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ABSTRACT

Observations of gamma-ray bursts (GRBs) at high energies enable the emission processes of these still puzzling events to be investi-
gated. In this study, we perform general relativistic magnetohydrodynamic simulations to investigate GRB 090510, a peculiar short
GRB detected by Fermi-LAT. Our primary goal is to model the energetics, jet structure, variability, and opening angle of the burst
to understand its underlying physical conditions. We tested both 2D and 3D models and estimated the variability timescales. The
predicted energetics and the jet opening angle reconcile with the observed ones with 10~ when considering that the jet opening angles
also evolve with redshift. Furthermore, we extended our analysis by incorporating dynamical ejecta into selected models to study their
impact on jet collimation at smaller distances. In addition, we investigated a suite of models exhibiting a broad range of observable
GRB properties, thereby extending our understanding beyond this specific event.
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1. Introduction

Gamma-ray bursts (GRBs) are intense pulses of high-energy
radiation emitted by ultra-relativistic jets aligned with our line of
sight from Earth (Kumar & Zhang 2015; Levan 2018; Paczynski
1986). The observed bursts fall into two categories based on
their Tg9y duration (Kouveliotou et al. 1993): short GRBs last-
ing less than 2 seconds are generally attributed to the merg-
ers of compact binaries (Eichler et al. 1989), while long GRBs
(Tgg < 2s) are thought to be driven by the collapse of mas-
sive stars (MacFadyen & Woosley 1999). In both cases, a fast
jet is emitted along the symmetry axis of the central engine.
Several mechanisms of powering these relativistic jets have
been proposed, including the Blandford—Znajek (BZ) process
from a rotating black hole (Blandford & Znajek 1977), magne-
tized neutrino-driven winds (Dessart et al. 2008; Rosswog et al.
2003), and spin-down of a magnetar (Metzger et al. 2011; Ciolfi
2018).

These relativistic jets are collimated, and the collima-
tion degree is characterized by a half jet opening angle, 6;.
However, estimating 6; poses a significant challenge, as it
demands meticulous observations and a multiwavelength anal-
ysis, which is often hindered due to the scarcity of observa-
tions or the limited availability of observation programs and
telescope time. Moreover, these observed limitations impede
the study of 6; and properties such as jet variability, adding
more complexity to our understanding of jet dynamical prop-
erties. Various methods of determining 6; from observational
data exist (Frail et al. 2001; Bloom et al. 2003; Soderberg et al.
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2006; Pian et al. 2006; Watson et al. 2006; Ghirlanda et al. 2007;
Berger 2014; Fong et al. 2015; Pescalli et al. 2015; Troja et al.
2016; Goldstein et al. 2016; Lloyd-Ronning et al. 2019a, 2020;
Fong et al. 2021). However, it is essential to note that reaching a
consensus on a precise value from various methods is challeng-
ing, due to the model dependence on microphysical parameters
and other scaling assumptions.

In this context, we employ a physical model of jet launch-
ing from a GRB central engine to enhance our understand-
ing of the dynamical properties of GRB jets, focusing on 6,
variability, and energetics. We propose to model the dynami-
cal evolution of the central engine, produced by the two neutron
star (NS) mergers, via high-resolution 2D and 3D general rela-
tivistic magnetohydrodynamic (GRMHD) simulations, focusing
on the estimation of 6;, jet variability, energy, and luminosi-
ties. Furthermore, we synergize existing methods to infer the
0; (Lu et al. 2012; Amati 2014; Fong et al. 2015; Pescalli et al.
2015; Goldstein et al. 2016) and variability analysis (Bhat et al.
2012; MacLachlan et al. 2013; Golkhou et al. 2015) from obser-
vations. The final aim of this paper is to compare the observa-
tional properties of GRB 090510, either reported in the liter-
ature or derived by us, with the parameters obtained from our
simulations.

The paper is structured as follows: Sect. 2 discusses the
observational properties of GRB 090510, including the calcu-
lation of the bolometric luminosity, isotropic energy, minimum
variability timescale calculation, and the jet opening angle deter-
mination. Sect. 3 presents the parameters used in our numer-
ical simulations and highlights the similarities and differences
between the 2D and 3D models. Sect. 4 shows the results from
our numerical simulation. In Sect. 5, we discuss our findings.
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Table 1. Summary of parameters for GRB 090510.

090510
Taem90 (8) 0.6
Eio (erg) (9.97 £ 0.51) x 10>
redshift (z) 0.903
distance (Gpc) 5.86

Notes. Tgpmoo 1s the time in which 90% of the total emission of the
prompt is released. We also give rest-frame isotropic Ej,, the redshift
(z), and the corresponding distance in Gigaparsec (Gpc).

Finally, in Sect. 6, we summarize our work and draw conclu-
sions.

2. GRB 090510

We chose for our comparison the short GRB 090510. This
GRB possesses the plateau emission among the GRBs observed
by the Fermi-Large Area Telescope (LAT; Atwood et al. 2009)
from August 2008 until August 2016 (Dainotti et al. 2021) with
observed redshifts given in the Second Fermi-LAT GRB Catalog
(2FLGC; Ajello et al. 2019). To select this GRB, we first consid-
ered 19 GRBs analyzed in the 2FLGC from July 2008 until May
2016 following the analysis performed in Dainotti et al. (2021),
which were identified as the brightest sources based on max-
imum likelihood analysis, with a test statistic! of TS > 64.
Of these 19 GRBs, we selected the ones that can be fit with a
broken power law (BPL) in the 2FLGC and that have reliable
fitting parameters for which the error bars do not exceed the val-
ues of the best-fit parameters themselves. This reduced the sam-
ple to only three GRBs: GRB 090510, 090902B, and 160509A,
with the only short GRB being 090510, making it a partic-
ularly interesting case for further investigation. GRB 090510
benefits from comprehensive multiwavelength coverage from
Fermi-GBM/LAT and Swift-XRT, with well-constrained red-
shift, bolometric energy estimates, and variability measure-
ments. These characteristics make it particularly well suited as a
benchmark case for our GRMHD jet modeling.

The observational properties of GRB 090510 are summa-
rized in Table 1. We simulate jet models in which the central
engine parameters are calibrated to reproduce key observables
of this GRB, including its energetics, luminosity, and jet open-
ing angle.

2.1. Luminosity and isotropic energy

Since the luminosity obtained from the theoretical model is bolo-
metric, we computed the observational counterpart by combin-
ing the high-energy (gamma-ray) and X-ray luminosities derived
from multiwavelength data. The luminosity was computed in the
following way for the total energy band:

L(Emin, Emax» 1) = 47D% (2, Q1 1) F(t) - K(Emins Emay), (1

where Dy (z,Qy, h) is the luminosity distance computed in the
flat ACDM cosmological model with Q) = 0.291 and & = 0.70
in units of 100 kms~! Mpc™!, F is the measured energy flux,
and Enin, Emax are the appropriate energy bandpasses for each

I The TS is defined as twice the logarithm of the ratio of the max-
imum likelihood obtained using a model including the GRB over the
maximum likelihood value of the model that excludes the GRB.
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instrument we use. The K is the K correction for the cosmic
expansion (Bloom et al. 2001):

Emax/(1+2)
Epmin/(1+2) (D(E)dE (2)

fEi‘:M O(E)AE

K =

where the energy spectrum ®(E) is described by the Band func-
tion or a simple power law (PL).

The bolometric luminosity is Lyo = Lgemiar + Lxrr-
The optical contribution, being orders of magnitude lower in
luminosity, has a negligible impact on the total energy bud-
get and was thus excluded from the estimate. Multiple studies
have conducted spectral analysis of GRB 090510. In our analy-
sis, we adopted the fitting parameters from the optimal model
from the combined Fermi-Gamma-ray Burst Monitor (GBM;
Meegan et al. 2009) and LAT spectral analysis performed by the
Fermi-GBM/LAT collaboration (Ackermann et al. 2010). This
best-fit model, applicable during the interval 0.5—1 s, which coin-
cides with the peak high-energy counts in the GBM and LAT
light curves (LCs), consists of a Band function with a PL compo-
nent. The afterglow peak luminosity from the Swift-XRT anal-
ysis in the energy range 0.3—10keV is taken from Lien et al.
(2016). This gives a bolometric luminosity of Ly, = (3.90 +
0.55) x 10°3 erg s™! for GRB 090510.

To calculate E;y,, we used the relation

Eiso = 41D} S holoK(1 +2)7". 3)

We adopted the bolometric fluence, Syo10 = (5.03 £ 0.25) X
1073 ergecm™2, reported by Ackermann etal. (2010) for the
10 KeV to 30 GeV energy range. This gives a bolometric Ejs,
of the jet to be (9.97 +0.51) x 10°? erg. Both the luminosities and
energies computed and reported here were used in our compari-
son with the theoretical simulations.

2.2. Minimum variability timescale

The observed GRB LCs exhibit strong temporal variability. The
minimum timescale variability (MTS) refers to the shortest dura-
tion within which a significant change in the count rate occurs in
the observed LC.

The measure of variability has been a longstanding and
debated issue in the literature since its inception (Sari & Piran
1997), and although the variability as an intrinsic property of
GRB should have a unique measure, often in the literature, val-
ues are discrepant. It is challenging to assess which of the meth-
ods is the most reliable. Below, we summarize and discuss two
of the most used ones: the Bayesian block (BB) and the wavelet
analysis, and we check the value of the variability pertinent to
GRB 090510.

The BB method detailed in Scargle et al. (2013) divides the
LC into various time intervals of different time widths, closely
following true underlying variation in the emission. This algo-
rithm is a non-parametric modeling that employs optimal seg-
mentation analysis on sequential data, with sampling that can be
arbitrary in the presence of gaps in the data and different expo-
sure times. In the BB algorithm, each block (or bin in our case)
is consistent with a probability distribution function (PDF), and
the entire dataset is represented by this collection of finite PDFs.
The number of blocks and the edges of the blocks are set via
the optimization of a “fitness function; namely, a goodness-of-
fit statistic dependent only on the input data and the regulariza-
tion parameter. The set of blocks presents no gaps, and there is
no overlapping between one block and the other, where the first
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and last block edges are defined by the first and last data points,
respectively. The BB method is based on the additivity of the
fitness function, and thus the fitness of a given set of blocks is
equal to the sum of the fitness of the individual blocks. The total
fitness, F for a given dataset is

N
Fo= ) f(B), @)
i=1

where f(B;) if the fit for an individual block and N is the total
number of blocks. The MTS is then obtained by identifying the
shortest block width produced by the segmentation. For the anal-
ysis, the count rate LC of GRB090510 from the Nal detector of
Fermi-GBM in the energy range 10-250 KeV was used. The LC
was produced from the GRB data provided by the Fermi Sci-
ence Support Center (FSSC) and processed using Fermitools.
The MTS was calculated to be 32 milliseconds using the BB
method.

Complementing the BB approach, wavelet analysis provides
an alternative and widely adopted method in GRB variability
studies that is particularly effective at isolating transient features
across multiple frequencies. Unlike Fourier analysis, wavelet
analysis employs basis functions that are localized in both time
and frequency domains, enabling the precise identification of
variability timescales. Using wavelet analysis, MacLachlan et al.
(2013) found an MTS of 4.9*/-¢ milliseconds for GRB 090510.
We explore how these observational methods compare with
results from numerical simulations in later sections of this paper.

2.3. Jet opening angle from observation

As discussed in the introduction, determining ¢; is challenging
and several observational and theoretical methods have been pro-
posed in the literature (Gao et al. 2009; Ackermann et al. 2010;
Corsi et al. 2010; Fan & Wei 2011; He et al. 2011; Panaitescu
2011; Nicuesaetal. 2012; Eichler 2014; Fraijaetal. 2016;
Goldstein et al. 2016). These studies report values that are typi-
cally less than 1° but there are significant uncertainties among
the measurements, which often differ by an order of magni-
tude across different models and approaches. This wide range
reflects the inherent uncertainties in deriving €; from observa-
tional data, which stem from differences in jet structure assump-
tions, energy distribution models, assumptions about the density
of the circumburst medium, and observational biases (Sari et al.
1999; Chevalier & Li 2000).

To simplify the calculation of §;, the luminosity and energy
output of GRBs are typically computed under the assumption
of isotropic emission. Despite several methods available to esti-
mate 6; (Ghirlanda et al. 2004; Lu et al. 2012; Fong et al. 2015;
Goldstein et al. 2016), not all GRBs have this parameter avail-
able. In this work, we use an indirect derivation of é; based
on the method detailed in Pescalli et al. (2015), in which the
Epeac — E, relation (Ghirlanda et al. 2004) and the Epca — Eiso
relation (Amati et al. 2002, 2009) have been used and are con-
sidered reliable standardizable candles.

From Ghirlanda et al. (2004), we have

kG
Eyerg )

Epesk = Ag X | ——F—
peak = 26 (4.3X105Oerg

&)

where Ey .y = Ejso(1-c0s6;), Ag = 267, and kg = 0.706+0.047
are the normalization and the slopes of the Ghirlanda relation,
respectively.

From Amati et al. (2002), we have

Eiso f
10%2erg

Epeak =Apx X ( (6)
where A4 = 100 and k4 = 0.52 + 0.06 are the normalization and
the slope of the Amati relation, respectively.

By equaling these two equations, we obtain

50\, [ Aa g - 2\
cosf; = 1-(43x10 )x(A—) xE©  x(107)%. )

G

Substituting constants and performing error propagation, we
obtain

(0.249 + 0.023) x (4.3 x 10%°)

cost; =1- 1038:32425.096 5 [0-26320.098 ®)
180
which can be further approximated as
5.078 x 10!
Cos Hj ~1- W (9)

180

Thus, for our GRB, since we have the measure of the
isotropic energy (Ejs), the angle 6; can be calculated and it
is §; ~ 6°2. We note that independent observational methods
have reported smaller values of §; for this GRB, highlighting the
methodological dispersion discussed above. Our approach pro-
vides a consistent estimate based on isotropic energy, but should
be calibrated across a broader GRB sample as more high-quality
spectral analyses become available.

However, this value of 6; needs to be corrected for the evolu-
tion of redshift (z). Following Lloyd-Ronning et al. (2019a), we
corrected for the highly statistically significant (=507) anticorre-
lation between 6; and z, with a functional form that reads as fol-
lows: 6; ~ (1 + 7) 07502, Using Eq. (9) and from the evaluation
of the observational Eis, = (9.97 + 0.51) x 1072 erg (Sect. 2.1),
and z = 0.903, we obtained 6;.

We notice, that the value of 6; needs to be corrected for the
evolution with redshift (z). This relation is not a consequence of
observational selection bias alone, but rather reflects an intrinsic
redshift evolution in jet opening angles derived using the Efron—
Petrosian method (Efron & Petrosian 1992), which accounts for
such biases. Therefore, this correction is distinct from the red-
shift dependence already present through the Ej, in Eq. (9).
We obtained 6; ~ 10° after applying the redshift evolution
correction.

3. Numerical simulations of GRB engines

Our model of the Short GRB (SGRB) engine adopts a scenario
of the binary NS (BNS) merger progenitor but starts when the
post-merger compact object has already been formed. The typi-
cal outcome of such a scenario is the short-lived stage of a hyper-
massive NS (Sekiguchi et al. 2011; Hotokezaka et al. 2013a),
which immediately collapses into BH. While a BH is not the
only plausible central engine, GRB090510 — our target GRB in
this work — has previously been studied and argued to be pow-
ered by a BH formed after a NS-NS merger (Ruffini et al. 2016).

2 When we apply the differential error propagation to derive the uncer-
tainties in 6; based on Eq. (8), namely on Ejy, and on k, and k; we obtain
a very large uncertainty of +32° without redshift evolution correction.
This source of uncertainties is large, and thus can lead to nonphysical
values. In our comparison with the simulations, we refer to an ideal case
of the Amati and Ghirlanda relation, which carries no uncertainties.
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3.1. Code

We used the GRMHD code HARM (Gammie et al. 2003;
Noble et al. 2006; Sapountzis & Janiuk 2019) to perform a suite
of numerical simulations of the accretion flow around a Kerr
BH. The HARM code employs a finite-volume shock-capturing
scheme to solve the hyperbolic system of partial differential
equations in their conservative form. It uses the Harten, Lax,
van Leer scheme to numerically compute the corresponding flux
function.

The code follows the evolution of the gas and magnetic field
by solving the continuity, energy-momentum conservation, and
induction equations:

Vyu(nu') = 0, (10)
vV, (TH) =0, (11
V(v —u'b") =0, (12)

where n is the baryon number density in the fluid frame, u* is the
four-velocity of the gas, and b* is the magnetic four-vector.
The stress-energy tensor consists of matter and electromag-

netic parts: T = Tg,c + Thy;, Where
Tg:s = (p + u+ put'u’ + pg" (13)
and
1
ﬁ&:ﬁww+§#¢h¢%h (14)

Here u is the internal energy, and p is the gas pressure. The
closing equation is that of the pressure relation with density,
which defines the equation of state (EoS). In the current simula-
tions, we use an adiabatic form, p = (y.q — Du, with y,g = 4/3.

We adopted dimensionless units, with G = ¢ = M = 1, for
our simulations. Thus, the length in the code units is given by 7,
= GM/c?, and the time is given by 7, = GM/c®, where M is the
BH mass.

The BH mass was fixed in all our models to be 3M®. As we
have to compare the results with GRB 090510, all main models
were run for a duration of ~50 000z, effectively covering 0.6 s
in real time, which matches the Fermi-GBM estimated T¢par90
for GRB 090510. We restricted the simulation duration to the
prompt gamma-ray emission phase, as the modeled jet dynamics
are not intended to capture the later afterglow evolution.

3.2. Model

The accretion disk was modeled based on the Fishbone
& Moncrief (1976), hereafter FM, solution for a steady-state,
pressure-supported fluid in a Kerr BH’s potential. The torus solu-
tion was parameterized by two values, the radius of its pressure
maximum, 7.y, and the radius of the inner cusp location, r;,,
and it was constructed for a given BH spin, a.

The FM torus is embedded in a poloidal magnetic field. The
field geometry resembles that of a circular wire field configura-
tion, and the nonvanishing component of magnetic vector poten-
tial is given by

(2 — B)K(K?) - 2E(K?)
k V4Rr sin 6

k= \/ 4Rr sin 0
" YR24+ 72+ 2Rrsing’

Ay(r,0) = Ag (15)
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Here, E and K are complete elliptic functions, and Ay is the field
normalization constant (Sapountzis & Janiuk 2019). The radius
of the circular wire was taken to be the ry., of the FM torus.
This magnetic field was scaled across the torus using the plasma-
beta factor given by the ratio of initial gas pressure to magnetic
pressure, 8 = p/Pmag, With ppae = b*/2. The total mass of the
torus was calculated using a physical density scaling in the cgs
units. To compute this value, we used an arbitrary mass unit,
Myic = 1.5 x 107 M, and hence the torus mass is given by
Miorus = Munit f p(r, 0, $) \/—gdr dd d¢, where the density, p, is
expressed in code units.

The FM accretion disk in our model accretes matter into
the Kerr BH due to magneto-rotational instability. Magnetized
tori launch relativistic jets along the rotation axis of the Kerr
BH through the BZ mechanism (Blandford & Znajek 1977).
We have employed different models with varying parameters,
including the plasma S parameter, BH spin, and disk mass (see
Table 2 for model parameters). These variations have provided
us with a number of unique jet signatures to be compared with
the observed properties. As this study did not incorporate a radia-
tive transport mechanism to explicitly connect simulations to
spectral and temporal LC characteristics, we have focused on
properties such as total energy, 8;, variability timescales, and the
I' factor. These are interconnected physical properties that are
key to understanding the observed phenomena.

3.2.1. Dynamical ejecta

We extended the parameter space to include two models with
dynamical ejecta (DE) setups, which depict GRB environments
more realistically. This enables the exploration of ejecta effects
on jet structure, collimation, and energetics.

There are multiple parameters that shape a GRB jet. While
the accretion disk winds (Nativi et al. 2021; Urrutia et al. 2021;
Salafia & Ghirlanda 2022) are one factor, another important
parameter is DE. During the inspiral phase of the BNS merger,
tidal interactions and shocks can lead to the ejection of a con-
siderable amount of mass. This neutron-rich ejected material
presents a potential site for r-process nucleosynthesis, which
may result in observable phenomena such as kilonova emis-
sions (Valenti et al. 2017; Metzger 2017; Gompertz et al. 2018;
Jin et al. 2020; Rastinejad et al. 2024).

The DE and accretion disk winds interact with the jet
by exerting external pressure and modifying the surrounding
medium’s density and pressure gradients, which effectively
squeezes and collimates the jet into a narrower opening angle.
Since we are dealing with the narrow jet of 090510, the imple-
mentation of DE in the simulation setup could be a viable
method to collimate our jet as well as study its effect in jet
dynamics in general.

However, estimating the mass and distribution of DE is chal-
lenging, particularly in cases such as GRB 090510 in which
direct kilonova observations are lacking. This led us to follow the
theoretical works as well as merger simulations (Oechslin et al.
2007; Hotokezaka et al. 2013b; Radice et al. 2018; Foucart et al.
2024) in trying a range of DE configurations that could help
us shape a jet such as the one we find in observations. Several
works have implemented ejecta configurations in GRB jet stud-
ies (Bauswein et al. 2013; Nagakura et al. 2014; Nedora et al.
2021; Pavan et al. 2021; Gottlieb et al. 2022). Given that the
properties and structure of DE heavily depend on specific merger
characteristics such as the mass ratio, NS spins, and their EoS,
we implemented a simplified ejecta profile in our model. The
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Table 2. Models used in the simulation of GRB 090510.

Model Misk,1 Misk, F Rin, Rinax a Rout Brmax Ejet 6)jel Resolution Iy
(10 M) (107° M) (Ry) (Ry) (erg) (deg) (N, XNgXNy) (1)
LD1-0.003-2D 3.130 2.010 10,12 0.60 1000 900 1.87x10% 255 512x256x1 100k
LD2-0.003-2D 3.518 3.028 10,12 0.90 1000 1200 6.52x10* 25.6 512x256x1 100k
HD1-0.60-2D 623.20 551.10 50,60 0.60 1000 100 1.38x10*  13.5 512x256x1 50k
HD2-0.60-2D 626.66 40.59 50,60 0.90 1000 3.50 1.70x10°> 14.9 512x256x1 50k
MD1-0.06-2D 63.28 61.60 20,25 0.60 1000 1600 3.50x10°° 19.1 512%256x1 100k
MD2-0.06-2D 64.62 63.66 20,25 0.90 1000 1600 1.23x10°" 20.7 512x256x1 100k
HD-0.10-3D 105.67 39.60 12,18 0.95 1000 200 1.10x10°% 18.1 256x128x64 45k
MDC-0.08-2D 80.80 50.61 6,11.5 0.85 3500 2500 6.67x10°! 8.1 700x512x1 40k
MD-0.07-2D 74.32 41.62 12.5,18 0.80 3500 150 1.11x10%? 9.2 700x512x1 50k
DE1-0.07-2D 80.97 45.85 12.5,18 0.80 3500 150 1.21x10%  11.1 700x512x1 50k
DE2-0.07-2D 86.65 39.87 125,18 0.80 3500 150 1.60x10°%> 10.0 700x512x1 50k

Notes. The 6, is calculated as an average between 0.1-0.6 s at R,. For DE Models, total disk mass also includes contribution from the dynamical

ejecta.

former studies suggest that the mass of DE is expected to be in
the range of 107* < M, < 1072 M, and has a structure in which
the density is concentrated in the equatorial plane. A convenient
functional form is proposed by Gottlieb et al. (2022):
p(r1 <1 < Fou, 0) = por (0.1 + sin” 6)°. (16)
Here, r; represents the inner boundary of the ejecta expansion,
determined by their initial velocity and the delay time between
the merger and BH formation. The other parameters, pg, @, and
J, are treated as free variables, with values selected based on the
general trends observed in the simulations mentioned above. For
all our models, we have used a poloidal magnetic field config-
uration, except for the case with DE, in which even though the
magnetic field is poloidal, it is restricted in radius such that the
DE is kept unmagnetized. For all our models, @ and ¢ were 2 and
1, respectively, and the density scaling factor, py, was adjusted
to achieve the desired total ejecta mass in each case.

Models listed in Table 2 have parameters that could reflect an
SGRB scenario. Every model except one is 2D (axisymmetric).
The models with DE have an outer radius set at 3500r,, while
for the normal models it is 1000r,. Although the chosen outer
radius may not fully capture the complete influence of DE on
jet dynamics, but it can give us a preliminary understanding of
jet-ejecta interactions close to the jet base.

3.2.2. The jet characteristics

Since the jets are Poynting-dominated, we introduced two
parameters: the jet energetics parameter, u, and the jet magne-
tization parameter, o, which we used to quantify the properties
of the simulated jet. The u and o are defined as

(Tem);
o= L
(Tgas)t

where u represents the total specific energy of the jet; the ratio
of the total energy flux to the mass flux. 7/ is the radial com-
ponent of the energy-momentum tensor, representing the energy
flux in the radial direction, p is the rest-mass density, and u” is
the radial component of the four-velocity. The parameter o is the
magnetization parameter of the jet. It is defined as the ratio of the
electromagnetic energy flux to the gas energy flux.

o
pu’

M= a7

The upper limit of the terminal I" factor can be obtained from
the local flow quantities. The maximum terminal I" (I',) can be
approximated with the jet energetics parameter, . It is the sum
of the inertial thermal energy of the plasma and its Poynting flux,
which can be transferred to the bulk kinetic energy of the jets
at large distances. (Vlahakis & Konigl 2003; Janiuk et al. 2021;
James et al. 2022). Since u is a direct estimate of the total energy
confined in the jet, we also utilized u to constrain the jet region
and obtain ;. The opening angle was calculated by determining
the 6 value that encompasses 75% of the total jet energy. We
analyzed the 6 profile of u at R, for each model.

As for the luminosity of the jet, computed as the BZ lumi-
nosity, we calculated it at the given time snapshot as equal to
Lgz = Eunit [ —T} y/=9d6d¢ at the BH horizon. Here, the physi-
cal scaling is given by the energy unit, Eypic = Muypit 2/ ty.

3.2.3. Jet efficiency

The efficiency (17) of converting jet energy into observable radi-
ation is a key parameter in GRB physics but remains highly
uncertain. It depends on factors such as jet dynamics, emission
mechanisms, and the energy dissipation processes. Observations
and theoretical studies suggest a broad range of values, reflecting
the complexity of GRB jets.

Early studies, such as Kobayashi et al. (1997), demonstrated
that the efficiency increases with a broader range of I' factors
among jet shells, as this enhances internal collisions and energy
dissipation. Narrow I' factor distributions result in efficiencies
as low as ~2%, while broader distributions can raise efficiency
to ~40%. Similarly, Kobayashi & Sari (2001) showed that the
efficiency could reach ~60% for jets with nonuniform I'" factor
distributions and comparable shell masses.

Observational analyses further highlight the variability in
jet efficiency. For instance, Lloyd-Ronning & Zhang (2004) esti-
mated efficiencies between 10% and 99% using X-ray afterglow
data, while Fan & Piran (2006) revised this range to 1%—89%
with updated methods. Recent studies using Fermi-LAT and
Swift-XRT data, such as Beniamini et al. (2015, 2016), reported
efficiencies ranging from 1% to 98%, depending on the observa-
tional wavelength and cooling effects included.

As discussed above in detail, r of the jet produced via the
BZ mechanism can span a broad range, varying from as low
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as 1% to as high as 100%. Given that our simulations do not
account for radiative transport, it is challenging to quantify the
fraction of the jet’s total energy that is converted into observ-
able radiation. Therefore, we can agree upon an estimate based
on theoretical predictions regarding the 1 of BZ jets. Further-
more, Hamidani et al. (2020) demonstrated that assuming 7 of
10% instead of 50% did not alter their conclusions about the jet
structure and dynamics, reinforcing the validity of our adopted
value. Hence, in this study we adopt a radiative efficiency of
1-10%, consistent with the approach taken by Lloyd-
Ronning et al. (2019b).

4. Results of numerical modeling

Our numerical models are designed to explore a wide range of
jet structures and examine different configurations. The aim is
to reproduce the key observational properties of GRB 090510.
Since jet structures can vary significantly depending on the prop-
erties of the accretion disk, BH, and magnetic field, our models
include a diverse range of these parameters to ensure compre-
hensive coverage.

For GRB 090510, we calculated the isotropic-equivalent
energy, Eis, = 9.97 x 10°% erg. Using the estimated jet opening
angle, 6; = 10°, we computed the collimation-corrected GRB
energy using the relation

Ecre = (1 —c0s0)Eis. (18)

Substituting the values, we obtained Eggg = 1.53 x 10°! erg
at the source. This represents the total jet energy required to be
produced in our simulations, assuming a radiative efficiency of
~10%.

Below, we present a suite of simulation models tested against
observational constraints to identify the ones most suitable for
GRB 090510. The best-fitting models were selected based on
their closest agreement with the observed Egrp and 6;.

4.1. Engine parameters

The models in our study are categorized into three groups
based on disk mass: low-mass (LD, ~107> M), medium-mass
(MD, ~1072 M), and high-mass (HD, ~10~! M_,). These mass
ranges align with the ones expected from NS mergers associated
with SGRBs, providing a comprehensive basis for analyzing the
effects of varying disk masses. Details of models incorporating
DE will be presented separately. The HD category also includes
disk masses up to 0.60 M, covering the range expected from
NS-BH mergers. The magnetic field strength, controlled by the
plasma 8 parameter, takes a range of 1-10° among our models
with BH spin ranging between 0.60 and 0.95. The plasma 3 is
normalized across the torus so that the value is maximum at the
R.x of the FM torus.

Table 2 presents comprehensive information for all of the
models in our sample, including their initial configurations and
analyzed results. Additionally, Figure 1 illustrates the temporal
evolution of the mass accretion rate (top panel) and luminosity
(bottom panel) for selected models from our simulation suite.

4.2. Jet evolution

We analyzed the evolution of the simulated jets, focusing primar-
ily on the best-fit models that closely match the observations of
GRB 090510. Additionally, we discuss results from other mod-
els within our suite to provide a broader perspective on short
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Fig. 1. Time evolution of mass accretion rate (M, upper panel) and lumi-
nosity (Lpz, lower panel) for the best models.

GRB jet dynamics. As the accretion process onto the BH com-
mences, the jet is launched almost instantaneously, driven by
the rapid accumulation of magnetic flux and energy extraction
mechanism at BH horizon. Figure 2 illustrates the density dis-
tribution of the accretion disk (top panels) and the jet structure
(bottom panels) for selected models. The lower panels further
depict the jet energy distribution using the ¢ parameter and the
magnetization profiles represented by o

Among all our models, the selected best-fit models that
match the energetics and 6; of GRB 090510 are MD-0.07-2D,
DE1-0.07-2D, and DE2-0.07-2D. These models share similar
parameters, except that the DE models incorporate an additional
radially expanding DE component, as is described in Sect. 3.2.1.
All three models exhibit comparable jet properties, with average
opening angles of (;) ~ 9°—11°. The jet energy for these models
ranges between Eje = (1.1 -1.60) X 102 erg. The density profile
and jet structure for the model MD-0.07-2D at 0.3 s is shown in
the left panel of Fig. 2. The evolution of magnetic fields at three
distinct times (0 s, 0.25 s, and 0.60 s) for this model is depicted
through streamline plots in Figure 3, which effectively captures
the dynamic changes in field topology. At t = 0, the left panel
shows the initial poloidal field configuration. The middle panel
represents the field setup at t = 0.25, during a stable accretion
and jet phase, illustrating a well-defined magnetic structure. The
right panel captures a later stage at t = 0.60, where the accretion
process is partially obstructed, highlighting the complex thread-
ing of field lines in the vicinity of the BH.
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Fig. 2. Density distribution and jet structure at ¢ = 0.3 seconds for three different models. Top row: Density plots of the accretion disk illustrating

variations in the disk’s evolution across the three models. Bottom row: u
and magnetic field strength variations, respectively.
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Fig. 3. Snapshots of disk density profile with magnetic field streamlines of model MD-0

(right panel), respectively.

Models DE1-0.07-2D and DE2-0.07-2D also have a very
similar evolution in both density and jet profiles. These models
were initialized with ejecta masses of 0.006 M and 0.012 M,
respectively, expanding radially with a constant velocity of
0.15¢c. We adopted ejecta masses and velocities within the lower
limits reported in previous numerical studies (Radice et al. 2018;
Gottlieb et al. 2022). All models assumed unmagnetized ejecta
and a disk mass of 0.07 M. In both cases, the resulting jet evo-
lution shows no significant difference in dynamics compared to
the model MD-0.07-2D, which lacks ejecta. The estimated open-
ing angle, 6;, remains nearly unchanged. This minimal impact
is likely due to the fact that a substantial fraction of the ejecta
exits the computational domain shortly after simulation begins.
Considering 17 of 10% for the conversion of jet energy into radi-
ation, these models can produce an average GRB energy (Egrp)
on the order of ~1.3 x 10°! erg, which is in close agreement
with the collimation-corrected Egrg of GRB 090510. If we con-
sider the value of n as 13.7%, 12.6%, and 9.5% for the mod-
els MD-0.07-2D, DE1-0.07-2D, and DE2-0.07-2D, respec-

and o parameters for each model, reflecting the jet energy distribution

MD-0.07-2D;

24

160

HID
X [rg)

60

p lg/em?] p lg/em?]

.07-2D at O s (left panel), 0.25 s (middle panel), and 0.60 s

tively, we can produce the exact Eggrg of 1.53 x 10°! ergs for
GRB 090510.

In these models, one crucial factor that shapes the jets is the
accretion disk winds — outflows of matter propelled outward by
magnetic and thermal forces from the disk, significantly affect-
ing the dynamics and emissions as the jet propagates away from
the central engine. The temporal evolution of §; for these models
is provided in Fig. 4. This shows how jet structure changes over
time, on average.

Models LD1-0.003-2D and LD2-0.003-2D represent the
low-density disk configurations in our sample. Although these
models do not capture the specific observed properties of GRB
090510, they provide valuable insights into SGRB jet behavior
under the assumption of a less dense accretion disk. The impact
of disk winds on the structural changes in the jet for these mod-
els is minimal, which is evident from the density and jet struc-
ture shown in the middle panel of Fig. 2. This minimal impact
of disk winds results in the largest 6; (~25%) among all configu-
rations in our study (see Table 2). Furthermore, the simulations
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for these models were run for over two seconds, demonstrating
stability and producing a consistent luminosity on the order of
10* erg s~! until the end of the simulations.

The models HD1-0.60-2D and HD2-0 . 60-2D have the high-
est disk mass among our sample, accompanied by a highly tur-
bulent and discontinuous jet structure throughout their lifetimes
(see the right panel of Fig. 2 for the density and jet structure for
the model HD1-0.60-2D at 0.3 seconds). Model HD2-0.60-2D
also has the lowest plasma 8 among all our samples, producing
a jet with a total energy of Eje, = 1.70 x 10> erg, highest among
our models. Notably, the most stable model with the lowest 6;
is MDC-0.08-2D, which has an FM torus with (Rj,, Rmax) = (6,
11.5) R,. This model represents the case with the closest distance
between the initial torus and the BH in our study. Despite hav-
ing a high plasma 8 of 2500, which was implemented to observe
jet evolution over longer durations, this model produces a sta-
ble jet with an opening angle of §; ~ 8° throughout its lifetime.
This effect can be attributed to several key factors: a smaller disk
radius results in a stronger interaction between the jet and disk
winds, which collimates the jet at an earlier stage. Also, a high
plasma-g environment reduces magnetic instabilities, allowing
for a more stable jet structure, and the immediate jet-wind inter-
action at injection time helps maintain a narrow outflow. In con-
trast, when we attempt to increase the magnetic field strength
to achieve a jet energy comparable to our target GRB, the jet
becomes highly unstable. This suggests that while proximity
to the BH aids collimation, achieving a balance between mag-
netic field strength and jet stability remains a key challenge for
reproducing realistic GRB jets. The effect of disk geometry and
other properties on jet structure and dynamics, especially in col-
limation, is discussed in detail in previous works (Christie et al.
2019; Hurtado et al. 2024).

In our sample, we have included one 3D model:
HD-0.10-3D. This model was evolved until 0.6 seconds, yield-
ing an average jet opening angle of 6; ~ 18°. The open-
ing angle was estimated and averaged over each azimuthal
(¢) slice. Although this value is higher than that observed for
GRB 090510, the jet gradually collimates over time, reaching
approximately 6; ~ 13° toward the end of the simulation. This
collimated state of the jet from this model is shown by the 3D
volume rendering map of jet magnetization, o, in Fig. 5. From
the results, we expect the jet to be more collimated with time.
The three 2D models that we found to be most compatible with
the observed target GRB also show a gradual increase in their
collimation over time. On the other hand, HD models with strong
magnetic fields and wind disturbances have no specific pattern
and less predictable opening angle evolution.

In total, we analyzed 11 models incorporating diverse ini-
tial simulation configurations, yielding jets with a broad range
of observable properties. Table 2 provides an overview of all
models, including their initial setups and average observable
parameters. Our discussion here concentrates on selected mod-
els from each category, particularly those capable of reproducing
the properties of GRB 090510.

4.3. Lorentz factor evolution

As discussed in Sect. 3.2.2, we calculated the terminal Lorentz
factor, I'w,, by taking the time average of u. For selected mod-
els, we have presented the I's, factor at different regions of the
jet in Fig. 6. This visualization highlights the spatial variability
of the Lorentz factor across the jets, underscoring the distinct
behaviors and characteristics of each model’s jet structure. We
can also observe the existence of a hollow core in the jets for an
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Fig. 4. Time evolution of the jet opening angle (#;) at 1000R, for
selected models. Both the angle and its standard deviation were com-
puted at 0.05 s intervals to track temporal variations. For clarity, only
a subset of the models is shown. The shaded gray region represents
the range between the highest and lowest opening angle models, each
extended by its respective standard deviation.

HD-0.10-3D; t=0.60 s

Fig. 5. Jet structure of 3D model in our sample, HD-0.10-3D. The
parameter represented is jet magnetization o, and the bounding box is
500 R,.

average angle of 3°-5°, which later gets closed over larger dis-
tances. Notably, our model MD-0.07-2D, which aligns closely
with GRB 090510, exhibits Iy, factor estimates reaching as high
as 375 at 3000 R, and continues to increase with radius. The I's,
as a function of polar angle 6 at a fixed radius of 3000 R, for the
MD models in the samples is provided in Fig. 7.

4.4. Jet variability from simulations

In our simulations, the jet energetic parameter u provides a
measure of the total energy content of the jet. The time evo-
lution of u can give insights into the dynamics of processes
within the jet that lead to variability, which we observe in
the GRB LCs. Various studies have commented previously
on jet variability from simulations (Tchekhovskoy et al. 2008;
Lloyd-Ronning et al. 2016; Janiuk et al. 2021; James et al. 2022;
Pais et al. 2024). We note that detailed calculations of the photo-
spheric emission are needed to address the observed variability
and nonthermal spectrum that arise in observations. However,
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even within the current setup, we are able to find hints of this
variability in parameters such as y and o

The time evolution of the u parameter is provided in Fig. 8
at two different chosen locations (100 Ry, 8°), (150 R,, 8°)
for the model MD-0.07-2D. The parameter exhibits significant
variability, which we use to investigate jet’s temporal evolu-
tion. Through our analysis of the y parameter, we can com-
pute the theoretical MTS, which is comparable with the MTS
from observations, as is described in Sect. 2.2. By following the
methodology described in Janiuk et al. (2021) and James et al.
(2022), by computing the full width at half maximum for each
discrete pulse and subsequently deriving a mean measure, we
find variability timescales of 4.75 ms and 4.98 ms, respectively,
in two locations [(100 R, 8°) and (150 R, 8°)] in the grid. These
values are comparable to the estimated MTS for GRB 090510
from MacLachlan et al. (2013) using wavelet analysis, which is
4.9f(1):; ms. The comparison between the model and observations
is within 1o in both locations in the grid.

4.5. Application to additional short GRBs

To demonstrate the broader applicability of our results beyond
GRB 090510, we identified three additional short GRBs from

(1007, 8°)

120 —— (150r,. 8°)
100
80
= 60
40
20
0

0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (s)

Fig. 8. Time evolution of the jet energetic parameter, y, over time at
two selected regions in the jet for the model MD-0.07-2D over which
we have done the MTS calculations.

Table 3. Jet opening angles and energetics for additional short GRBs
used for comparison with our models.

GRB z Ei, [erg] O [deg]  Model
150101B 0.13 4.2x10% 25.7 LD1-0.003-2D
090927 1.37  1.21 x10°! 21.1 MD2-0.06-2D
100117A 092 9.75x 10 18.60 MD1-0.06-2D
120804A* 13 3.4x 107 >13 HD1-0.60-2D

Notes. The data for first three sources are from Poolakkil et al. (2021).
The last source 120804A has opening angle estimated from multi-
wavelength observations (Fong et al. 2015).

the Fermi-GBM 10-year spectral catalog (Poolakkil et al. 2021)
for which E;5, estimates are available and jet opening angles
can be inferred using the method described in section 2.3. Red-
shift values for these bursts were taken from Gao et al. (2025).
These GRBs are listed in Table 3, along with their E;,, red-
shift, inferred 6, and the best-matching simulation models from
Table 2. The simulated and observed values show good agree-
ment (within 10%), in terms of both energetics and opening
angle. The collimation-corrected energies for these GRBs are
also consistent with our models, based on Eq. (18) and when
adopting the radiation efficiency in the range of 1-15%.

To further explore the consistency of our models with jet
parameters derived using independent methods, we included
GRB 120804A in our comparison. This burst has an opening
angle estimated from afterglow modeling (Fong et al. 2015). The
derived 6, and energetics for this GRB are in close agreement
with our simulated models. This reinforces that, for observation-
ally reasonable angle estimates, our simulation framework can
successfully reproduce key jet properties. This extended compar-
ison illustrates that our simulation suite spans a realistic parame-
ter space capable of reproducing not only GRB 090510 but also
a broader population of short GRBs with similar jet properties.

5. Discussion

The primary goal of this work is to identify theoretical parame-
ters that reproduce key observational features of the high-energy
GRB 090510. To this end, we performed a suite of GRMHD
simulations, focusing primarily on 2D runs. Additionally, we
tested a single 3D configuration for completeness, though this
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preliminary attempt did not closely match the observed proper-
ties of GRB 090510. Given their significantly higher computa-
tional cost, the 3D simulations remain preliminary and are not
the central focus of our present analysis. Instead, we base our
conclusions largely on the 2D results, which provide an approx-
imate range of jet properties for comparison with observational
constraints.

Howeyver, in the literature as well, the discussion of theoret-
ical models is hardly matched directly with observations due to
the limited computational resources typically available. In this
work, we mainly focus on matching the simulated energy and
opening angle of the GRB jet, which exactly fits the observations
within 1 o (if we follow the efficiency level between 9.5-13.7%).

An important point to consider in the GRMHD simula-
tions is the magnetic field strength and its initial configuration.
This feature can directly shape the jet profile. Some authors
consider toroidal fields in the initial state of the disk-jet sim-
ulation; for example Christie et al. (2019). Such fields must,
however, originate from the NS merger system. The poloidal
field that is adopted in our work is still in agreement with the
outcome of numerical relativity simulations (Paschalidis et al.
2015; Sapountzis & Janiuk 2019).

Most of the models studied in this work required a high
magnetization to produce targeted high jet luminosity. We find
the existence of a magnetically arrested disk (MAD) state in
these models. The MAD state strongly affects the creation of
the outflow and the jet dynamics. In the 2D simulations, the
evolution of magnetic fields is limited by the anti-dynamo the-
orem. The central engine’s time variability is strong but has
highly periodic accretion cycles. These cycles lead to luminos-
ity changes and quiescent intervals, and hence jet launching
is sometimes suppressed. Since the non-axisymmetric instabili-
ties (e.g., Rayleigh-Taylor, kink instabilities, see Bromberg et al.
2019) are suppressed, the jet emission is unstable. Therefore, the
overall opening angle estimates in our analysis differ between
the 2D and 3D simulations. In our simulations, the effect is
prominent in HD models, while it seems to be lower in LD
and MD models (they are in the standard and normal evolu-
tion (SANE) mode most of the time). In the 3D simulations,
the MAD state is easily resolved, and we can observe the inter-
change instabilities or magnetic reconnections (Janiuk & James
2022; Nalewajko et al. 2024). This leads to a more efficient
accretion and evolution of the accretion rate, reducing the ampli-
tude of variability seen in 2D simulations.

The role of DE in shaping jet propagation has been high-
lighted in several recent studies. Analytical and numerical mod-
els suggest that the interaction with dense, radially expanding
ejecta can lead to significant jet collimation on short timescales
(Hamidani et al. 2020; Hamidani & Ioka 2020; Nagakura et al.
2014; Pais et al. 2023; Urrutia et al. 2025). In our simulations,
however, this effect could not be confirmed due to computa-
tional limitations. The restricted radial extent of the simulation
domain causes both the ejecta and the jet head to leave the grid
within milliseconds of jet launching, preventing the formation
of a stable collimation structure. While our setup provides a
first-order test of DE influence, more extended simulations with
larger domains and finer resolution will be required to fully cap-
ture its effect on jet evolution.

Continuing on our quest to match the observations and the
theory, we have investigated the variability parameter. The time
variability has been discussed in many avenues in the literature,
both for GRBs and active galactic nuclei, and has been the sub-
ject of several definitions. Hence, there are different ways in
which variability can be computed. As was already mentioned, it
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is beyond the scope of the current paper to discuss which method
is more appropriate, but it is striking to observe that the calcula-
tion of the wavelet analysis is compatible with our simulations
within 1o. Given that the scope of the current paper is to test the
reliability of this model and discuss its possible limitations, we
focus on the main parameter, which is more univocally repro-
ducible, such as the isotropic luminosity of the GRB, Lis,, which
is compatible within 1o~ with our estimate. Indeed, our estimate
of the observational bolometric luminosity (which is a proxy of
the actual bolometric luminosity) was derived by summing the
contribution of several wavelengths (high-energy y-rays and X-
rays).

Continuing the comparison with the observational proper-
ties, here we match our theoretical simulations with the observed
6. The observed 6; still carries many uncertainties due to the
density medium approximation used in these calculations. To
avoid the use of any theoretical assumption, here we consider
the method of Pescalli et al. (2015) to compare our simulated
results with this estimate. In addition, following the discus-
sion of Lloyd-Ronning et al. (2019a), the observations of ; of
long GRBs (LGRBs) suggest that LGRB jets are narrower for
those GRBs at higher redshift; thus, we consider this conclu-
sion in this paper to compute more realistic estimates of 6;. We
have considered that SGRBs also undergo this evolution in our
study, since luminosities for SGRBs and LGRBs evolve simi-
larly (Dainotti et al. 2021; Petrosian & Dainotti 2024), and thus
we have a similar expectation for the SGRBs. In the context of
collimation by the stellar envelope, stars are generally charac-
terized by lower metallicities at higher redshifts, which can col-
limate jets with greater efficiency. Although, in our calculation
we have fixed the values to high spin to allow the energy to be
high to match the observations, the effect of BH spin on the jet
collimation angle for a magnetically launched jet for a range of
spin values has been discussed (Hurtado et al. 2024). This means
that, in principle, we can yet increase the spin to obtain a nar-
rower jet, which would be consistent with the observed one even
with a larger percentage of agreement. If we consider the eval-
uation of the 6; method from Pescalli et al. (2015), we obtain 6;
= 6°; after we correct for redshift evolution, we reach a value of
10°.

Our analysis is primarily based on 2D simulations, supple-
mented by a single 3D model (HD-0. 10-3D). Although 3D sim-
ulations can capture inherently 3D phenomena, such as mag-
netically arrested disk states and turbulence, more accurately,
performing extensive parameter studies in high-resolution 3D
setups remains computationally demanding. MAD states in 2D
may induce artificial turbulence in jets, potentially leading to
a slight underestimation of 6,¢;. Furthermore, smoother accre-
tion processes in 3D can yield marginally higher jet energet-
ics compared to their 2D counterparts. Additionally, toroidal
instabilities, which inherently require full 3D treatment, may
further influence jet dynamics and energetics. In this context,
Gottlieb et al. (2022) conducted a set of 3D GRMHD simula-
tions to investigate jet behaviors in short GRBs. They identified
jet “wobbling”, a toroidal instability causing periodic shifts in
the jet direction. Such wobbling behavior can lead to intermit-
tent emission peaks and variability in GRBs. This phenomenon
is not observed in our current simulations, likely due to their lim-
ited evolution timescale. Despite these differences, our compre-
hensive 2D parameter study provides valuable insights into jet
properties, capturing essential dynamics and yielding results that
closely align with observational constraints for GRB 090510.
Our findings thus set a viable foundation for future targeted high-
resolution 3D investigations. In Kathirgamaraju et al. (2019), the
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simulated jet profile is analyzed. Similarly, from Fig. 7, which
gives information on I's, and Fig. 4, which provides the time
evolution of #;, we can infer the jet structure. Specifically, Fig. 7
gives the average picture of the averaged jet profile over time at
radii of 3000 R,. However, in Fig. 4 we present the evolution of
6; from the beginning, binned in 0.05 s, until 0.6 s.

Finally, in our numerical model, we do not implement neu-
trino cooling, whereas one must remember that this compo-
nent should be taken into account in a physical model. In
Fernandez et al. (2019), the neutrino cooling effects are consid-
ered, and the authors show that the neutrino-driven winds can
act as an additional collimation mechanism of the SGRB jet (see
also, e.g. Urrutia et al. 2025). To check to what extent the DE
have an impact on the 6;, we added DE in our calculation fol-
lowing the same profile of Gottlieb et al. (2022), who added a
specific profile of the medium behind the jet. They find the jet
profile is changed, but they have a much extended computational
grid.

6. Summary and conclusions

In this work, we have conducted detailed GRMHD simu-
lations to investigate GRB 090510, a well-observed short
GRB, across multiple wavelengths (De Pasquale et al. 2010;

Fraija et al. 2016; Dainotti et al. 2021). Through simulations,

we evaluated a range of values for §; within our model. We

have found angles of a few degrees, which is not unusual,

as is shown in the case of GRB 140903A (Troja et al. 2016).

Subsequently, we compared these values with observed values

obtained through alternative methods, such as the one detailed in

Pescalli et al. (2015). Furthermore, we have explored the scala-

bility of this model in terms of energy and redshift (z). From

our numerical simulations, we determined the structure of the
jet across the cone so that we go beyond the frequently used,
simplified top-hat scenario. We also provided a physical model
of the jet’s variable thermal and magnetic energy content and its
ultimate Lorentz factor, I', estimations. Finally, we have linked
the theoretically obtained jet properties with the ones deter-
mined for GRB 090510. While our primary analysis focused on

GRB 090510, we also showed that the jet properties of several

other short GRBs, including GRB 120804A with an opening

angle independently constrained from afterglow observations,
are consistent with our simulation models.

We highlight here that we reached the following takeaways:

The main drive for the jet collimation is represented by disk

winds, with additional contributions from BH spin, magnetic

field strength, and the proximity of the accretion disk.

— We show that the three models are equally representative
of the property of the burst and exhibit an average opening
angle of 9.2°, 11.1°, and 10°. All these opening angles are
compatible within 1 o~ with the observed 6; of 10.04° +1.29°
computed from the Pescalli et al. (2015) relation after cor-
rection for the jet evolution, considering that neither the
Amati nor the Ghirlanda relation carries any uncertainties.

— Similarly to the jet opening angle findings, we have observed
compatibility of the variability values of 4.75 ms and 4.98 ms
computed within two locations in the jet from our model and
the wavelet analysis within 1o~ as compared to the value of
variability of 4.9f(1):é discussed in MacLachlan et al. (2013).

— Although a single model cannot uniquely reproduce a spe-
cific GRB due to parameter degeneracies, our three models
that match the observed Eggrp do so with efficiencies ranging
fromn =9.5 - 13.7%.

— The model that has the smallest inner torus radii, placing it
closest to the BH, produces a stable jet with the narrowest
opening angle in all our models, consistent with the angle
inferred for GRB 090510.

— Three-dimensional simulations reveal a resolved MAD state
that reduces variability and leads to smoother jet dynamics,
enhancing our portrayal of realistic jet behavior in contrast
to 2D models.

In conclusion, our work successfully achieves its primary goal of
replicating the properties of a target GRB. By detailing various
models in Table 2, we also set the stage for more extensive stud-
ies of GRB jets by setting up initial parameter ranges for future
simulations. This integrated approach substantially advances our
understanding of modeling high-energy GRBs.
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