ratio in the xy-plane, in the 
orth side, are reported at the time of jet breakout in models (F)
nd (c), respectively. We notice that in model (F), there is a less
ontinuous and on average weaker magnetization within the jet cone, 
ssociated with a predominant poloidal component of the magnetic 
eld (right inset in the left panel). In model (c), conversely, a more
ontinuous and on average higher magnetization is associated with 
 predominant toroidal magnetic field within the jet cone (right inset
n the right panel). We emphasize that the higher poloidal-to-toroidal 
agnetic field ratio observed in model (F) is not a result of kink

nstabilities, such as those reported by Bromberg & Tchekhovsk o y 
 2016 ). If this were the case, at fixed R 0 , � j , and | b Pol | / | b Tor | in
he same jet propagation medium (refer to Table 1 ), we would
xpect to observe an increase of kink instabilities and associated 
issipation of the toroidal magnetic field as the jet magnetization 
ncreases (equation 34 ; see further discussion in the next Section). 

We refer to Section 5 , for the jet configuration at 3 s after launch in
odels (c) and (d), respectively, and further insights into the impact 

f magnetic fields on jet angular structure and energetics. 
 Some north–south asymmetries can develop also for isotropic magnetized 
nvironment, as discussed in Appendix A , even though they tend to be less 
ronounced than for realistic BNS merger environments. 

r
c

 

l  

t  

a

 C H O K I N G  C O N D I T I O N  A N D  L AU N C H  TIME  

he impact of a different launch time on jet propagation within
NS merger environments has been already explored via numerical 

imulations. In Murguia-Berthier et al. ( 2017 , 2021 ), in particular,
he authors have simulated jet propagation within baryonic winds 
xpelled for a time duration t w ranging from 0.3 to 1.0 s prior to
et launch ( t w being related to the time it takes for a hypothetical
S remnant to collapse into BH). The jet launch has been initiated
anually at the end of the wind phase, using a parametrized

rescription accounting for a variable launch duration (namely 
 j , ranging from 0.5 to 1.0 s). Analysis of the simulation results
as shown that for a longer t w (in particular a longer t w /t j ) the
nteraction of the jet with the baryonic wind is enhanced, thus
nergy deposition into the latter is increased. In this case, if the
et velocity at the front becomes lower than that of the upstream

aterial, or if launch terminates before the jet reaches the outer
oundary of the wind, the breakout does not occur, i.e. the jet is
hoked. 

Similar results have been obtained in simulations by Geng 
t al. ( 2019 ), which have also taken into account magnetic fields.
pecifically, using a magnetized jet prescription similar to the 
ne described in Subsection 2.1 , the authors have simulated jet
ropagation within (analytical) dynamical ejecta from BNS merger, 
hich expand for a time duration 
t jet ranging from 0.01 to 1 s
rior to jet launch. Analysis of the simulation results has shown
hat for a shorter 
t jet (e.g. 0.1 s or less) the breakout is easier and
ccurs earlier in time, due to weaker interaction of the jet with the
erger ejecta. This also leads to a final system angular structure

loser to a ‘top-hat’ jet, that is, an ultra-relativistic uniform conical
utflow . Conversely , a longer 
t jet results in a later breakout time,
s well as a more structured final outflow, characterized by a mildly
elativistic wide-angle region surrounding a narrow ultra-relativistic 
ore. 

The abo v e results hav e been deriv ed in 2D (or 2.5D) simu-
ations, which, ho we ver, do not reproduce instabilities that no-
oriously affect jet propagation (e.g. Gottlieb et al. 2021 , see
lso previous section). Moreo v er, in these simulations, simpli- 
MNRAS 540, 1345–1362 (2025) 
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M

Figure 7. Volume rendering of the rest-mass density and Lorentz factor distributions, and jet magnetic field configuration at 275 ms after launch, north side, in 
models (e1), (F), and (c), respectively. The same colourbars used in Fig. 2 are adopted here. Moreo v er, the jet magnetic field is represented through streamlines 
with shades of blue varying according to the local field strength in the lab frame ( B). 
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ed profiles for the jet propagation environment have been 
mployed. 10 

In Pavan et al. ( 2021 ), we presented 3D RHD simulations evaluat-
ng the impact of jet launch time on propagation within realistic BNS
erger environments. Specifically, in our simulations the same GRB

et was manually injected into two different environments imported,
espectively, at � 100 and � 200 ms after merger from the reference
R simulation. The resulting physical evolution was consistent with

he abo v e findings in terms of variations in the breakout time, and
nal system angular structure. In addition, our simulations showed

hat anisotropies characteristic of realistic BNS merger environments
an significantly reduce the jet breakout time compared to analytical
sotropic media. 

Based on these considerations, here we provide a more advanced
nalysis of the impact of jet launch time on propagation within
ealistic BNS merger environments, taking into account magnetic
elds both in the jet and the surrounding ambient medium. Specifi-
ally, we discuss and compare with models presented in the previous
ection the results of the following simulations: 
• model (e1), with setup similar to fiducial model (F) but L j and
 

	 

j , m 

lo wered to, respecti vely, 3 . 69 × 10 51 erg s −1 and 0 . 62 × 10 13 G;
• model (e2), with setup similar to model (e1) but jet launch time

educed by 200 ms, that is, equal to 185 ms after merger. 
In both models (e1) and (e2), in particular, � j =0 . 46 × 10 −2 .
oreo v er, in model (e2), the jet launch occurs after running the

0 ms collapse phase right at the import time (see introduction of
ection 3 ). 
In Fig. 7 , we show the 3D rest-mass density and Lorentz factor

istributions at 275 ms after launch (same colourbars as in Fig. 2 ),
nd the jet magnetic field configuration at the same time, in the north
ide, in models (e1), (F), and (c), respectively. In all three models,
he magnetic field is represented through streamlines (shown on the
ight side of the abo v e distributions for a cleaner view) with shades
f blue varying according to the local field strength in the lab frame.
pecifically, such streamlines have been computed in regions where
NRAS 540, 1345–1362 (2025) 

0 In Murguia-Berthier et al. ( 2017 , 2021 ), rest-mass density profiles have 
een derived by averaging the azimuthal profiles obtained in the simulations 
y Perego et al. ( 2014 ), Siegel, Ciolfi & Rezzolla ( 2014 ), Janiuk ( 2019 ), and 
 constant velocity has been adopted. 

t  

c
 

(  

p  

e  
 � 1 . 75 to differentiate the ultra-relativistic jet from its mildly
elativistic surroundings (both magnetized). 

Comparing models (F) and (c), we notice a sharper and thus more
table jet-environment interface in the latter model, associated with
etter preservation of the initial jet’s helical magnetic field. This
ndicates that, for fixed initial jet luminosity, such a field is better
reserved when instabilities at the interface (e.g. Rayleigh-Taylor
nd Kelvin-Helmholtz instabilities; see Gottlieb et al. 2021 ; Pavan
t al. 2021 ) are suppressed by a stronger jet magnetization. 

Focusing on model (e1), we see that at 275 ms after launch the jet
s still facing difficulties in emerging from the realistic BNS merger
nvironment. This is due to the relati vely lo w initial jet’s luminosity
nd magnetization, which make the drilling so difficult that most of
he jet’s energy is deposited into the surroundings instead of being
onverted into kinetic form [cfr. Lorentz factor achieved at the jet
ront in models (e1), (F) and (c)]. In addition, the collimation and
agnetic field configuration of the jet are significantly compromised

t 275 ms after launch. As we will see in the next section, the
ame jet will end up lacking a high Lorentz factor core in the
merging angular distribution (which is instead present for the other
odels). 
Evolution in model (e1) is very different from that in model (e2),

n which the same low-luminosity and low-magnetization jet is
aunched 200 ms earlier, namely, at 185 ms after merger. At this
ime, the realistic environment extends along the jet injection axis
p to � 3500 km instead of � 15 000 km, and the mass enclosed
ithin the initial jet opening angle (namely 10 ◦ from the axis)

bo v e the radius r exc = 380 km, � 0 . 83 × 10 −3 M � both in the north
nd south sides, is about half compared to 385 ms after merger
 � 1 . 66 × 10 −3 M �). The reduced spatial extension and mass of the
nvironment encountered by the jet in model (e2) results in a rather
hort breakout time, only 100 ms after launch. The corresponding
onfiguration is shown in Fig. 8 . Notably, the emerging outflow
xhibits high collimation and Lorentz factor at the front, associated
ith toroidally dominated magnetic field configuration [similar to

hat observed in model (c)], which is a completely different outcome
ompared to model (e1). 

We conclude that a reduced jet launch time with respect to merger
in our case by 200 ms, i.e. a factor �2) has a major impact on the
ropagation process. Specifically, it shortens the duration of the jet-
nvironment interaction (due to the reduced mass and extension of
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Figure 8. Same as in Fig. 7 but at 100 ms after launch in model (e2). The 
spatial scale is increased by a factor of � 2 . 7 compared to Fig. 7 to enhance 
system visualization. See discussion in the text. 
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he environment) and strongly reduces jet energy losses, increasing 
he chances of a successful breakout. 

 J E T  C O N F I G U R AT I O N  AT  3  S  AFTER  

AU N C H  

n this section, we examine the jet configuration at the end of our
imulations (i.e. 3 s after launch), probing how injection parameters 
nfluence the jet head’s energetics and angular structure, taking into 
ccount contributions from kinetic, thermal, and magnetic energy, as 
ell as deviations from axisymmetry. 
To define the radial extension of the jet head in the different models,

n the north and south sides, respectively, we follow a procedure 
imilar to that described in Dreas et al. ( 2025 ). Specifically: 

- first, we calculate E sum 

= E kin + E th + E mag abo v e spherical
urfaces of different radii, for the output times immediately before 
nd after 3 s after launch; 11 

- secondly, we compute the finite difference of E sum 

o v er the total
ime interval, yielding the corresponding flux across each spherical 
urface at 3 s after launch; 

- thirdly, we define the radial extension of the jet head as the range,
rom r in to r out , where the abo v e energy flux is larger than 15 per cent
f its maximum value (see Dreas et al. 2025 ). 
The values of r in and r out calculated for the different models are

isted in Table 2 . All models have r in between about 6 and 7 × 10 5 km,
xcept for model (b), where r in ≈5 × 10 5 km. This is due to the
onger decay time-scale adopted in such a model, which delays the 
etachment of the jet from the injection site, leading to a more
xtended jet tail at a given time since the launch. On the other hand,
 out ≈ 9 × 10 5 km in all models, consistently with the fact that, after
he breakout, the upper front of the jet propagates essentially at the
peed of light. 12 

Once we have determined the radial extension of the jet head at 3 s
fter launch, the corresponding angular structure can be described in 
erms of isotropic-equi v alent energy and radially averaged Lorentz 
actor, defined respectively as (e.g. eqs. 1–2 in Salafia & Ghirlanda 
1 To this end, we extend our simulations 50 ms beyond t =3 s after launch, 
alculating E sum 

at t − 50 ms and t + 50 ms. 
2 We note that variations in r out of a few per cent are due to the logarithmic 
rid spacing set up in the radial direction (Section 2 ). Specifically, the spacing 
s �4 . 4 km at r exc =380 km while �1 ×10 4 km at a radius of �9 ×10 5 km. 

h  

m  

t  

u  

c  

r
E  

a

022 ) 

 iso ( θ, φ) ≡ 4 π
d E sum 

d 

= 4 π

∫ r out 

r in 

e sum 

( r , θ, φ) r 2 d r , (35) 

nd 

 ( θ, φ) = 

∫ r out 

r in 
�( r, θ, φ) e sum 

( r, θ, φ) r 2 d r ∫ r out 

r in 
e sum 

( r, θ, φ) r 2 d r 
, (36) 

here e sum 

= e kin + e th + e mag , and ( θ, φ) are the polar and azimuthal
ngles measured with respect to the spherical polar axis (orthogonal 
o the jet injection axis). The profiles of E iso and � for the different
odels are shown in Fig. 9 , in the upper and lower set of panels,

espectively (in each set, the top and bottom rows refer to the north
nd south sides, respectively). The maximum values on each side, 
 iso , max and � max , are listed in Table 2 . 
Compared to our fiducial model (F) (third column panels from the

eft in Fig. 9 ), increasing the initial jet luminosity [model (a); first
olumn] or decay time scale [model (b); second column], thus the
nergy injected until 3 s after launch ( E inj ), results in a jet head with a
ore of higher E iso and � . Moreo v er, adopting the same E inj in models
a) and (b) results in similar jet head energetics. In particular, E iso , max 

nd � max reach up to, respectively, 4 . 96 × 10 53 erg and 62.2 in model
a), 4 . 13 × 10 53 erg and 75.6 in model (b), while 1 . 64 × 10 53 erg and
2.1 in model (F). 
The abo v e comparison can be further e xplored by considering the

atios E sum 

/E inj and E kin /E sum 

listed in Table 2 . At 3 s after launch,
n both models (a) and (b) the jet head retains about 60 per cent of
 inj , with approximately 90 per cent of E sum 

being in kinetic form.
his means that ≈ 40 per cent of the injected energy has been spent
n jet drilling (and deposited into the surroundings), with most of
he remainder being converted into jet acceleration. In model (F), on
he other hand, the jet head features E sum 

/E inj ≈50 per cent, while
he fraction of kinetic energy is similar to that in models (a) and (b).

e conclude that the lower energy injection in our fiducial model
eads to (i) larger energy losses during the earlier propagation stages,
hich further reduces the final jet power, and (ii) a reduced Lorentz

actor, even though the long-term conversion of energy in kinetic 
orm is similar. 

Model (c), featuring the same initial jet luminosity but a higher
agnetization compared to model (F), shows E iso and � distributions 

hat are intermediate between model (F) and models (a) and (b). In
odel (d), the higher jet magnetization compensates for the lower 

nitial luminosity, yielding a final outcome that is comparable to 
odel (F) (cfr. third and fifth column panels in Fig. 9 ). 
Focusing now on model (e1) (sixth column panels in Fig. 9 ), we

ote that the jet head features a relati vely lo w E iso and, notably, the
bsence of a high- � core (instead present in all the other models).
his is consistent with stronger jet-environment interactions in earlier 
ropagation stages (Geng et al. 2019 ), which, in model (e1), are due
o lower initial jet luminosity and magnetization within the same 
ealistic environment (as shown in Section 4 ). 

Reducing the launch time by nearly a factor 2, as in model (e2),
eads to a very different configuration after 3 s. Specifically, despite
aving identical jet parameters as model (e1), model (e2) results in a
ore relativistic and energetic jet head, with a high- � core (cfr. last

wo column panels in Fig. 9 ). Notably, � max and E iso , max reach
p to 70.6 and 2 . 27 × 10 53 erg , respectively, more than twice the
orresponding values in model (e1) (Table 2 ). This is consistent with
educed jet energy losses in earlier propagation stages. In particular, 
 sum 

/E inj in model (e2) approaches the values observed in models (a)
nd (b). 
MNRAS 540, 1345–1362 (2025) 
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Table 2. Jet head properties at 3 s after launch. For each model, labelled as in the first column on the left, we list the inner and outer radial boundaries 
defining the jet head ( r in and r out , respectively), along with the maxima of isotropic-equi v alent energy E iso , max (equation 35 ) and radially averaged Lorentz 
factor � max (equation 36 ). In addition, in the last three columns on the right, we list the ratio between E sum 

= E kin + E th + E mag and energy injected until 
3 s after launch ( E inj ), the ratio between E kin and E sum 

, and the angular distance from the injection axis containing 50 per cent of E sum 

( � 50 ). See the text 
for further details and discussion. 

Model r in (10 5 km ) r out (10 5 km ) E iso , max (10 53 erg ) � max E sum 

/E inj E kin /E sum 

� 50 ( ◦) 

(a) 6.37 (6.51) 8.97 (8.97) 4.50 (4.96) 62.2 (60.0) 0.60 (0.59) 0.90 (0.88) 5.34 (4.71) 
(b) 5.18 (4.95) 8.77 (8.77) 4.13 (3.64) 75.6 (62.4) 0.59 (0.58) 0.86 (0.87) 4.92 (4.87) 
(F) 6.22 (6.37) 8.77 (8.77) 1.52 (1.64) 37.2 (52.1) 0.50 (0.49) 0.92 (0.92) 5.81 (5.04) 
(c) 6.37 (6.51) 8.97 (8.97) 1.82 (2.49) 40.8 (58.6) 0.51 (0.50) 0.89 (0.91) 5.80 (4.44) 
(d) 6.37 (6.37) 8.77 (8.77) 1.19 (1.52) 50.6 (43.2) 0.48 (0.42) 0.89 (0.92) 5.28 (4.64) 
(e1) 6.08 (5.94) 8.77 (8.77) 1.10 (0.93) 27.8 (32.6) 0.44 (0.46) 0.90 (0.93) 6.58 (7.46) 
(e2) 6.82 (6.82) 9.18 (9.18) 2.27 (2.21) 70.6 (56.3) 0.61 (0.61) 0.92 (0.91) 4.41 (4.16) 

Note. values outside (inside) round brackets refer to the north (south) side. 

Figure 9. Angular profiles at the jet head of isotropic-equi v alent energy (upper set of panels) and radially averaged Lorentz factor (lower set of panels) at 3 s 
after launch for the different models. In each set, the top and bottom rows correspond to the north and south sides, respectively. The profiles, given in terms of 
the spherical angular coordinates ( θ, φ), are centred on the angular location of the injection axis ( θ∗, φ∗). 
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.1 Angular structure 

ere, we examine the angular structure at the jet head in detail,
ocusing on deviations from axisymmetry, particularly in model (a).

e also quantify the jet head’s opening angle and compare it across
he different models. 

Fig. 10 shows 1D profiles of � as a function of angular distance
rom the jet injection axis ( � ; see Section 2 ), calculated at different
zimuthal angles from the same axis (i.e. 	 = 60 ◦, 120 ◦, 180 ◦, 240 ◦,
nd 300 ◦; thin blue lines) or averaged over the azimuthal direction
i.e. � axisymmetrized with respect to the injection axis; thick blue
ines), for both the north and south sides. Additionally, the insets
isplay the corresponding 2D profiles from Fig. 9 , with isocontours
ighlighting their shape. 
NRAS 540, 1345–1362 (2025) 
We observe large variations in � , particularly for � < 10 ◦, when
omparing among profiles at different azimuthal angles. Moreo v er,
he maximum values in the north and south sides ( � max = 62 . 2 and
0.0, respectively), significantly larger than the 	 -averaged maxima
 ≈ 40 on both sides), occur a few degrees away from the injection
xis. This is the result of the significant deviations from axisymmetry
n model (a), as shown in the insets. As it can be anticipated by
ooking at Fig. 9 , similar conclusions apply to all our models. 

Asymmetries found in our 3D simulations prevent reliable fitting
f � and E iso distributions using axisymmetric analytical profiles,
uch as those that have been employed to fit afterglow data from
RB 170817A (e.g. Ghirlanda et al. 2019 ; see also Salafia et al.
019 ). In particular, this precludes describing the jet head’s angular
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Figure 10. 1D profiles of � at varying angular distance from the jet injection 
axis in model (a), computed at different azimuthal angles from the same axis 
(thin blue lines) or averaged over the azimuthal direction (thick blue lines), 
for both the north and south sides. In the insets, we show the corresponding 
2D profiles of � as in Fig. 9 , with isocontours to highlight deviations from 

axisymmetry. See the text for additional details and discussion. 
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tructure in terms of ‘standard’ parameters, like the half-opening 
ngle θc of the energetic, high- � core of the jet (see the cited works).

In order to give an effective measure of the jet core opening angle
hat is applicable in presence of asymmetries, thus allowing for a 
omparison among our different models, we introduce the parameter 
 50 , defined as follows: considering the energy E sum 

within the jet
ead (in the north and south sides, respectively), � 50 is the angular
istance from the injection axis enclosing 50 per cent of this energy.
The last column on the right in Table 2 lists � 50 values calculated

or the different models. Notably, these values vary by only about 
 

◦ (in the range ≈ 4 . 4 ◦ − 5 . 8 ◦) among the first five models, corre-
ponding to jets launched at the same time (relative to the merger) and
uccessfully breaking out. Conversely, when launch time is reduced, 
esulting in less expanded and massive environment, as in model 
e2), the jet retains higher collimation ( � 50 ≈4 ◦ for this model).
inally, in model (e1), in which the jet is significantly choked by the
ense surrounding environment, a less collimated angular structure is 
chieved ( � 50 ≈7 ◦). This reflects the less energetic and less peaked
 iso distribution (Fig. 9 ), consistent with a marginally successful 
reakout (Geng et al. 2019 ; Murguia-Berthier et al. 2021 ). 13 

F or a tentativ e comparison with the jet’s half-opening angle 
stimated for GRB 170817A by, e.g. Ghirlanda et al. ( 2019 ), we
ote that the assumed axisymmetric analytical profile for E iso , along 
ith the given best-fitting parameter set (with θc �3 . 4 ◦), would result

n � 50 �2 . 9 ◦. This is a few degrees smaller than in our models. Such
 difference is primarily due to the offset of the peak values with
espect to the injection axis in the distributions shown in Fig. 9
see also Fig. 10 ). Indeed, subtracting these offsets from � 50 yields
alues around ≈3 ◦. Furthermore, we remark that any deviation from
xisymmetry, which naturally develops during the jet’s evolution, is 
xpected to enlarge � 50 compared to purely axisymmetric jets. 
3 We remark that these results on � 50 originate from a fixed half-opening 
ngle at injection, � j = 10 ◦ (Table 1 ). Impact of a different � j on the final 
 50 will be addressed in future work. 

i
 

i  

j  
 SUMMARY  A N D  O U T L O O K  

e have presented the first set of 3D RMHD simulations exploring
he impact of injection parameters on GRB jet propagation through 
realistic’ BNS merger environments (i.e. directly imported from the 
utcome of a GRMHD BNS merger simulation). These simulations 
xploit the numerical framework developed in P23, but employing a 
efined numerical setup, which ensures higher ef fecti ve resolution 
ompared to P23 and correct north–south symmetry in the jet 
njection prescription (Section 2 ; see also Appendix A ). Specifically,
e have e v aluated the impact of initial jet luminosity and decay

ime-scale, magnetic field contribution ( � j ; see equation 15 ), and
aunch time. We have performed simulations in which each of these
arameters is varied relative to a fiducial model, comparing the 
esulting jet evolution in terms of dynamics, energetics, and final 
ngular structure. 

The results of our investigation can be summarized as follows: 
Fiducial model. Model (F) describes the evolution of a GRB 

et launched at 385 ms after merger, with 5 . 37 × 10 51 erg s −1 initial
uminosity, � j =1 . 20 × 10 −2 , and 300 ms decay time-scale (Subsec-
ion 3.1 ; Section 5 ). 

Dynamics and Energetics. We observe prompt propagation of the 
et through the realistic post-merger environment, marked by intense 
nteraction and energy exchange between the jet and its surroundings. 
s a result, the jet breaks out at a relatively late time ( �275 ms after

aunch), with ≈50 per cent of the injected energy that is deposited
nto the surroundings, and a maximum Lorentz factor of � max �60
eached at 1 s after launch. 

Comparison with analytical modelling by Gottlieb & Nakar ( 2022 )
hows very good agreement in describing the jet’s advancement 
nto the post-merger environment, when the latter is modelled with 
 typical rest-mass density power-la w inde x of α=4. Ho we ver,
ignificant discrepancies are found in the jet breakout time, with the
nalytical prediction being up to �150 ms longer than our simulation.
e attribute this difference to the lower expansion rate of the realistic
NS merger environment compared to the simple homologous model 
ssumed in the cited work. 

Final angular structure. By the end of the simulation (i.e. 3 s after
aunch), the fiducial model results in distributions of E iso and � 

t the jet head [see equations ( 35 )–( 36 )] with maximum values of
 1 . 6 × 10 53 erg and 52, respectively . Additionally , 50 per cent of the

et’s energy is located within an angle of � 50 � 6 ◦ from the injection
xis. A fe w-degree of fset from the injection axis and de viations from
xisymmetry are also observed, arising from the 3D evolution of the
et in the realistic post-merger environment. 

Luminosity and decay time-scale. We have examined the impact 
f increasing the initial jet luminosity [model (a)] and decay 
ime-scale [model (b)] by a factor 5 / 3 with respect to model (F)
Subsection 3.2 ; Section 5 ). 

Dynamics and Energetics. The higher initial jet luminosity leads 
o more efficient drilling through the same realistic environment, 
esulting in faster propagation and, consequently, a shorter breakout 
ime [ �75 ms earlier compared to model (F)]. In contrast, a longer
ecay time-scale has negligible impact on jet propagation or breakout 
ime [the latter being the same as model (F)]. On the other hand, in
erms of energetics, jet evolution is similar in models (a) and (b),
nd enhanced with respect to model (F). Specifically, we observe a
educed amount ( ≈ 40 per cent) of injected energy being deposited
nto the surroundings, and � max ≈ 100 at 1 s after launch. 

Final angular structure. By the end of the simulation, the higher
nitial jet luminosity or decay time-scale result in a much heightened
et head, with E iso and � up to a factor of �3 and �1 . 5 higher than
MNRAS 540, 1345–1362 (2025) 
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n model (F), respectiv ely. Conv ersely, we observ e less significant
mpact on the final degree of collimation [ <24 per cent � 50 variation
rom model (F)]. 

Magnetic field contribution. We have explored the impact of a
igher � j (i.e. equal to 1 . 56 × 10 −2 ) while maintaining [model (c)]
r reducing [model (d)] the initial jet luminosity relative to model
F) (Subsection 3.3 ; Section 5 ). 

Dynamics and energetics. The higher initial jet magnetization
[by up to a factor �3 compared to model (F); equation 25 ] is

ssociated with better preservation of the initial jet toroidal magnetic
eld, due to the suppression of hydrodynamical instabilities at the

et-environment interface. This is consistent with previous results
y Mignone et al. ( 2010 ), Gottlieb et al. ( 2020 ), and is generalized
ere to the case of realistic BNS merger environments. Nevertheless,
e do not observe significant differences in breakout time, thus in

he average advancement speed at the jet front, between models (c)
nd (F). On the other hand, the lower initial jet luminosity of model
d) makes jet drilling harder, resulting in a breakout time that is
 25 − 50 ms longer compared to model (F). 
Final angular structure. At 3 s after launch, model (c) shows

istributions of E iso and � that are intermediate between model (F)
nd models (a) and (b), indicating that a higher � j enhances the final
et configuration, but not as much as a higher injection energy. On
he other hand, model (d) shows distributions similar to model (F),
ith the higher � j compensating for the lower luminosity. 
Chocking condition and launch time. The impact of a different

aunch time has been e v aluated comparing the evolution of a
et with relatively low luminosity and magnetization ( L j =3 . 69 ×
0 51 erg s −1 and � j = 0 . 46 × 10 −2 ) launched at 385 ms [model (e1)]
nd 185 ms [model (e2)] relative to the merger (Section 4 ). 

In model (e1), jet drilling is so inefficient that o v er half of
he injected energy is deposited into the surroundings, and the
nitial jet collimation and magnetic field configuration are severely
ompromised shortly after the launch. As a result, the final angular
tructure lacks a high- � core, with 50 per cent of the energy being
ocated within ∼7 ◦ from the injection axis. 

Reducing the launch time by nearly a factor 2, as in model
e2), results in a significantly different outcome. Specifically, the
nteraction of the same incipient jet as in model (e1) with a less
xpanded and less massive surrounding environment leads to a
uccessful jet breakout, with less than 40 per cent of the injected
nergy being deposited into the surroundings. Finally, at 3 s after
aunch, a high- � core and higher collimation are observed compared
o model (e1), with 50 per cent of the energy being located within

4 ◦ from the injection axis. 
Future work will be devoted to extending the above investigation to

 larger number of injection parameters, including initial jet opening
ngle, poloidal-to-toroidal magnetic field ratio, and both initial and
erminal Lorentz factors. Additionally, a variety of realistic BNS
erger environments will be considered. Moreo v er, we plan to study

he effects of a physical resistivity, as already done for simpler
nalytical BNS merger environments in Mattia et al. ( 2024 ). 

By applying the methods developed in Dreas et al. ( 2025 ) to our
resent and future simulations, it will then be possible to further
ollow the 3D jet evolution on much longer time-scales (tens of
econds). This will allow for solid predictions on the final jet
onfiguration shaping the EM emission. 

As final note, we remark that so far we only considered incipient
ets that are manually injected into the surrounding post-merger
nvironment. This remains a key limitation that needs to be o v ercome
y considering reference BNS merger simulations where an incipient
et is consistently launched. 
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14 Note that in the proximity of strong shocks (i.e. 
x|∇P | /P > 5 . 0, where 

x is the local grid spacing), we use SHOCK FLATTENING set to MULTID as 
implemented in PLUTO (see the User’s Guide ), allowing the Riemann solver 
to switch to HLL, increasing the code robustness. 
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PPEN D IX  A :  SETUP  IMPROV EMENTS  

n this Appendix, we provide quantitative discussion of the im- 
ro v ements in our simulation setup and their impact on our results
ompared to P23. Specifically, these impro v ements include: 

(i) Refined implementation of the jet magnetic field at injection, 
orrectly accounting for ‘equatorial’ symmetry relative to the plane 
rthogonal to the injection axis (equations 11 –13 ); 
(ii) Less dif fusi v e Riemann solv er than the Harten-Lax-van Leer
HLL), namely the First ORder CEntred (FORCE) solver (Mattia & 

ignone 2022 , and refs. therein). 14 

To quantify their impact, we present here results from 3D simula-
ions of a magnetized GRB jet propagating in a magnetized analytical
ost-merger environment, in which each impro v ement is applied 
equentially until reaching the numerical setup adopted in this work. 
n these simulations, the jet is set the same as in model (c) (Table 1 ),
hile the environment is modelled with isotropic rest-mass density 

nd pressure distributions, homologous radial velocity, and dipole 
agnetic field configuration as detailed in Mattia et al. ( 2024 ). 
To highlight the role of dimensionality, we also present 2D 

imulations where the same environment and jet models are adopted, 
ut axisymmetrized relative to the jet injection axis. 

In Fig. A1 , we show the jet-environment system configuration at
65 ms after launch, obtained using a similar numerical setup as

23 ( HLL Old ), with impro v ement (i) applied ( HLL New ), and both (i)
nd (ii) applied ( FORCE ). In the rightmost panel, then, we show the
nalogous 2D of the latter case. In each panel, on the left side, we
how the configuration in terms of the rest-mass density distribution, 
hile on the right side, in terms of v r B 

r , in the meridional xy-plane.
Comparing the HLL Old and HLL New cases, in the latter we note 

 higher level of north–south symmetry in the rest-mass density 
istribution. Furthermore, the opposite values of v r B 

r between 
he north and south sides in the HLL New case (unlike the HLL Old 

ne) indicate correctly oriented radial components: outward radial 
elocity and magnetic field in the north, and outward radial velocity
ith inward radial magnetic field in the south. 
Comparing the HLL New and FORCE cases, then, in the latter 

e observe a higher ef fecti ve resolution despite the identical com-
utational grid. Notably, this allo ws K elvin-Helmholtz instabilities 
t the jet-environment interface to generate physical north–south 
symmetries, which are not observed in the HLL New case. This arises 
ecause the FORCE Riemann solver outperforms the HLL solver 
n resolving fluid discontinuities, as shown by Mattia & Mignone 
 2022 ). 

Finally, the comparison between the FORCE case and its analo- 
ous 2D reveals major differences. Consistent with previous studies 
e.g. Harrison et al. 2018 ; Gottlieb et al. 2020 , and refs. therein), the
mposed axisymmetry in the latter case confines the jet–environment 
nteraction primarily to the front, leaving the collimation shock at 
he base nearly unperturbed (resulting in a higher jet collimation). 

oreo v er, it causes an unphysical sideways deflection of jet material
t the front, resembling a pair of antennas (plug instability; see cited
orks). Finally, in the 3D case we note a higher level of MHD

urbulence, with multiple and intense reversals of v r B 

r , which are
early absent in the 2D simulation (see also Mattia et al. 2024 ). 
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M

Figure A1. Magnetized GRB jet propagating in a magnetized analytical post-merger environment, adopting a similar numerical setup as P23 (leftmost panel), 
including refined implementation of the jet magnetic field (second panel from left), and further replacing the HLL Riemann solver with FORCE (third panel). In 
the rightmost panel, moreo v er, the analogous 2D of the latter case is shown. In each panel, on the left side, the configuration is shown in terms of the rest-mass 
density distribution (same colourmap as in Fig. 2 ), while on the right side, in terms of v r B 

r (in 10 2 code units). See the text for further details and discussion. 
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PPENDIX  B:  RESOLUTION  STUDY  

ere, we discuss the results of a simulation performed using a similar
etup as fiducial model (F) (Subsection 3.1 ), but double the resolution
long the radial direction, i.e. 1536 cells along r ∈ [ r exc , r max ]. We
efer to this high-resolution case as model (F) HR . 

Fig. B1 shows the temporal trends of lab-frame kinetic ( E kin ),
hermal ( E th ), and magnetic energy ( E mag ), from launch until 500 ms
ater, calculated o v er the entire computational domain in models (F)
nd (F) HR (red and black lines, respectiv ely). F or each model, the
oloured dots mark the jet breakout, while post-breakout trends are
ndicated with dashed lines. 

We note that E kin and E th exhibit nearly identical temporal trends
cross the models, while E mag is slightly higher in model (F) starting
t �80 ms after launch (though this corresponds to only a small
ariation in the total energy budget). Furthermore, the observed
ifferences in breakout time correspond to the 25 ms interval between
onsecutive simulation outputs, therefore the actual time difference
ould be smaller. 

We conclude that increasing the resolution has a minor impact
n the reproduced evolution in terms of energetics. Specifically, the
nergy conversion processes during jet propagation in the realistic
NS merger environment result in nearly identical jet acceleration

or E kin trends). Notably, our results remain unaltered up to 500 ms
fter launch (beyond the breakout), by which time the structure and
nergetics of the GRB jet have already been shaped by interactions
ith the realistic environment. 
In addition, the higher E mag observed in model (F), at lower

esolution, indicates that the conversion of magnetic energy into
ther forms occurs primarily via ideal MHD rather than resistive
rocesses (the latter being of numerical origin in our simulations). If
he latter were dominant, indeed, we would see increasing dissipation
f magnetic energy with decreasing resolution (due to the enhanced
umerical resistivity), i.e. lower E in model (F) compared to
NRAS 540, 1345–1362 (2025) 

mag 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
igure B1. Temporal trends of kinetic ( E kin ), thermal ( E th ), and magnetic
nergy ( E mag ), from launch until 500 ms later, for different grid resolution. In
articular, model (F) HR has similar setup as model (F) (Subsection 3.1 ) while
wice the number of grid cells along the radial direction. The colour dots

ark the jet breakout, while post-breakout trends are indicated with dashed
ines. 

F) HR . Conversely, when ideal MHD processes are dominant, as
n our simulations, magnetic energy is first converted into bulk
cceleration; then, interactions between the jet and surrounding
nvironment lead to pressurization, converting part of the kinetic
nergy gained through MHD acceleration into thermal form. 

Finally, we remark that physical resistivity can play a role in GRB
et propagation (e.g. Mattia et al. 2024 ). Including this within realistic
NS merger environments will be the focus of a follow-up study. 
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