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For the ones who think for a living
For the minds that never quite switch off

To the people who look at the stars and wish
To the stars that listen—and the dreams that are answered

S. J. Maas

Then our hearts combined like
A neutron star collision
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A million colours of hazel, golden and red
Oh, I won't be silent and I won't let go
I will hold on tighter ’til the afterglow
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Abstract

Gamma-ray bursts are among the most energetic transient phenomena in the Universe.
Since their discovery, a dedicated branch of research has been developed to understand
their origin and the physics involved. They are thought to arise from ultra-relativistic
jets, launched by at least two distinct classes of progenitors: a binary neutron star
merger, and the core collapse of a rotating, strongly magnetised massive star. In
both cases, the jet is launched by a central engine, harbouring a rotating, newly
formed compact object, into a dense and inhomogeneous progenitor environment:
the binary neutron star merger ejecta or the collapsing stellar envelope. It is the
interaction with this environment that shapes the jet as it reaches the larger scales
where electromagnetic emission takes place.

The interpretation of observational data is most frequently performed through
models that assume an axisymmetric jet configuration described by simple analytical
functions. As a consequence, the jet-structure parameters, viewing angles and ener-
getics inferred from afterglow fitting rest on assumptions whose validity in a genuinely
three-dimensional setting remains untested. This thesis develops a framework that
connects three-dimensional relativistic magnetohydrodynamic simulations of the early
jet propagation to the afterglow signal produced at much larger scales, targeting both
progenitor channels. The simulations resolve the jet—progenitor interaction during
its early-time evolution and follow how the resulting features propagate outwards;
the afterglow prediction is carried out within a flexible semi-analytic framework
extended to include the full three-dimensional velocity and energy distribution of
the jet material.

Focussing on the binary neutron star merger scenario, we characterise the dy-
namical evolution of a fiducial simulation, identifying the formation of a multi-shock
structure whose outermost shell carries a non-negligible fraction of the total energy,
and the most energetic region evolves into a spherical-cap geometry marked by
pronounced angular asymmetries and radial stratification. For the resulting outflow
structure to be meaningfully used as input for the afterglow emission predictions,
the evolution must be computed up to a time when the jet structure has reached
its asymptotic configuration. To this end, we introduce a remapping method that
extends three-dimensional jet simulations up to a saturating regime approaching bal-
listic expansion. We then consider a set of analogous models in which the jet injection
parameters are varied around the fiducial configuration in terms of injected energy,
magnetisation and launching time. The main qualitative features persist across a
range of injection conditions, and the parameter variations enable an assessment
of their relative impact on the jet propagation and resulting structure. To bridge
the gap between the scales accessible to the simulations and the region where the



afterglow is produced, the resulting jet structures are directly fed into the extended
semi-analytic model. Accounting for the full three-dimensional structure reveals that
the outer shell leaves an observational imprint at early times, only present when the
radial velocity stratification is included. The deviations from axisymmetry produce
order-of-magnitude differences even for small offsets in the viewing angle, a feature
that axisymmetric models cannot reproduce. This azimuthal variation provides
an additional degree of freedom when interpreting observational data. A proof-of-
concept fit to the afterglow of GRB 170817A closes the chain, directly connecting jet
structural features to the shape of the observed signal. The results show that the
resulting jet structures can be brought into good agreement with the reference event
within the available observational and theoretical constraints. This highlights the
complexity of a direct jet-to-emission connection given the large degeneracy between
the parameters involved.

The same strategy is then applied, at a preliminary stage, to the massive-star
core-collapse channel, addressing the interaction between an incipient relativistic
jet and a stellar envelope undergoing a magneto-rotational supernova. The goal is
to investigate how this interaction shapes the jet’s structure and stability, which
conditions determine the successful propagation of the jet beyond the progenitor star,
and how the concurrent supernova explosion affects this evolution. This preliminary
step provides the basis for a systematic treatment of both classes of gamma-ray burst
progenitors within a common framework.

Together, these results establish a route from three-dimensional progenitor-scale
simulations to observable afterglow signatures, providing a framework for interpreting
current and forthcoming gamma-ray burst observations in the multi-messenger era.
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Chapter 1

Introduction

1.1 The Origin of Gamma-Ray Bursts

Gamma-ray bursts (GRBs) are the Universe’s most violent outbursts, releasing
within seconds an amount of energy similar to what our Sun will produce over the
course of its entire lifetime. For decades, it was not clear whether these events were
occurring within our own Galaxy or at the edge of the observable Universe. The
answer, once it came, transformed GRBs into one of the most powerful probes of
extreme astrophysics available to us.

Today we know that GRBs are of cosmological origin, characterised by an initial
flash of gamma rays, the prompt emission, followed by a fading, broadband afterglow
detectable from radio to y-ray wavelengths for days to years [176, 235]. The extreme
luminosities and rapid variability of the prompt emission, combined with the non-
thermal spectral shape, point unambiguously to a relativistic origin: the radiation
is produced due to the presence of a collimated outflow, a jet, moving towards the
observer at typical bulk Lorentz factors I' ~ 10?-10% [97, 107]. Such an outflow
requires a central engine — an accreting black hole or a rapidly spinning, strongly
magnetised neutron star — capable of converting gravitational or rotational energy
into a collimated relativistic flow on timescales of seconds [24, 213].

The search for GRB progenitors has a long history. Long-duration events (2 2s)
were linked to the deaths of massive stars [109, 222], confirmed by the simultaneous
detection of GRB 980425 and the supernova event SN 1998bw [63]. Short-duration
events (< 2s) were long suspected to arise from compact binary coalescence [50, 146,
162], a connection established definitively in August 2017 with the joint detection of
gravitational waves from the binary neutron star merger GW170817 and the short
gamma-ray burst GRB 170817A, detected just 1.74s later [2, 3, 71, 199].

The electromagnetic afterglow associated with GW170817 proved to be as scien-
tifically informative as the initial detection of gravitational waves and the prompt
emission. The post-burst emission rose steadily for more than a hundred days
before reaching its peak, a behaviour explained by a structured jet viewed at a
significant angle from its axis, progressively revealing its more energetic core as the
material decelerated [68, 101, 137]. This event made clear that understanding GRBs
requires not just identifying the progenitor, but tracing the entire physical chain:
from the merger to the jet structure that forms as the outflow drills through the



post-merger environment, to the afterglow signal that encodes that structure for a
distant observer.

1.2 The Challenge: Connecting Progenitors to
Observables

The central challenge this thesis addresses is the construction of a physically consistent
connection between three things: the progenitor, the three-dimensional jet structure
that emerges from the progenitor vestige, and the multiwavelength afterglow emission
that observers actually measure.

Each element of this chain is difficult to model on its own; this thesis contributes
to connecting all three, focusing mainly on binary neutron star (BNS) mergers.

Before the jet can produce observable emission, it must first navigate the post-
merger ejecta: ~ 10731072 M, of neutron-rich matter expelled during the merger
at 0.1-0.3 ¢, distributed anisotropically and non-uniformly [180, 203]. As the jet
propagates through this medium, it drives shocks, inflates a hot cocoon, and exchanges
energy and momentum with its surroundings in a way that fundamentally shapes
its angular and radial structure [26, 101]. The jet that eventually emerges is not a
simple, idealised cone but a complex, stratified, three-dimensional structure whose
properties depend on both the injection conditions at the central engine and the
detailed properties of the environment it had to cross.

Most jet simulations in the literature adopt idealised, homogeneous post-merger
density profiles, which miss the asymmetries and density gradients that a realistic
BNS post-merger environment imposes on the propagating jet. A key innovation of
the research group within which this thesis was developed is the use of post-merger
environments directly imported from BNS merger simulations [165, 166], providing
a physically self-consistent description of the ambient medium without invoking
artificial density profiles.

Once the jet structure is established, the second challenge is to translate it into
observable predictions. Afterglow emission is produced as the ejecta sweep up the
circumburst medium, generating a forward and reverse shock that lead to broadband
synchrotron radiation [122, 195]. Capturing the signatures of structured jets ideally
requires modelling both the angular energy distribution and the radial velocity
stratification of the outflow, since the former governs the viewing-angle dependence
of the light curve and the latter controls the energy injection history of the blast
wave. Standard afterglow models typically assume simple parametric profiles and a
single bulk Lorentz factor, therefore missing the signature of these features.

A further, critical obstacle connects these two challenges. The simulation output
can only serve as a reliable input to the afterglow code if the jet is ballistic (or
coasting): the regime in which the conversion of thermal and magnetic energy into
bulk kinetic energy is essentially complete and the angular structure is no longer
evolving. In two-dimensional simulations this condition can be satisfied [101, 218].
In three dimensions, the computational cost has until now prevented simulations
from reaching this phase: most existing 3D studies are terminated shortly after jet
breakout, when the outflow is still actively accelerating and its structure is still



changing [91, 148, 149]. Feeding such premature jet profiles into afterglow codes can
introduce systematic errors that are particularly severe in the early-time rising phase
of the light curve, the part most sensitive to the jet structure and most useful for
constraining the viewing geometry.

The simulations presented here are primarily motivated by binary neutron star
(BNS) environments and jet parameters characteristic of the classical short GRB
population. In addition to this main set of simulations, we consider a core-collapse
environment to examine how the results extend to a qualitatively different progenitor
configuration. Across these environments, we study jet propagation through realistic
ejecta, the development of three-dimensional angular and radial structure, and the
resulting afterglow emission. While the parameter space explored is motivated
primarily by short GRBs, the underlying framework is not intrinsically restricted to
BNS systems or to short GRB parameters. Its application to different progenitor
environments and jet properties provides a means of investigating more generally
how the medium through which a relativistic jet propagates influences its subsequent
structure, dynamics, and observable radiation.

1.3 Thesis Objectives and Structure

This thesis addresses the open problems described above through five interconnected
objectives.

1. Reaching a nearly ballistic regime in 3D. We develop and validate a
grid-remapping technique that transitions the simulation from a spherical to a
Cartesian computational domain, enabling the jet evolution to be tracked up
to &~ 10 s post-injection without loss of resolution, long enough for the kinetic
energy fraction to reach 2 95% and the angular structure to be frozen [45].

2. Exploring jet injection conditions. We analyse a systematic parameter
study of jet injection conditions [167], featuring variations in the jet luminosity,
injection decay timescale, magnetisation, and launching time, quantifying how
each parameter governs the jet’s ability to penetrate the ejecta and shape the
final outflow geometry [46].

3. Characterising three-dimensional jet structure. We map the deviations
from axisymmetry and the radial velocity stratification that develop as the
jet interacts with the asymmetric BNS environment, identifying features that
challenge idealised jet models [45, 46].

4. Predicting multi-wavelength afterglow light curves. Using a semi-
analytical afterglow framework extended to handle the full 3D angular and
radial distributions from our simulations, we compute synthetic light curves
and compare them against the observational data of GW170817/GRB 170817A
[46].

5. Extending the framework to different progenitor environments. We
extend the simulation methodology developed for the BNS case to a core-
collapse environment, applying the grid-remapping of the realistic progenitor
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and the prescribed jet injection techniques and analysing the resulting three-
dimensional structure of the outflow. This provides a basis for extending the
broader framework to different progenitor environments, with the longer-term
goal of determining how the properties of the surrounding ejecta shape jet
propagation, outflow structure, and observable emission.

The remainder of the thesis is organised as follows. Chapter 2 provides the astro-
physical background on GRBs: observational phenomenology, progenitor channels,
central engine physics, jet propagation, and afterglow theory. Chapter 3 describes
the theoretical and numerical framework, covering the RMHD equations and the
PLUTO code. Chapter 4 presents the jet dynamics and energetics during propa-
gation through the post-merger environment and after the jet breakout. Chapter 5
presents the grid-remapping strategy and the extension of the simulation to the
ballistic regime. Chapter 6 reports the systematic parameter study and the resulting
afterglow light curves. Chapter 7 presents an extension of the developed pipeline
to the core-collapse progenitor. Chapter 8 summarises the main conclusions and
outlines directions for future work.

In the following, we refer to Pavan et al. [166, 167] and Dreas et al. [45, 46] as
P23, P25, D25 and D26 respectively.



Chapter 2

Gamma-Ray Bursts

2.1 Observational Phenomenology

Gamma-ray bursts were discovered in 1967 by the Vela military satellites, which were
monitoring for nuclear tests. The data, declassified and published only in 1973 [93],
revealed brief but intense flashes of gamma-ray radiation with no obvious terrestrial
or solar origin. In the decades that followed, two fundamental questions dominated
the field: what produces GRBs, and how far away are they? The answer turned out
to require the resolution of a deep theoretical problem.

2.1.1 Temporal variability and the compactness problem

The prompt emission light curves of GRBs exhibit rapid variability, with flux doubling
and halving on timescales as short as §t ~ 1073 s. By causality, the size of the emitting
region cannot exceed D < ¢0t, which for millisecond variability gives D < 300 km.
At the same time, the observed gamma-ray fluences imply enormous luminosities.
For a source at a cosmological distance dy, the isotropic-equivalent luminosity is

Liso = 4nd3 F, (2.1)

where F), is the observed energy flux. For the bursts where the distance is known,
Lis, is estimated to lie within the range ~ 10°-10% ergs—!. A source with such
a high luminosity confined to a region of ~ 300 km would be optically thick to
photon—photon pair production, because the observed spectrum extends well above
the 511 keV threshold for vy — eTe™. In a static, compact source, these high-energy
photons would interact efficiently with the abundant lower-energy photons, producing
ete” pairs and driving the radiation toward a nearly thermal spectrum. This is the
essence of the compactness problem: the observed non-thermal emission is difficult
to reconcile with a static, compact, luminous source.

The optical depth to pair production scales as [107]

Ty oc [(F20) (2.2)

where « is the photon spectral index and I is the bulk Lorentz factor of the emitting
plasma. Requiring 7., < 1 for the observed high-energy photons to escape places
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a lower limit ' > 102-10?, providing the most direct model-independent argument
for the ultra-relativistic nature of GRB outflows [107, 176]. Relativistic bulk motion
alleviates the compactness problem because relativistic aberration and Doppler
shifting make the radiation field in the comoving frame less energetic and less
favourable for pair production than inferred from the observer-frame spectrum,
substantially reducing the pair-production optical depth.
In a relativistically expanding flow, the causal size of the emitting region is also
enhanced:
Rem < 2I2¢ 6t . (2.3)

2.1.2 Cosmological origin

For two decades after their discovery, the distance scale of GRBs was unknown.
The BATSE instrument on the Compton Gamma-Ray Observatory constrained the
Galactic versus cosmological debate by demonstrating that GRBs are distributed
isotropically on the sky, with no correlation with the Galactic plane [119]. The
question was settled only when BeppoSAX began providing arcminute localisations
rapid enough to be followed up at longer wavelengths. The first X-ray afterglow,
detected for GRB 970228 [37], established that bursts leave a fading counterpart
and led to the identification of a faint host galaxy. Two months later, optical
spectroscopy of the afterglow of GRB 970508 revealed metal absorption lines setting
a lower limit z > 0.835 on its redshift [126], placing the source several Gpc away and
unambiguously establishing the cosmological nature of GRBs.

2.1.3 Energetics and jet collimation

A canonical event can produce isotropic-equivalent radiated energy Eiy, = 47d3 F ~
10°2 — 10%3 erg, at least one order of magnitude higher than the total energy typically
released in a supernova, but emitted over seconds rather than weeks. However, the
emission is not isotropic. A characteristic achromatic steepening (jet break) appears
in the afterglow light curve at all wavelengths; this feature arises when the edge of
the collimated outflow enters the observer’s line of sight as it decelerates and its
relativistic beaming cone widens [186, 197]. The jet break constrains the half-opening
angle 0;, reducing the true radiated energy by a factor (1 — cosf;) ~ 9]2- /2, to values
E, ~ 10%-10"" erg.

2.1.4 The prompt emission spectrum: the Band function

The energy spectrum of GRB prompt emission is a direct observable encoding
the physics of the emitting plasma. Its most striking feature is its non-thermal
shape. Unlike a blackbody, which rises steeply towards the peak and then declines
exponentially, GRB spectra have a much flatter low-energy slope and are therefore
substantially broader around the spectral peak. At higher energies, the emission
can extend to several MeV and is often described by a power-law tail, although an
exponential-like cutoff can also be present. Empirically, the time-integrated spectra
of GRBs are well described by the Band function [16], an analytic functional form
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that smoothly connects two power laws:

E \° E
o A (100ke\/> exp(_Eb> ) E < (Oé _5) E07 )
- PRICEE R (ﬁ—a)(E)B E>(a—B)E .
100 keV P 100keV ) 0

Here N(E)dE is the number of photons per unit area per unit time in the energy
range [E, E + dE]. The function has four free parameters:

A: the normalisation at the pivot energy of 100 keV, in units of photonscm =2 s~ keV 1.
It sets the overall flux level and does not affect the spectral shape.

a: the low-energy photon inder, describing the spectral slope below the break.
Typical values are @ ~ —1, meaning the photon count rises slowly with
decreasing energy.

(: the high-energy photon index, describing the steep power-law decay above
the break. Typical values are 3 ~ —2.3, meaning N(E) oc E~23 at high
energies. The spectrum therefore falls sharply, and most of the radiated energy
is concentrated near the break.

Ey: the break energy, which sets the transition scale between the two power-law
regimes.

However, these spectral parameters are found to vary from burst to burst, therefore
not presenting universal values. For example, the energy at the spectral break, Fj,
can vary from 100 keV up to 1 Mev. Figure 2.1 shows an example of fitting the Band
function to a GRB spectrum, specifically GRB911127 [16].

The most physically meaningful quantity is the peak of the vF, (equivalently,
E?N(E)) spectrum, where most of the radiated energy is emitted. This peak energy
is related to the break energy by

Epeax = (2+ @) Eo, (2.5)

and is directly measurable from the observed spectrum. Typical values are Epeax ~
100-300 keV for collapsar-driven GRBs, while merger-driven events' tend to peak
at higher energies, Fpeax ~ 400-800keV, consistent with their harder spectral shape
[67, 150].

Both power-law indices are inconsistent with a thermal spectrum, confirming the
non-thermal origin of the emission. The precise mechanism responsible — whether
internal shocks dissipating kinetic energy, magnetic reconnection in a Poynting-
dominated flow, or photospheric emission from below the jet photosphere — remains
an open question [97].

1See Sections 2.1.5, 2.4.2 for a discussion on GRB classification.
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Figure 2.1: Band function fit to the average spectrum of GRB911127, adapted from
Band et al. [16].

2.1.5 Duration classes and the Ty, bimodality

The duration of a GRB is conventionally quantified by Tyy: the time interval spanning
the 5th to 95th percentile of the cumulative detector counts. In the BATSE catalogue,
the distribution of Ty is broadly bimodal, with a conventional boundary at Ty ~ 2's
[95]. Events shorter than this threshold are classified as short GRBs, while longer
ones are long GRBs.

This bimodality was historically the first indication that two physically distinct
populations might be part of the GRB class. Support for this interpretation came
from three additional directions. First, the two populations differ in spectral hardness:
short GRBs have on average higher E,..x and harder low-energy indices than long
GRBs [95, 150]. Second, they occupy distinct regions in the Amati relation [11], an
empirical correlation between peak photon energy and isotropic equivalent radiated
energy,

Epeax x B/ (2.6)

1SO

with short GRBs lying systematically above the long GRB track (higher Epc.x for the
same Fiy,). Third, as discussed in Section 2.1.7, the two classes reside in markedly
different host galaxy environments, pointing to young massive stars for long GRBs
and old compact binary systems for short GRBs.

Taken together, these observations led the community to associate long GRBs
with the core-collapse of a massive star and short GRBs with compact binary mergers.
However, it has become increasingly clear that a clean one-to-one correspondence
between duration and progenitor does not hold in general. The duration of the
prompt emission depends not only on the progenitor type but also on detector
sensitivity, redshift, and on the details of the central engine activity. Several observed
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Figure 2.2: Distribution of durations for 95 GRBs from the Swift satellite. Adapted
from Zhang and Choi [239].

events have provided compelling evidence for a more complex scenario, exhibiting
long durations combined with kilonova emission signatures unambiguously associated
with neutron-rich post-merger ejecta. These cases, and the physical mechanisms
that can explain them, are discussed in detail in Section 2.4.2 after the central
engine physics has been introduced. Figure 2.2 shows a visual representation of this
bimodality.

Throughout this thesis, we therefore adopt the following terminology. We use
short and long when referring to observational studies and population statistics based
on the measured Ty, since in that context events are drawn from catalogues using
duration as the selection criterion. When the distinction is based on the physical
nature of the progenitor system, we refer instead to merger-driven and collapsar-
driven GRBs. This work focuses mainly on merger-driven jets, which correspond to
the short GRB population in the classical picture but whose observable properties
may extend to longer durations in the cases discussed in Section 2.4.2.

2.1.6 Prompt emission morphology

Beyond the average spectral and temporal properties, the prompt light curves of
individual GRBs are highly diverse: no two events are identical. The most commonly
observed profile is the fast-rising, exponentially decaying (FRED) shape: a rapid rise
followed by a slower exponential decline, sometimes repeated over multiple pulses.
Individual pulse timescales are correlated with the overall burst duration [153] and
range from milliseconds to tens of seconds.

Several additional features are observed in a fraction of events. Precursors are
early, often softer emission episodes preceding the main burst by tens to hundreds of
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Figure 2.3: Light curves (15-350 KeV) of five typical sGRBs from the Swift/BAT
catalogue, adapted from Li et al. [106].

seconds; their origin is debated, but they may trace the first interaction of the jet
with the surrounding material. Eztended emission, lasting up to ~ 100s beyond the
main episode, is detected in some short GRBs and may point to prolonged central
engine activity [152]. X-ray flares and a shallow plateau phase are commonly seen in
Swift/XRT observations during the early afterglow; the latter is often interpreted as
energy injection from a long-lived central engine, possibly a spinning-down magnetar
[154, 237]. For reference, Figure 2.3 shows a set of GRB observations from the
Swift/BAT instrument, as reported in Li et al. [106]. This diversity reflects the
dependence of the emission on the central engine and on the environment crossed
by the jet, which this thesis addresses, as well as on extrinsic factors such as the
viewing angle.

2.1.7 Host galaxies

Long GRBs are preferentially found in actively star-forming, low-metallicity galaxies,
specifically near the brightest star-forming regions [60, 104]. Short GRBs occur
across all galaxy types, including passive ellipticals, and show significant spatial
offsets from their host centres [21, 55]. These environmental differences are one of
the primary observational bases for assigning distinct progenitors to the two duration
classes.
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2.2 The Progenitors

2.2.1 GRBs and Collapsing Massive Stars

The collapsar model, originally proposed by Woosley [222] and explored through
hydrodynamic simulations by MacFadyen and Woosley [109], provides the leading
explanation for the origin of long-duration GRBs. The essential picture is the
following: a rapidly rotating massive star undergoes core collapse, and some of
the infalling material forms an accretion disc around the central remnant. The
gravitational energy released in this process can then power a relativistic jet along
the rotation axis, which must successfully penetrate the stellar envelope before
producing observable gamma-ray emission, a process described in the next Sections.

Wolf-Rayet progenitors

Wolf-Rayet (WR) stars are massive stars (typically M 2 20-25 M) that have shed
most of their hydrogen envelope through strong stellar winds or binary mass transfer,
leaving behind a compact helium envelope. They are natural GRB jet progenitors
for several reasons: they are likely to form a black hole at the end of their evolution,
their compactness with respect to typical massive stars provides a relatively short
path through the stellar material for a jet to successfully reach the surface, and their
lack of extended hydrogen envelopes is consistent with the observational association
of long GRBs with Type Ic supernovae [31, 84, 205, 223].

A persistent tension in this picture concerns angular momentum. The collapsar
requires a rapidly rotating envelope to form a centrifugally supported disc. In a
general relativistic framework, however, the boundary between disc formation and a
direct radial plunge is set by the specific angular momentum at the innermost stable
circular orbit (ISCO) of the newly born black hole [97]. This dynamical threshold is
highly sensitive to the remnant’s spin; prograde rotation contracts the ISCO, reducing
the centrifugal barrier required for disc support. At solar metallicity, strong stellar
winds that strip the progenitor’s outer envelope carry away angular momentum
through magnetic torques [224], therefore reducing the specific angular momentum of
the helium core well below this spin-dependent dynamical threshold, preventing disc
formation and forcing a direct, free-fall plunge into the event horizon. A resolution
may lie in low-metallicity environments, where weaker winds preserve both the
stripped envelope and sufficient rotation, consistent with the observed preference of
long GRBs for low-metallicity host galaxies [224, 231]. Binary interactions offer an
alternative channel: mass transfer or tidal spin-up from a companion star can endow
the pre-collapse core with sufficient angular momentum even at higher metallicities
[223].

Core collapse and remnant formation

When a massive star (typically M 2 8 M) reaches the final stages of nuclear burning,
it develops an iron-group core whose mass progressively increases as material processed
by the surrounding burning shells is incorporated into the core. The core is initially
supported against gravity primarily by electron degeneracy pressure and remains
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approximately hydrostatic, while neutrino cooling and electron captures drive its
gradual contraction. Electron captures on protons and heavy nuclei,

e +p—on+r. (2.7)

progressively reduce the electron fraction Y, = n./n, where n, is the electron number
density and ny is the baryon number density, and therefore progressively neutronise
the matter. As Y, decreases, the electron degeneracy pressure is reduced, while the
photodisintegration of heavy nuclei,

(A, Z) +~v — (A—4,Z —2)+*He, (2.8)

absorbs thermal energy and further weakens the pressure support. The combined
effects eventually render the core dynamically unstable, triggering gravitational
collapse on a timescale of tens of milliseconds. As the central density approaches
nuclear saturation density (p ~ 1010 gcm™3), the matter becomes increasingly
neutron-rich and highly degenerate. At nuclear densities, the rapidly increasing
pressure of neutron-rich matter, together with the repulsive component of the nuclear
interaction, causes the equation of state to stiffen and decelerates the collapse of
the inner core, leading to hydrodynamic bounce and the formation of an outward-
propagating shock. The shock rapidly loses energy through the photodisintegration
of heavy nuclei and neutrino emission, while the continued accretion of the outer core
exerts a substantial ram pressure that opposes its outward propagation, eventually
stalling the shock. Its eventual revival depends on the efficiency of neutrino heating
by the intense neutrino flux emitted from the newly formed proto-neutron star. If
neutrino heating becomes sufficiently efficient to overcome the energy losses and the
accretion ram pressure, the shock can be revived and drive the ejection of the stellar
envelope, producing a core-collapse supernova and leaving behind a compact remnant.
If the mass of the central remnant exceeds the maximum stable neutron star mass —
the Tolman—Oppenheimer—Volkoff limit, Moy = 2.2-2.4 M, for non-rotating stars
[113] — a black hole forms. In the case that the progenitor star carries sufficient
angular momentum, the infalling material does not fall directly into the black hole
but instead forms a centrifugally supported accretion disc, providing the conditions
required for jet launching.

Collapsar pathways

The transition from a collapsing core to an active central engine depends on how
the stellar mantle falls onto the newly formed black hole. Three regimes are usually
distinguished, depending on the progenitor and on the core-collapse shock.

In the prompt collapse scenario (historically referred to as a Type I collapsar),
the iron core collapses directly into a black hole without launching a successful shock
[109]. The highly rotating inner helium core accretes uninterrupted at strong rates
of M ~ 0.01-1 Mg s~ [109].

In the fallback-dominated scenario (historically referred to as a Type II collapsar),
the core bounce launches a weak, sub-energetic shock that is insufficient to completely
expel the outer stellar layers. A transient neutron star is briefly formed, and a small

fraction of the envelope is ejected, but a large mass of stellar material (0.1-5M)
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fails to reach escape velocity and falls back onto the central remnant over minutes
to hours [110]. Once this accumulated fallback mass exceeds the maximum stable
limit, it triggers a delayed collapse into a black hole and establishes a fallback-driven
accretion disc. Because this fallback material originates from larger radii and returns
over a wider timescale, the accretion rates are moderately lower, typically spanning
M ~ 10731072 Mg s~ [110].

A third, late-time accretion pathway occurs in massive, rotating supergiants where
the inner core collapses directly to a black hole, but the outer hydrogen envelope
contains substantial angular momentum [225]. As this envelope material slowly falls
inward on free-fall timescales of days or weeks, it encounters a centrifugal barrier
at very large radii (r 2 10" cm), forming a long-lived, low-density accretion disc
with lower feeding rates (M < 10~* Mg s~!) [225]. This mechanism can sustain a
long-term relativistic jet, providing a potential explanation for ultra-long-duration
high-energy transients.

Magneto-rotational supernovae

An alternative, physically distinct pathway for the terminal evolution of a rotating
massive star is a magneto-rotational supernova. Originally proposed analytically by
LeBlanc and Wilson [102] and Bisnovatyi-Kogan [22], this mechanism describes a
core-collapse explosion where the decisive energy source is the rotational energy of
the collapsing stellar core, extracted and redistributed by magnetic fields rather than
neutrino heating alone [29].

The physical basis of this process lies in the reservoir of rotational kinetic energy
stored in the rapidly spinning core after collapse. For a central core spun up to
millisecond periods, this rotational reservoir can be estimated as:

1 Py \ 2 I
B = = 19 ~ 2 152(0> . 2.
ot = g AN\ Tms) \ 0B gemz ) 8 (2:9)

where [ is the core’s moment of inertia and 2 = 27/ F, is the angular velocity.

During collapse, differential rotation winds the seed poloidal magnetic field lines
into a dominant toroidal configuration, while the magnetorotational instability (MRI)
and convective dynamos exponentially amplify both field components on millisecond
timescales, far exceeding the growth rate of simple winding [15, 141].

Because the magnetic pressure and hoop stresses are concentrated along the
rotation axis, this process can produce highly aspherical, polar, jet-like outflows
that can easily disrupt the star even if standard neutrino heating is inefficient
[29, 200]. While the collapse can leave behind a stable, highly magnetised neutron
star, continued accretion of infalling material can drive the central core past the
maximum stable mass limit, collapsing it into a spinning black hole shortly after the
explosion is launched. In such cases, the magnetorotational supernova represents
the initial, explosive phase of a system that eventually transitions into an accreting
black hole engine.
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2.2.2 GRBs and Binary Mergers

Already in the 1980s-90s, the merger of compact binary systems containing at least
one neutron star was identified as the most promising progenitor channel for GRBs,
through fundamental theoretical contributions by Paczynski [162], Eichler et al. [50],
and Narayan et al. [146].

Several observational clues support this picture. Most short duration GRBs
(sGRBs) are found in host galaxies with little or no ongoing star formation, which is
difficult to reconcile with a massive-star origin but is naturally explained by the long
inspiral timescales (2 Gyr) of compact binary systems. These systems of massive
stars evolve through the formation of two neutron stars, and only merge after losing
orbital energy to gravitational-wave emission. Since the coalescence time depends
strongly on the orbital separation, even a small spread in separation can result
in a broad range of merger timescales, extending up to ~ 1 Gyr [21]. Moreover,
sGRBs typically show a significant spatial offset from the centre of their host galaxy,
suggesting that the progenitor system migrated from its birth site before the merger
occurred, a feature that can be naturally attributed to the natal kicks that a binary
system receives during each supernova event [55].

From two massive stars to a bound compact binary

A neutron star is the typical outcome of the core collapse of a star with initial mass
above ~ 8 M, while black holes become increasingly common at higher masses
(Section 2.2.1). The correspondence between initial mass and remnant type is,
however, not a simple threshold. Whether a star explodes and which remnant it
leaves depend on the structure of its core at collapse, so that neutron-star- and black-
hole-forming progenitors can alternate over a wide mass range [159, 207]. Metallicity,
through wind mass loss, and binary interaction, through envelope stripping and mass
transfer, further alter the core structure and therefore the outcome [98, 201]. For
a pair of neutron stars to end up gravitationally bound to each other, both stars
must therefore follow evolutionary paths that end in neutron-star formation, and the
binary must survive not one but two supernova explosions.

The dominant formation channel for field BNS systems is the evolution of an
isolated massive binary [177, 211].

The more massive of the two stars evolves first, exhausts its fuel, and explodes as
a supernova, leaving a neutron star. As the companion subsequently evolves and
expands, it can overflow its Roche lobe — the equipotential surface within which
material remains gravitationally bound to the star — transferring mass onto the
neutron star, or it may engulf the compact remnant entirely in a shared envelope
of gas. This common envelope phase is critical: as the two objects orbit within the
shared envelope, dynamical friction rapidly shrinks their separation, ejecting the
envelope and leaving a tight binary consisting of the neutron star and the stripped
helium core of the companion. If this second star also avoids direct collapse to a
black hole and instead explodes as a (typically hydrogen-poor) supernova, the result
is a binary neutron star system.

This evolutionary path imposes stringent requirements. The system must survive
each supernova explosion without being disrupted, which is only possible if the
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explosion ejects no more than approximately half of the system’s total mass and
does not impart a kick velocity large enough to unbind the orbit [177]. Because
of these constraints, only a fraction of massive binaries survive to become bound
double neutron star systems: a fact directly relevant for predicting merger rates and,
by extension, the expected rate of merger-driven GRBs. An alternative formation
channel operates in dense stellar environments such as globular clusters, where
neutron stars formed independently can later become gravitationally bound through
close dynamical encounters [211].

Inspiral: the long road to coalescence

Once a bound BNS system has formed, general relativity predicts that its time-
varying mass quadrupole moment due to the orbital motion of the two neutron stars
causes it to emit gravitational waves. These waves carry away energy and angular
momentum, driving the binary to lose orbital energy and start the inspiral phase.

For a circular orbit, the time remaining until coalescence can be estimated
analytically as [175]

_ bq

Tinse = 956 G3 M2
where ag is the initial orbital separation, M = m; 4+ my is the total mass of the
system, and g = mymsy/M is the reduced mass. This timescale is extraordinarily
sensitive to separation: a system with an orbital period of a few hours and negligible
eccentricity may take of order 10° years to merge, while the same system with high
eccentricity can coalesce in 10° years or less. Because gravitational wave emission
also efficiently circularises eccentric orbits well before coalescence, by the time a BNS
system reaches the final stages of inspiral its orbit is essentially circular regardless of
its initial eccentricity [189].

This inspiral phase dominates the lifetime of the binary system: from formation
to merger, BNS systems typically spend the majority of their existence in this slow,
gravitational-wave driven spiral, with the dynamically violent merger itself lasting
tens to hundreds of milliseconds, depending on the definition of the merger phase
and the properties of the remnant. This vast separation of timescales is the reason
that the gravitational-wave “chirp” signal, the characteristic rise in frequency and
amplitude as the stars approach coalescence, can be used as a clock and distance
indicator, and is the channel through which BNS mergers were first directly detected

[2].

(2.10)

Merger and the immediate remnant

The coalescence itself is conventionally divided into three phases: inspiral, merger, and
ringdown [17]. While the inspiral can be modelled accurately with post-Newtonian
or effective-one-body approximations, the merger phase is intrinsically non-linear
and strong-field, and can only be captured through numerical relativity simulations
solving the full Einstein field equations coupled to relativistic hydrodynamics.
Most observed and theoretically expected BNS systems have nearly equal com-
ponent masses, with total mass typically in the range 2.5-2.9 M, [161]. For such
near-equal-mass systems, the two stars do not undergo significant tidal disruption
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until immediately before contact, and the majority of the combined mass ends up
bound in the post-merger remnant rather than being ejected. The nature of this
remnant depends sensitively on the total mass of the system relative to a critical
threshold M. &~ 2.6-3.4 M, set by the neutron star equation of state (EoS) [18].

The outcome of a BNS merger depends on the mass of the remnant relative
to different EoS-dependent characteristic masses. The maximum mass of a non-
rotating neutron star is given by the Tolman—Oppenheimer—Volkoff limit, Moy, while
uniform rotation increases the maximum supported mass to Mot max, typically by ~
20%-30%. For a remnant that does not undergo prompt collapse, differential rotation
immediately after merger provides additional support against gravity, allowing the
remnant to temporarily exceed the uniformly rotating maximum mass. Angular-
momentum transport progressively damps the differential rotation on a timescale of
order ~ 100 ms, driving the remnant towards uniform rotation. If its mass exceeds
Mot max, the remnant cannot be supported by uniform rotation and undergoes
gravitational collapse to a black hole, corresponding to the hypermassive neutron-
star scenario. If instead its mass satisfies Mroy < M < Mot max, the remnant
can reach a uniformly rotating configuration without immediate collapse, forming
a supramassive neutron star. The subsequent loss of angular momentum through
electromagnetic spin-down eventually removes the rotational support, causing collapse
on the corresponding spin-down timescale. Finally, if the remnant mass is below
Moy, it can evolve towards a stable neutron-star configuration. At sufficiently
high total binary masses, however, the merger can undergo prompt collapse before
a long-lived neutron-star remnant is established. These thresholds depend on the
neutron-star EoS, and the remnant mass is determined by the detailed dynamics
of the merger and is therefore not simply equal to the sum of the gravitational
masses of the two initial stars. Consequently, the boundaries between these different
outcomes are not described by single values of the component masses, but instead
define transition curves in the progenitor mass parameter space.

The coalescence is also a violently turbulent event. At the moment of contact,
the shearing interface between the two stellar surfaces is unstable to the Kelvin—
Helmholtz instability, which efficiently amplifies the magnetic field on millisecond
timescales [92, 178]. This rapid amplification is a key ingredient for the eventual
production of a large-scale, organised magnetic field capable of launching a relativistic
jet, as discussed in Section 2.3.4.

The post-merger environment

Not all of the binary’s mass is retained by the central object resulting from the merging
process. A fraction of the stellar material is expelled during and after the coalescence,
establishing a highly structured and anisotropic circumburst environment. The
latter constitutes the physical medium that the newly launched relativistic jet must
subsequently propagate through and interact with. The mass-outflow processes are
classified into several physically distinct channels operating on different timescales and
characteised by different geometric, thermodynamic, and nucleosynthetic properties.
A schematic representation of the various components described below is shown in
Figure 2.4.
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Figure 2.4: Schematic meridional cross-section (not to scale) of the post-merger
environment of a BNS coalescence: shock-heated dynamical ejecta (outer shell) with
neutron-rich tidal ejecta along the equatorial plane, oscillation-driven dynamical
ejecta (inner shell), and secular outflows (innermost region) with a slow isotropic
component and a faster collimated component along the spin axis. The central
remnant (metastable NS or BH) is surrounded by an accretion disc.

Dynamical ejecta The dynamical ejecta are unbound material launched during
the final orbits of the inspiral and the merger, on timescales of order ~ 1ms
[180, 203]. This component carries a total mass of 1071072 M, at velocities
spanning 0.1-0.3 ¢ and is driven by two distinct mechanisms [198]: The tidal ejecta,
driven by gravitational tidal torques that strip material from the outer layers of the
neutron stars. This process is highly efficient in asymmetric mass-ratio mergers, where
the tidally disrupted lower-mass companion forms long tidal tails. Tidal ejecta is
highly concentrated in the equatorial orbital plane and remains extremely neutron-rich
(electron fraction Y, < 0.15-0.2), making it the primary site for robust rapid neutron-
capture (r-process) nucleosynthesis of heavy lanthanides and actinides [180, 203].
The shock-heated ejecta instead is squeezed out from the contact interface as the
two stellar cores collide. The intense shock heating increases the local temperature
and triggers the emission of a high neutrino flux, which irradiates the outgoing
material. This neutrino irradiation converts neutrons to protons via electron neutrino
absorption, raising the electron fraction to higher values (Y. 2 0.25-0.4). Shock-
heated ejecta is distributed over a broader angular range, showing a characteristic
polar profile.

Oscillation-driven outflows If the merger avoids prompt collapse and leaves
behind a meta-stable (hypermassive or supramassive) neutron star remnant, the
system undergoes strong, high-amplitude radial and rotational oscillations that can
alter the post-merger mass-loss dynamics. The rotational oscillations are dominated
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by non-axisymmetric, quadrupole-like deformations (such as the f-mode or bar-mode
instabilities) that rotate rapidly within the orbital plane [203]. This time-varying,
non-axisymmetric gravitational potential exerts torques on the disc, exciting strong
spiral density waves. These waves efficiently transport angular momentum outward,
expanding the disc and driving a massive, relatively fast equatorial outflow that
can unbind ~ 1072 M, of matter on timescales of tens to hundreds of milliseconds.
Simultaneously, the violent, quasi-radial oscillations of the remnant periodically
compress and expand the stellar surface. This high-frequency radial pulsation acts as
an acoustic piston, driving strong hydrodynamic shock waves that deposit thermal
energy into the dense torus, accelerating the material outward as a hot, oscillation-
driven wind. Because these oscillation-driven components are ejected while the
remnant is actively cooling via neutrino emission, they are subjected to intense,
continuous neutrino irradiation [198].

Secular post-merger outflows On longer timescales of ~ 0.1 — 1s and beyond,
the system evolves via secular mass-loss channels driven by the thermal, magnetic,
and viscous evolution of the central massive neutron star or, in case a black hole is
formed, of the surrounding accretion disc (e.g. Fernandez and Metzger [53]). The
neutrino-driven (e.g. Dessart et al. [44]) and magnetically-driven outflows (e.g. Ciolfi
[35] and refs. therein) characterising this phase of the evolution can expel much
more material than what is dynamically ejected during and shortly after the merger.
Nonetheless, only part of this material is unbound and will effectively contribute to
mass ejection. Moreover, a significant (if not dominant) portion of these outflows is
slowly expanding (~ 0.1 ¢) and poorly collimated, but a faster (~ 0.2 — 0.3 ¢) and
rather collimated component can emerge along the spin axis of the differentially
rotating massive neutron star remnant (before its eventual collapse, if any), channeled
by the growing magnetic field. In merging BNS systems where black hole formation
occurs no earlier than a few tens of ms after merger, secular outflows represent the
main obstacle that a later incipient jet has to drill through and, as such, play a
dominant role in shaping the angular structure and energetics of the final escaping
jet.

Multi-messenger signatures: gravitational waves and the kilonova

The multi-messenger nature of BNS mergers makes them rich astrophysical labora-
tories: the same event can be observed simultaneously through gravitational waves
and across the electromagnetic spectrum, with each channel probing a different
underlying physics.

Gravitational waves are emitted throughout the inspiral, merger, and ringdown,
with the inspiral phase producing the well-known chirp signal: a wave of increasing
frequency and amplitude as the stars approach coalescence [2]. The post-merger
gravitational wave signal, dominated by the oscillation modes of the (hyper- or
supra-massive) remnant if one forms, carries direct information on the neutron star
EoS, although it has not yet been constrained due to its high characteristic frequency
and intrinsically weaker amplitude [203].

The neutron-rich material ejected during and after the merger provides the ideal
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site for rapid neutron capture nucleosynthesis (the r-process), synthesising heavy
elements up to and beyond the lanthanides [99, 124]. The radioactive decay of
these freshly synthesised, unstable isotopes powers a thermal transient known as the
kilonova: a quasi-isotropic optical and infrared glow that peaks days after the merger
and fades over roughly a week to ten days [105, 124].

Because the kilonova luminosity and colour evolution depend on the ejecta mass,
velocity, and lanthanide content, kilonova observations provide a direct, independent
probe of the ejecta properties.

2.3 The Central Engine

Regardless of whether the progenitor is a collapsar or a compact binary merger, a
necessary condition for the production of a GRB is the formation of a central engine
capable of sustaining an outflow that accelerates to the high bulk Lorentz factors
required to power the observed prompt emission.

2.3.1 The Blandford—Znajek mechanism

The Blandford-Znajek (BZ) mechanism [24] is the most widely invoked process
for relativistic jet launching, and is considered responsible for a broad variety of
astrophysical jets, including those from active galactic nuclei and microquasars.
In this process, the magneto-rotational energy of a spinning (Kerr) black hole is
extracted in the presence of a large-scale magnetic field threading the event horizon.
Due to frame-dragging effects produced by the rotating spacetime, the magnetic field
lines are twisted, generating a toroidal component from an originally predominantly
poloidal configuration. The resulting magnetic pressure gradient, combined with the
presence of a low-density funnel along the black hole rotation axis, drives material
outward along the polar direction, powering a Poynting-flux-dominated jet confined
by the hoop stress of the toroidal field.
The power extracted by the BZ mechanism can be written as [24, 212]

K
PBZZTMCD%HQ%[J[(QH)’ (2-11)

where xk ~ 0.044 is a numerical factor that depends on the magnetic field geometry
at the horizon, ®gy is the total magnetic flux threading one hemisphere of the
black hole horizon, Qy = ac/(2rg) is the angular velocity of the horizon (with
a the dimensionless spin parameter and ry the horizon radius), and f(Qp) is a
function that encapsulates higher-order spin corrections and approaches unity in the
slow-rotation limit. The power scales strongly with both the black hole spin and the
accumulated magnetic flux: a faster-spinning black hole and a stronger magnetic
field both contribute to a more powerful jet.

2.3.2 Accretion regimes: SANE and MAD states

The efficiency of jet launching depends on the magnetic field configuration near
the event horizon, and three-dimensional general-relativistic magnetohydrodynamic
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(GRMHD) simulations distinguish two limiting accretion states: standard and normal
evolution (SANE) and magnetically arrested disc (MAD) [172, 213]. In weakly
magnetised SANE discs, the field is mostly disordered, angular momentum transport
is driven by MRI turbulence, and jet efficiencies, defined as 7t = Pt/ (M c?), are
comparatively low (nje; ~ 0.1-0.2) [213]. When large-scale poloidal flux is advected
onto the black hole, the accumulated magnetic pressure becomes comparable to
the ram pressure of the infalling gas and the flow enters the MAD state [147, 213].
Accretion does not stop in this regime, but proceeds in an intermittent and strongly
magnetised form, with gas reaching the horizon through magnetic interchange
instabilities and episodic flux eruptions [118]; in the GRB context, this intermittency
has been linked to the variability of the resulting jets [85, 86]. In MAD states the jet
efficiency can exceed unity [213]. For GRB engines, efficiencies of this order combined
with the high accretion rates expected would imply jet energies larger than those
typically inferred, and a rapid spin-down of the black hole [108] that may be difficult
to reconcile with the high spins and small accreted masses required. To address
this, Wu et al. [226] proposed a unified framework modelling the transition between
the standard thin disc and MAD regimes as a function of the magnetic flux ratio,
demonstrating that the maximum jet energy peaks at an intermediate, sub-saturated
magnetisation state, where a moderate black hole spin and magnetic flux combine to
power observed GRB jets while avoiding the rapid spin-down and severe accretion
constraints of a fully arrested disc.

2.3.3 Neutrino annihilation

Another mechanism capable of converting accretion energy into an outflow is neutrino—
antineutrino annihilation (vv — ete™) above the poles of the remnant [50]. In
this process, the intense neutrino flux emitted by the hot accretion disc partially
annihilates along the rotation axis, depositing thermal energy and driving a thermally-
powered outflow. The annihilation luminosity scales approximately as L,; oc M%/4
[233], but for the same black hole properties the resulting luminosity is typically
orders of magnitude lower than the BZ power [89]. The two mechanisms can coexist:
neutrino annihilation is expected to contribute predominantly in the earliest accretion
phase, when M is largest, but it is insufficient to sustain GRB jets on its own, and
the BZ mechanism remains the dominant engine throughout most of the activity
timescale.

2.3.4 Nature of the remnant, implications for jet launching

The nature of the compact remnant formed after the collapse depends on the total
mass of the system and on the neutron star equation of state, a relation between
pressure, density, and temperature inside dense nuclear matter that remains highly
uncertain.? In both the collapsar and binary merger scenarios, the outcome may

2The EoS determines the maximum mass a neutron star can support against gravitational
collapse. A “stiffer” EoS (higher pressure at a given density) allows heavier and larger neutron stars,
increasing the threshold mass for black hole formation. Current constraints from gravitational wave
observations and neutron star mass measurements suggest Mroy = 2.2-2.4 M, for non-rotating
stars [113], with the exact value still debated.
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be either a rapidly rotating, highly magnetised neutron star — a magnetar — that
eventually collapses into a black hole as it accretes further material, or a direct and
prompt collapse to a black hole.

The accreting black hole engine. Black holes formed in collapsars require a
sufficiently strong, coherent poloidal magnetic flux threading the horizon to enter
the magnetically arrested disc (MAD) regime and power a Blandford—Znajek jet.
The origin of this large-scale flux remains uncertain: it may be inherited from
the magnetised proto-neutron star formed immediately before black-hole formation,
provided the accretion flow can confine the nascent magnetosphere, or it may be
generated in situ by a dynamo operating in the collapsar disc. Recent 3D GRMHD
simulations show that even predominantly toroidal fields inherited from stellar
evolution can generate coherent poloidal magnetic loops at large radii, which are
subsequently advected onto the black hole [33, 76].

Black holes produced in BNS mergers, by contrast, typically form with high spin
parameters and in a predominantly toroidal magnetic field configuration. In this
case, a large-scale poloidal component must grow dynamically through turbulent
amplification and the magnetorotational instability (MRI) [15]. The MRI acts on
a differentially rotating, weakly magnetised plasma in which the angular velocity
decreases outwards. Consider two fluid elements on neighbouring orbits, connected
by a weak magnetic field line. The inner element orbits faster and runs ahead of
the outer one, stretching the field line in the azimuthal direction. The resulting
magnetic tension acts like a spring joining the two elements: it brakes the inner
one and drags the outer one forward. Having lost angular momentum, the inner
element sinks to a smaller radius, where it still orbits faster; having gained angular
momentum, the outer element drifts further out, where it orbits more slowly. Their
separation therefore grows, the field line is stretched further, and the tension that
produced the displacement increases, so the perturbation runs away and the field
is amplified exponentially on a timescale of the order of the orbital period. The
consequent turbulence is thought to be the primary agent of angular momentum
transport in accretion discs, and, in combination with the underlying shear, can build
and maintain a large-scale field from an initially disordered configuration [15, 92].
Once the poloidal flux is sufficiently amplified, the conditions for the BZ mechanism
and for the eventual transition to a fully or partially arrested state are met.

The magnetar engine. A magnetar remnant is also considered a possible central
engine, although it is generally regarded as less likely than the accreting black
hole scenario. For a magnetar to power a GRB jet, it must survive long enough
to accelerate the outflow to the required Lorentz factor before collapsing. If the
total mass of the remnant exceeds Moy, collapse occurs on a short timescale, due
to angular momentum losses. However, if the total mass of the system is low or
the EoS is particularly stiff, the massive neutron star can survive the collapse for
a significantly longer time, supported by rotation [113]. During this phase, the
rapid differential rotation drives a dynamo that amplifies both the poloidal and
toroidal magnetic field components, and the MRI can further enhance turbulent field
amplification [92, 141].
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A critical obstacle to the magnetar engine is baryon loading. In the immediate post-
merger or post-collapse phase, the proto-neutron star loses mass through neutrino-
driven winds: the intense neutrino luminosity (L, ~ 10°3ergs™') deposits energy in
the surface layers of the star, driving a baryonic outflow that fills the polar region
[44]. The maximum achievable Lorentz factor for an outflow loaded with baryons is
FwSn=1L/ Mc2, where L is the available power and M is the baryon mass-loading
rate; if the polar region is contaminated, I',, remains too low to power a canonical
GRB. The polar funnel can be emptied of baryons only after the star has cooled and
the neutrino-driven winds have died down, potentially allowing a relativistic outflow.
By this time, however, the remnant may have already collapsed to a black hole.

Despite these difficulties, there is observational evidence compatible with a mag-
netar engine, most notably the shallow X-ray plateau phase observed by Swift/XRT
in a large fraction of both long and short GRBs [154, 237]. This feature requires a
sustained energy injection on timescales of 103-10*s, which is difficult to explain by
standard accretion disc timescales around a black hole, but is naturally produced
by the gradual spin-down of a long-lived magnetar radiating via magnetic dipole
emission [125]. Furthermore, three-dimensional numerical simulations of long-lived
BNS merger remnants have demonstrated that magnetised, differentially rotating
neutron stars can launch collimated outflows, although with Lorentz factors typically
insufficient for canonical sGRBs [34, 35].

In general, although not excluded, this scenario is disfavoured as the primary
engine for the majority of GRBs due to the baryon loading problem and the low
Lorentz factors produced in simulations.

2.3.5 From engine to simulation: the injection prescription

When modelling jet launching through numerical simulations, two complementary
approaches exist. The first starts from a full central engine setup, a black hole
accreting from a disc, and models jet formation self-consistently from first principles,
but typically employs idealised, homogeneous environments. The second prescribes
the jet analytically as a boundary condition, mimicking the effect of the engine
without resolving it directly in the simulation, but can be coupled with more realistic
environments. The two approaches are largely complementary but difficult to combine.
The choice is primarily determined by the scientific question at hand. In this work, we
are mainly interested in the jet structure and its impact on the observable afterglow
emission, and we therefore adopt the second approach as developed in Pavan et al.
[165], injecting the jet as an inner boundary condition in a realistic post-merger
environment (see Chapter 4).

The most direct injection parameter is the jet luminosity, which is set by the
BZ power of the central engine. GRBs have typical injection luminosities in the
range 10%°-10% ergs—!. The jet injection is sustained for a duration determined by
the disc accretion timescale, which sets a decay timescale for the injected power.
Another key timescale for the merger scenario is the jet launching delay: the jet is
not launched immediately after the merger, but only after the polar region has been
sufficiently cleared of baryonic contamination and the magnetic field has grown and
organised on a large scale. Finally, the magnetisation of the injected jet — the ratio
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of electromagnetic to total energy flux — is a fundamental parameter that determines
the jet’s stability properties, its interaction with the cocoon, and ultimately the
Lorentz factor it can achieve. The specific injection profiles and the parameter space
explored in this work are described in detail in Chapter 6.

Independently of the precise nature of the central engine and the jet launching
mechanism, the relativistic outflow must immediately navigate a dense, anisotropic
post-merger (or stellar envelope) environment. The physics of this propagation is
the subject of the following chapters.

2.4 Landmark GRB events

2.4.1 GW170817: a multi-messenger event

A fundamental event in the field of merger driven GRBs occurred in August 2017. The
simultaneous detection of GW170817 and GRB 170817A represented the long-awaited
smoking gun linking sGRB jets with binary neutron star mergers.

The gravitational-wave signal detected by the LIGO-Virgo collaboration was
consistent with the inspiral and merger of two neutron stars with component masses
M = 1.1-1.6 My [1]. Unlike previous gravitational-wave detections, GW170817
was accompanied by a rich set of electromagnetic counterparts spanning the entire
spectrum [2]. Approximately 1.74 s after the merger signal, the short gamma-ray burst
GRB170817A was independently detected by both Fermi/GBM and INTEGRAL
[71, 199]. In the following days, observations revealed a rapidly evolving optical and
infrared transient consistent with kilonova emission powered by the radioactive decay
of heavy elements synthesised through r-process nucleosynthesis [39, 90, 209, 220].
In addition, a long-lasting non-thermal afterglow was monitored from radio to X-
ray frequencies for more than three years, providing an unprecedented view of the
dynamics of the relativistic outflow [14, 80, 217].

GW170817 was hosted in NGC 4993, a galaxy at =~ 40 Mpc [32, 163], making
it substantially closer than typical cosmological sGRBs. The prompt gamma-ray
counterpart, GRB 170817A, exhibited several unusual properties compared to the
cosmological sGRB population. Despite the remarkably small distance of the source,
the observed gamma-ray emission was faint and intrinsically sub-luminous, while
its temporal and spectral characteristics remained broadly consistent with those
of short GRBs [2, 71]. These observations suggested that the geometry of the
relativistic outflow and the observer’s viewing angle played a major role in shaping
the observed signal, highlighting the importance of angular structure in relativistic
jets. Early analyses combining gravitational-wave measurements with the host-galaxy
localisation indicated a viewing angle of approximately 6, ~ 32°*1% relative to the jet
axis, implying a significantly off-axis line of sight [54]. Subsequent analyses taking
into account the radio centroid motion prefer instead smaller viewing angles, in the
range 15° [68] — 28° [221].

The subsequent evolution of the afterglow provided even stronger evidence for
this picture. Rather than fading immediately after the burst, the broadband af-
terglow gradually brightened for approximately 120-160 days before reaching its
peak luminosity [40, 217]. Such behaviour is naturally explained if the relativistic
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Figure 2.5: Multi-wavelength afterglow light curves overlaid with different structured
jet models, adapted from Ghirlanda et al. [68]

ejecta possess an angular structure, with a narrow, energetic ultra-relativistic core
surrounded by slower and less energetic material at larger angles, and the system is
viewed from outside the jet axis [68, 101]. As the shock decelerates and its beaming
cone widens, progressively more energetic regions enter the observer’s line of sight,
producing the characteristic delayed rise of the light curve.

For reference, Figure 2.5 shows multi-wavelength afterglow detections compared
to different jet models, as reported in Ghirlanda et al. [68].

Independent confirmation of a relativistic jet came from very long baseline
interferometry (VLBI) observations, which revealed both a compact radio source and
apparent superluminal motion: both signatures of a narrowly collimated relativistic
outflow observed at a significant angle from its axis [68, 137, 139]. Furthermore,
modelling of the afterglow shows that, while the rising phase is primarily sensitive to
the angular structure of the ejecta, the peak and subsequent decline are governed by
the deceleration of an ultra-relativistic jet core with a kinetic energy comparable to
that inferred for typical sGRBs [68, 190].

The success of structured-jet models in explaining GW170817 has had implications
extending well beyond this single event. Numerical simulations indicate that angular
structure naturally arises during the interaction between a relativistic jet and its
surrounding environment, whether the stellar envelope or the merger ejecta [26, 47].
Consequently, structured outflows are now considered a potentially generic feature of
GRB jets, capable of influencing the observed properties of bursts detected at a wide
range of viewing angles. Growing evidence suggests that such effects may contribute
to the diverse phenomenology observed in the afterglows of cosmological GRBs,
including unusual early-time behaviour and departures from standard temporal
evolution [13, 20, 49, 160].

Non-trivial jet structures are likely the outcome of two factors: the details of jet

24



launching, which determine the jet power and therefore its ability to successfully
emerge from the surrounding material, as well as its magnetisation, which in turn
influences stability and can leave imprints on the outflow; and the interaction with
the surrounding environment.

The post-merger ejecta is a physically rich and intrinsically anisotropic envi-
ronment through which the relativistic jet must travel before producing observable
emission. This interaction strongly shapes both the angular structure of the jet and,
ultimately, its electromagnetic signatures.

2.4.2 Breaking the Long/Short Dichotomy

The commonly used boundary at Ty, = 2s should not be interpreted as a fundamental
physical division between two distinct classes of GRBs. It is instead a conventional
threshold chosen to separate two populations that nevertheless exhibit a clear
bimodality in their observed duration distribution. As established in Section 2.1.5, the
bimodality itself is a genuine feature of the GRB population, while the precise location
of the dividing boundary is somewhat arbitrary. The duration-based classification
therefore remains a useful operational tool for organising and comparing GRB
populations, particularly in statistical studies of observed catalogues.

The observed prompt duration depends not only on the progenitor but also on
detector sensitivity, redshift, and on the details of the central engine activity and
accretion history. A collapsar-driven event with rapid jet quenching could in principle
fall below 2s; likewise, extended central engine activity in a merger could, in some
circumstances, lead to prompt emission exceeding the conventional 2s threshold.
Over the past two decades, observations have increasingly highlighted the limitations
of interpreting the long/short classification as a one-to-one mapping onto progenitor

type.

Anomalous events: long duration without a supernova

The first major challenge to the canonical picture came with GRB 060614, detected
by the Swift satellite on 14 June 2006 [43, 61, 62, 65].

With Tyg = 102, the event was unambiguously long in duration and therefore
expected to be collapsar-driven. Yet deep photometric follow-up found no supernova
emission down to a limit more than one hundred times fainter than the faintest
Type Ic supernova ever observed at comparable redshifts: a striking absence. The
host galaxy, a faint dwarf with little ongoing star formation, was further incompatible
with the massive-star hypothesis. The spectral properties of the prompt emission,
moreover, more closely resembled those of the short, hard class than of canonical
long GRBs.

Years later, near-infrared excess emission above the standard afterglow decay
was identified in archival data, consistent with a kilonova component and therefore
with r-process nucleosynthesis from post-merger ejecta [87, 228]. GRB 060614 thus
became the first well-documented hybrid event: a long-duration GRB with the
environmental and spectral signatures of a merger-driven progenitor, requiring a
fundamental revision of the simple duration—progenitor correspondence.
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GRB 211211A and GRB 230307A: the kilonova signature confirmed

More recently, two further events have made the case for long-duration, merger-driven
GRBs essentially conclusive.

GRB 211211A, detected in December 2021, had a duration of Ty ~ 51s and
was located in a galaxy at ~ 350 Mpc [72, 182, 216, 230].

Despite its long duration, the prompt emission spectrum was harder than typical
collapsar-driven events, and no supernova was detected. In contrast, the late-time
infrared emission was clearly in excess of standard afterglow models and well described
by a kilonova component powered by r-process nucleosynthesis: a signature of neutron-
rich post-merger ejecta. The event also displayed a late-time GeV excess, potentially
explained by inverse Compton scattering of kilonova photons by the electrons of a
very long-lasting jet injection activity, possibly due to fallback accretion [120].

GRB 230307A, detected in March 2023, is among the brightest GRBs ever
observed and had a duration of Tyy ~ 35s [70, 103, 229].

The proximity of the event and the availability of the James Webb Space Telescope
(JWST) allowed for an exceptionally detailed spectroscopic study of the afterglow: a
broad emission feature in the near-infrared spectrum at around one month post-burst
revealed the presence of tellurium and other lanthanide-rich material from r-process
nucleosynthesis, providing direct spectroscopic evidence of a kilonova. The event
also showed a spatial offset of ~ 40 kpc from the centre of the identified host galaxy,
a signature consistent with the natal-kick migration of a compact binary system over
its long inspiral lifetime.

Physical explanations for long-duration merger-driven GRBs

The growing body of evidence for long-duration, merger-driven GRBs demands a
physical explanation for how a compact binary merger can sustain central engine
activity on timescales of tens to hundreds of seconds, well beyond the few seconds
typically associated with BNS merger remnants. Several mechanisms have been
proposed, and they are not mutually exclusive.

Long-lived magnetar. A millisecond magnetar formed in the merger can inject
energy following its spin-down timescale, tq oc B™2P¢, where P, is the initial spin
period and B is the surface dipole magnetic field strength of the neutron star. For
typical magnetar parameters (Py ~ 1ms, B ~ 10 G), t,q can reach hundreds of
seconds [125, 232]. This scenario naturally produces extended central engine activity
and is independently motivated by X-ray plateau observations in a fraction of sGRBs
(see Section 2.3).

Fallback accretion. A fraction of the dynamical ejecta that is gravitationally
bound to the remnant can fall back onto the central object on timescales that scale
as tg, o< 73/2 [123, 188].

For the outer, slower shells, this timescale extends to minutes or longer, providing
a fuel supply that could sustain accretion and jet activity well beyond the initial
dynamical phase.

26



Magnetic flux and accretion disc lifetime. The magnetisation of the accretion
disc plays a key role in setting the engine duration. In the MAD state, the strong
magnetic flux threading the horizon can mediate episodic accretion outbursts over
extended timescales [75]. The spin-down of a strongly magnetised disc through
magnetic winds may also contribute to the late-time energy budget.

Neutron star — white dwarf mergers. An alternative channel involves the
merger of a neutron star with a white dwarf rather than another neutron star. In
this case, the tidal disruption radius is significantly larger, the mass ratio is more
extreme, and the circularisation of the debris disc can lead to a more extended and
more gradual accretion history, naturally producing longer-duration events [234].

2.5 Jet Propagation and Structure

2.5.1 The jet—environment interaction

From the moment the central engine switches on, the jet does not propagate into
a vacuum. Whether it is drilling through the stellar envelope of a collapsar or the
post-merger ejecta of a BNS coalescence, the outflow immediately encounters a dense,
structured medium that resists its passage and shapes its final properties.

As the relativistic jet digs into the ambient material, a system of shocks develops
at the interface. A forward shock is driven outward into the unperturbed medium,
while a reverse shock propagates back into the incoming jet material. The two shocks
are separated by a contact discontinuity. The region between the forward and reverse
shock is commonly referred to as the jet head: the outermost region of the jet that
is in direct contact with the environment, and the boundary across which kinetic
energy is transferred from the jet to the surroundings. Behind the jet head, the
unshocked jet material, has not yet interacted with the environment and continues
to flow outward at essentially its injection velocity.

The material processed by both shocks, a combination, often separated, of jet
and ambient fluid that has been heated and compressed, flows sideways from the
jet head under its own pressure. This expelled material accumulates around the jet,
inflating a hot, over-pressured cocoon [19, 26], (see Figure 2.6 for a reference).

The cocoon plays a dual role. On one hand, it acts as a pressure wall that
collimates the jet: as long as the cocoon pressure exceeds the transverse jet ram
pressure at its boundary, an oblique recollimation shock forms at the base of the jet,
narrowing its opening angle below the injection value [26, 101]. On the other hand,
it acts as a reservoir of energy that can contribute to the eventual outflow structure
and afterglow emission [47, 101].

2.5.2 The jet head and its propagation velocity

The velocity at which the jet head advances through the medium is a fundamental
parameter: it sets the timescale over which the jet can cross the ambient medium
and determines whether the engine can sustain the jet long enough for it to break
out.

27



Ambient medium

Contact _...---; ‘i A~ -+ Jet head
discontinuity

Shocked
jet

Recollimation
shock

Figure 2.6: Schematic of the jet-environment interaction, inspired from Bromberg
et al. [26].

In the frame of the jet head, pressure balance must hold across the contact
discontinuity between the incoming jet material and the shocked ambient medium.
For a relativistic jet moving at Lorentz factor I'; and expanding into an ambient
medium of rest-mass density p,, this balance gives [26, 116]

L1/? g L,
~ T L ey 2l (2.12)

Bn

where [, = vp,/c is the jet head velocity in units of ¢, L; is the one-sided jet luminosity,
6; is the injection half-opening angle, and r is the distance from the central engine.
The dimensionless parameter L measures the ratio of jet ram pressure to ambient
ram pressure. When L > 1 (powerful jet or rarefied medium), the head advances
relativistically, 8, — 1. When L < 1 (weak jet or dense medium), the head is
sub-relativistic and the jet struggles to advance.

This analytic estimate assumes a steady injection, but it captures the essen-
tial competition between jet power and environmental resistance that governs the
dynamics at all times.

2.5.3 Jet breakout and the choked jet scenario

The propagation described above has a finite destination: the outer edge of the
ambient medium, whether the stellar surface or the outer boundary of the merger
ejecta. The jet breakout is defined as the moment the jet head exits this boundary,
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after which it is free to accelerate and expand into the near-vacuum of the circumburst
medium.

Defining the breakout time as t,,, taking place at a distance r,,, the fundamental
condition for a successful GRB jet expressed in the laboratory frame is [26]

tbo - @ < teng’ (213)

pic

where te,, is the duration of central engine activity, ry,/(5;c) is the laboratory-frame
propagation time of the jet from the central engine to the breakout radius and 3; the
jet velocity. In the collapsar case, the breakout time depends on the stellar radius and
density profile, and scales approximately as ty, o< R./3, [27], with R, ~ 10° — 10°
km for a typical Wolf-Rayet star. In our reference simulation of P23, performed in
a BNS merger environment, the relevant scale is much smaller, the ejecta extend
to only ~ 10*km at the time of jet launching, and the breakout times is of order
hundreds of milliseconds, e.g., t,, = 350 ms . In general, for BNS environments, this
process strongly depends on the jet launching time and velocity propagation, since
the merger ejecta expand with time.

Aloy et al. [8] demonstrated through simulations that the propagation of a
relativistic jet through a massive-star progenitor depends sensitively on the jet
luminosity and the structure of the stellar envelope. Subsequent analytical work, in
particular Aloy et al. [10], has formalised this dependence in terms of a minimum
jet luminosity for successful jet injection and propagation. For a given progenitor
structure, sufficiently low jet luminosities produce a slow and poorly collimated jet
that can become trapped within the stellar material, without successfully emerging
from the stellar surface. The corresponding threshold luminosity depends on the
properties of the ambient medium, including its density and pressure structure, and
on the jet injection parameters. In addition, successful breakout requires the central
engine to remain active for at least the breakout time, so that a jet with a luminosity
above the threshold is not necessarily successful if the engine shuts off too early.

If the jet fails to break out before the engine shuts off, the reverse shock propagates
back through the jet and the jet is said to be choked. The energy injected by the jet is
then deposited predominantly into the surrounding cocoon, driving a hot, wide-angle
outflow with a range of velocities that can extend into the mildly relativistic regime.
In the absence of an ultra-relativistic jet emerging from the ejecta, a classical GRB
is not expected; however, the subsequent breakout of the cocoon shock can produce
weaker, softer high-energy emission, distinct from a classical afterglow [73, 144].

Some statistical analyses of the long GRB Ty distribution have been interpreted
as evidence that a fraction of collapsars do indeed lead to choked jets, with the
majority of events having central engine duration insufficient for a successful breakout
[27]. In the BNS case, the injection time relative to the merger is an additional
key parameter, since the ejecta density decreases rapidly with time as the medium
expands; a jet injected later encounters a more extended environment, which can
significantly alter the breakout dynamics. This dependence is explored systematically
in the parameter study of Chapter 6.
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2.5.4 Jet structure: from top-hat models to realistic profiles

Initially, the most widely used model for GRB jet structure was the top-hat profile:
a conical outflow with uniform Lorentz factor I and isotropic-equivalent energy per
solid angle dE/d) within a sharp cone of half-opening angle 6;:

(2.14)

dE Eo/2m(1 —cosb;) 6<6;,
-5 (0) =
s 0 0>0;,

with Fy the total one-sided jet energy. This idealisation was adequate for explaining
the achromatic jet break in afterglow light curves and gave reasonable estimates of
the jet opening angle and total energy. However, it predicts an abrupt transition
from full emission to no emission at ¢ = 6;, which is physically unrealistic: a sharp
discontinuity cannot persist in a flow that has interacted with its environment along
the entire length of its journey.

The off-axis observation of GW170817 made this limitation impossible to ignore.
The observed data required a structured jet: a smooth distribution of energy and
velocity with angle, with a bright, narrow core and decreasing energy at larger angles,
so that progressively more energetic emission entered the line of sight as the jet
decelerated and its beaming cone widened.

The idea that jets should be structured had already been explored in the early
2000s [96, 187, 236], but GW170817 provided the first direct measurement of the
angular profile. Afterglow modelling of GRB 170817A constrained the jet to have a
narrow core with half-opening angle . ~ 2°-6°[68, 190].

Analytically, structured jets are commonly described by two parametric families.
A power-law profile takes

dE E,

@ = Ty (219)

where FE, is the core energy per solid angle, 6. is the core half-opening angle, and
s > 0 sets the steepness of the wing decay. A Gaussian profile takes

dE 6>
d—Q(Q) = E, exp (—292> : (2.16)

which concentrates most of the energy within 6 < 26, and decays smoothly to zero at
large angles. Both families allow a continuous transition across the jet boundary and
produce afterglow light curves broadly consistent with GW170817 and other off-axis
events [20, 190]. For reference, Figure 2.7 represents graphically such analytical jet
profiles.

While analytically convenient, these parametric profiles are fundamentally limited,
and simulations indicate that the structure can be more complex. The origin and
significance of the jet’s angular structure therefore gained a growing interest from
the GRB community, as extensively discussed in Salafia and Ghirlanda [192], and is
a pivotal element guiding this thesis.

30



100 i — top-hat, §,=5° .
\'\., == power law, §.=3°, s=4 ]
\\ .=+« Gaussian, §,=3° |
AN A
\ .
A I
-1L % 4
s 10 N 3
Sle NG ]
G S \ 5
B8 0, .
e A
Sal|&a} NG
=3 N
\\
1072 ¢ "~ E
« N\
SN
s N
© N
% N
. N
N
~
. ~
. ~
10—3 L N 1
0 5 10 15 20 25
6 [deg]

Figure 2.7: Schematic representation of top-hat (black line), power law (red line)
and a Gaussian (blue line) jet profile, normalised to 1.

2.6 Why Numerical Simulations?

The physical processes described in the preceding sections are fundamentally nonlin-
ear and multi-scale. Analytical treatments such as the Bromberg et al. [26] framework
provide powerful order-of-magnitude estimates, but they necessarily rely on simplify-
ing assumptions (uniform density profiles, fixed pressure ratios, instantaneous mixing)
that break down in realistic environments. Numerical simulations are therefore an
essential tool: they allow one to follow the full nonlinear dynamics of the jet from
injection to breakout, and to extract the angular and velocity structure of the outflow
in a self-consistent way. Over the past two decades, progress in the field has followed
the growth of computational resources and of observational data.

2.6.1 From the First 2D Simulations to the 3D Era

The computational investigation of relativistic jet propagation precedes gamma-
ray-burst-specific numerical simulations by several years. In the 1990s, a series of
2D axisymmetric simulations of relativistic jets in external media (e.g., including
Marti et al. [116], Duncan and Hughes [48], Marti et al. [117], and Komissarov and
Falle [94]) established the basic morphological picture that would later become the
foundation of GRB jet theory: an advancing jet head bounded by a forward and
reverse shock, surrounded by an over-pressured cocoon of shocked material. These
studies demonstrated that material entering the jet head is deflected transversely
and fills a hot, overpressurised, cocoon around the jet, that collimates the jet itself.
However, they were conducted in the context of extragalactic jets at kiloparsec scales,
not in GRB progenitors.

One of the first multidimensional special-relativistic hydrodynamic simulations
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of GRB jet propagation through a stellar progenitor were performed by Aloy et al.
[8], who used the GENESIS special-relativistic hydrodynamics code to simulate an
axisymmetric jet injected into a collapsing rotating massive star. They demonstrated
that a relativistic jet could remain collimated while drilling through the stellar
envelope and reach breakout with a maximum Lorentz factor of I' ~ 33. It established
the main morphological elements of the jet-in-medium system: a terminal bow shock,
a narrow cocoon, a contact discontinuity, and a hot spot, confirming that the
phenomenology developed in the AGN context carries over to the GRB regime, and
providing the first quantitative picture of how a relativistic outflow drills through a
stellar envelope.

Over the following decade, a generation of 2D axisymmetric simulations refined
this picture substantially. Zhang et al. [238], Mizuta et al. [135], and Morsony
et al. [140] explored jet propagation in collapsars over a wide range of parameters
— luminosity, initial Lorentz factor, injection geometry — and began connecting the
jet properties at injection to the post-breakout angular structure. A key finding
of Morsony et al. [140] was that the jet opening angle is not fixed at injection
but evolves continuously during propagation, reflecting the cumulative effect of
cocoon confinement: the angular structure of the jet in the afterglow phase thus
encodes the full history of the jet—cocoon interaction together with the beam pattern
set by the central engine. Subsequent studies extended this programme to GRBs
from BNS mergers and to different progenitor profiles and injection geometries [e.g.
100, 134, 142], providing the numerical foundation for the analytical understanding
of jet confinement and breakout.

These 2D studies shared, however, a fundamental limitation beyond the imposed
axisymmetry. It was later recognised that axisymmetric simulations produce a
numerical artefact: a polar plug of artificially high pressure and density along the jet
axis [74, 238], which can bias the jet propagation speed and the cocoon structure
in ways that are absent in 3D. Moving to three dimensions was therefore not only
a matter of capturing azimuthal asymmetries, but of removing a systematic bias
that affects many 2D GRB jet simulations. The growth in computational power
and improvements in algorithms eventually made 3D modelling of relativistic jets
tractable, and these studies confirmed that 3D jets can develop qualitatively different
behaviour from their 2D counterparts, including non-axisymmetric instabilities,
turbulent mixing at the jet—cocoon interface, and a richer post-breakout angular
structure.

For GRBs from BNS mergers, the modelling challenge is a dynamical, anisotropic
ejecta, whose properties depend on the outcome of the merger itself. The transi-
tion from idealised to realistic environments represents one of the most important
methodological advances in the field, and is discussed in the following section.

2.6.2 Idealised vs Realistic Environments: Why It Matters

Early simulations of GRB jets used simplified, parametric environments: typically
power-law or exponential density profiles designed to approximate the expected ejecta
distribution [e.g. 9, 25, 143]. These setups offered full control over the parameters
and were computationally tractable, but they cannot capture two key properties of
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the actual medium: its anisotropy and its magnetic field structure.

A jet propagating through this complex medium does not encounter the same
resistance in all directions, and the resulting asymmetry is directly imprinted on
the jet structure. No parametric environment, however carefully designed, can
reproduce this effect without input from a progenitor simulation. Furthermore, the
post-merger, or stellar, environment is magnetised. The large-scale magnetic field
amplified during the merger or the collapse permeates the ejecta and can influence
the jet—medium interface, possibly changing the physical character of the interaction
at the jet boundary.

Pavan et al. [165] performed the first 3D RMHD simulation of a sGRB jet in a
realistic, non-magnetised post-merger environment extracted from a GRMHD BNS
merger simulation, demonstrating that the realistic medium produces a substan-
tially more asymmetric jet structure than idealised setups. P23 extended this work
by reporting the first 3D RMHD simulation of a magnetised sGRB jet propagat-
ing through a realistic magnetised post-merger environment, where the magnetic
field components were directly imported from the reference merger simulation. A
quantitative comparison between realistic and simplified environments in that work
revealed major differences in jet structure and breakout conditions, emphasising that
incorporating the former is essential for accurate modelling. These two simulations
are the direct precursors of the work presented in this thesis, which builds on the
P23 setup.

The inclusion of magnetic fields in jet simulations is not only a matter of com-
pleteness. Magnetic fields play a key role in jet breakout and collimation. The
toroidal magnetic field of the jet suppresses Kelvin-Helmholtz instabilities at the
jet—cocoon interface, maintaining a smoother boundary and a better-collimated
structure compared to purely hydrodynamical jets: an effect that is not captured in
HD simulations and that becomes quantitatively significant even at the moderate
magnetisations explored in this thesis.

Three-dimensional simulations of GRB jets in realistic BNS environments have
begun to appear in recent years [91, 148, 149, 165, 166], confirming that the assump-
tion of axisymmetry misses qualitatively important features of the flow. However,
as discussed in Section 1.2, most existing 3D studies have been terminated before
reaching the ballistic regime, limiting their ability to provide reliable input for af-
terglow models. The development of a strategy to overcome this limitation is the
primary technical contribution of this thesis, presented in Chapter 5.

2.7 The GRB Afterglow

2.7.1 From Prompt Emission to External Shock

At smaller radii, the main energy dissipation mechanisms proposed for the prompt
~-ray emission include internal shocks between shells of jet material and magnetic
reconnection, in which magnetic energy is converted into particle kinetic energy and
radiation through the rearrangement and dissipation of magnetic field lines. The
relative importance of these mechanisms remains an open question and is the subject
of ongoing studies.
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At larger radii, the interaction between the jet and the ambient medium becomes
increasingly important. As the relativistic jet propagates into the circumburst
medium, it drives a forward shock into the external material, sweeping up and
accelerating an increasing amount of ambient matter. The shocked material behind
this forward shock forms a relativistically expanding blast wave, whose dynamics
evolve as an increasing fraction of the jet energy is transferred to the swept-up
medium. The transition from approximately coasting to significant deceleration is
not instantaneous, but occurs around a characteristic scale, the deceleration radius,
which marks the distance at which the swept-up mass becomes dynamically important.
Consider a shell of isotropic-equivalent energy Fiy, expanding into a cold, uniform
medium predominantly composed of hydrogen, with particle number density n. The
blast wave begins to decelerate when the rest-mass energy of the swept-up material
becomes comparable to Fi,/T?, giving

3Ewiso V8
Ry~ [— 250} 2.17
d (47rnmp c? F%) (217)

where I'y is the initial Lorentz factor and m, is the proton mass [122]. For
representative short-GRB parameters, with Ey, iso ~ 10°1-10°? erg and circumburst
densities of n ~ 1073-1072 cm™3 [56], the deceleration radius is typically of order
10'7-10'® c¢m, depending also on the initial Lorentz factor. For example, adopting
Friniso = 10° erg, n = 1072 em ™3, and Ty = 100 gives Ryec ~ 1.2 X 10'” ¢cm. The
corresponding observer-frame deceleration time, tqe. >~ fcdrfg , is of order a few minutes
for these parameters. This timescale marks the onset of sigoniﬁcant deceleration of the
blast wave, while the observed onset of afterglow emission can occur over a broader
range of times depending on the observing band and the microphysical parameters.

Beyond Rge., the dynamics is primarily governed by the expansion of the blast
wave into the ambient medium, and the resulting radiation is produced by the shock-
accelerated particles therein. In the standard picture, the afterglow at this stage
retains little memory of the detailed workings of the central engine: the jet angular
structure, the total energy budget, and the circumburst density are the dominant
inputs [121, 183]. In practice, however, the situation is more intricate: the afterglow
light curve can still carry imprints of the central engine activity through mechanisms
such as energy injection from late-time engine restarts or the velocity stratification
of the ejecta (see Section 2.8), and disentangling these from the external-shock
contribution remains an active area of research.

2.7.2 Blast Wave Dynamics: the Blandford—McKee Solution

The self-similar solution for an ultra-relativistic spherical blast wave propagating
into a uniform medium was derived by Blandford and McKee [23]. In the adiabatic
limit, valid as long as the radiative losses are a small fraction of the total energy, the
Lorentz factor of the forward shock evolves as

I'(R) x R73/2, or equivalently D(t) oc t3/8, (2.18)

where t denotes the observer-frame photon arrival time measured from the burst.
Although the Lorentz factor continues to decrease with time, its rate of decrease
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becomes progressively smaller as the blast wave expands. Because the swept-up mass
grows as R3 in a uniform medium, the Lorentz factor follows the self-similar scaling

above.

A second relevant density profile is the stellar wind case, n(r) oc r~2, which is

commonly associated with GRBs from massive-star progenitors. In this case the
temporal evolution of I' is shallower: T'(t) oc t~1/%. For GRBs from BNS mergers,
which are the main focus of this thesis, the wind profile is not physically motivated:
compact binary systems migrate over timescales of Gyr from their star-forming
birth sites, typically ending up in low-density environments well described by a
uniform ISM [56]. All afterglow calculations in this work therefore assume a constant
circumburst density n.

In a spherically symmetric description, the deceleration of the blast wave is
entirely determined by three macroscopic quantities: the total energy Fi., the
ambient density n, and the initial Lorentz factor I'g. These alone, however, are
not sufficient to predict the electromagnetic emission, which additionally requires
knowledge of how energy is distributed between particles and magnetic fields at the
shock front: a problem that cannot currently be solved from first principles and must
instead be parametrised.

2.7.3 Microphysics and the Synchrotron Spectrum

At the shock front, two microphysical processes determine the electromagnetic output:
the acceleration of charged particles and the amplification of the magnetic field.

Particle acceleration in relativistic shocks is understood to proceed via the Ferms
mechanism: electrons scattered back and forth across the shock front by magnetic
field irregularities gain energy at each crossing, producing a non-thermal energy
distribution. In the test-particle limit, this process naturally generates a power-law
spectrum of electron Lorentz factors, N(7,) o< 7.7 for ve > v, where p &~ 2-2.5 is the
spectral index and 7,, is the minimum Lorentz factor of the accelerated population
[23, 64]. The fraction of the post-shock internal energy deposited into relativistic
electrons is parametrised as e..

Simultaneously, the shock compresses and amplifies the ambient magnetic field
via plasma instabilities, which generates small-scale magnetic field fluctuations in the
downstream plasma. The resulting field strength is parametrised by €, the fraction of
post-shock internal energy in the amplified field. The average magnetic field strength
behind the shock is parametised as B = (8wep 6)1/2, where e is the post-shock
internal energy density and ep is the fraction of the internal energy density carried
by the magnetic field. For a strong ultra-relativistic shock propagating into a cold
medium of proper number density n, the internal energy density immediately behind
the shock is given by the relativistic shock jump conditions [23] as e = 4%nm,,c?,
where I' is the Lorentz factor of the shocked fluid measured in the rest frame of the
unshocked medium. ¢, and g are phenomenological parameters whose values has
to be inferred from observations or constrained by simulations. Assuming that a
fraction e, of the post-shock internal energy is transferred to the electrons, and that
the accelerated electrons are described by a power-law distribution N(7.) o 7.7
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above a minimum Lorentz factor v,,, the latter is given by

—2
Ym = i_ ; % e T, (2.19)

where p > 2 is the power-law index of the electron distribution and I' is the bulk
Lorentz factor of the shocked fluid. The four microphysical parameters of the standard
afterglow model are therefore {e., ep, p,n}. Together with Ei., and the viewing angle
f,, these constitute the six free parameters that are typically fitted to multiwavelength
afterglow observations. A systematic characterisation of these parameters across a
sample of ten well-monitored bursts was carried out by Panaitescu and Kumar [164],
who found e, ~ 0.01-0.1, eg ~ 107°-1072, and p ~ 1.4-2.8 as representative values.

The relativistic electrons gyrating in the amplified magnetic field emit synchrotron
radiation: a relativistic electron with Lorentz factor 7, moving in a field B radiates
predominantly at a characteristic frequency v oc v2B. Because the electron popula-
tion spans a power-law range in 7., the integrated synchrotron emission is itself a
power law in frequency, broken at the characteristic frequencies of specific electron
subpopulations. The resulting spectrum is a series of power-law segments that join
at three break frequencies [196]:

e Uy, the synchrotron frequency of an electron with 7, = 7,, (the peak of the
injected electron distribution);

e 1., the cooling frequency, defined as the synchrotron frequency of an electron
whose radiative cooling time equals the dynamical time of the system,;

o v, the self-absorption frequency, below which the plasma is optically thick to
synchrotron self-absorption and the spectrum turns over.

Physically, v, tells us where the injected population peaks, v, separates electrons
that have had time to cool efficiently from those that have not, and v, marks the
transition from optically thin to thick emission, the latter being relevant mainly at
radio frequencies.

2.7.4 Spectral Regimes and Light Curve Slopes

The relative ordering of the break frequencies determines the spectral shape, and
because all three frequencies evolve in time, the spectrum also evolves. For an
adiabatic, ultra-relativistic blast wave in a uniform medium, the temporal scalings
are [196]:

3/2
Y

U, <7 Ve o t12, F max o< 17, (2.20)

Since v, decreases faster than v., the two frequencies cross at a time t...s: before
this crossing the system is in fast cooling (v, < v,,), and after it is in slow cooling
(Vi < V).

For sGRBs observed at days to weeks after the trigger, the timescales relevant
for GW counterpart follow-up, the system is generally in the slow-cooling regime,
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which is also the regime most relevant for this thesis. The slow-cooling spectrum
takes the form

2 v < Vg,

" p1/3 Vg <V < Upy, 2.21)
v X .
py—(=1)/2 U < UV < Vg,

vP/2 V>,

(See Figure 2.8 for a reference). At a given observing frequency vy, the resulting
light curve becomes a piecewise (multiply) broken power law as a function of time,
whose slope depends on which spectral segment v, falls in and on which way the
break frequencies are moving through it. In the standard on-axis case, this leads to a
temporal decay F, oc t~%, where the temporal decay index « is not a free parameter
but is uniquely determined by the spectral index 3 (defined by F, oc v=?) and by
which spectral regime the observing frequency falls in. These closure relations (for
example, a = 35/2 for v, < Vops < Ve in the slow-cooling ISM case) follow directly
from the blast-wave dynamics and the synchrotron spectrum, and provide a powerful
self-consistency check when multi-band data are available [79]: measuring o and
independently and verifying that they satisfy the expected relation confirms that the
standard model applies, while deviations signal additional physics such as energy
injection or a non-standard density profile. This statement holds, however under the
implicit assumption that the microphysical afterglow parameters do not vary with
time, which is not necessarily true.

A useful quantitative anchor is provided by the explicit expressions for v, and v,
in the slow-cooling regime [196]:

e \V2 e \? L1y —3/2
U ~ 5.7 x 101 (10_2> (01) EX? (14 2)Y% Hz, (2.22)
—-3/2
Ve ~ 2.7 x 10" (fi) Eym it (14 2)7Y% Hz (2.23)

where Es, = E/10°% erg, ny = n/1 ecm ™3, and t4 is the observer-frame time in days
and z is the source redshift. These expressions show, at a glance, how the observing
frequency and the burst parameters conspire to determine the observed light curve
shape: a burst with high eg or low energy has v, at lower frequencies, potentially
placing the X-ray band in the fast-cooling regime even at late times.

One particularly clean observational consequence of this framework is the jet break.
Aslong as ' 2 Qj_l, the radiation arriving at the observer comes from a patch of
angular size ~ 1/T" around the line of sight, and the blast wave appears approximately
identical to an isotropic explosion. When I' drops below 9;1, the observer becomes
aware of the finite angular extent of the jet: the relativistic beaming cone widens
beyond the jet opening angle, causing the afterglow light curve to steepen. The
magnitude of this steepening, however, is not universal: it depends on the spectral
regime, the density profile of the circumburst medium, and the degree of lateral
expansion of the jet [186, 197]. For example, in a uniform external medium and in the
absence of significant lateral spreading, the edge effect alone produces a steepening
A« ~ 3/4, whereas lateral spreading can lead to a substantially larger steepening.
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Figure 2.8: Representation of the synchrotron spectrum in the slow-cooling regime.

This achromatic break, appearing simultaneously at all wavelengths, is the cleanest
observational signature of jet collimation, and it allows one to estimate 6; directly
from the break time:

-3/8 -1/8
- 3/8 1+2 E 1/8
0; ~ 0.0571} ( 5 ) (1052 erg) ny’"  rad, (2.24)

where ¢, 4 is the jet break time in days. Applying this relation to a sample of
long GRBs, Frail et al. [59] found that the collimation-corrected gamma-ray energy,
E, = FE, (1 — cosf;), was narrowly clustered around ~ 105 erg. This result was
interpreted as evidence for a quasi-universal energy budget and became an influential
early argument for strongly collimated GRB outflows. However, this conclusion has
not remained robust with the advent of Swift. The identification of achromatic jet
breaks has proven considerably more difficult than suggested by pre-Swift samples,
with many afterglow light curves exhibiting chromatic breaks, plateaus, or other
features that cannot be straightforwardly attributed to jet geometry. Consequently,
the evidence for a narrowly clustered, quasi-universal beaming-corrected energy is
now considerably weaker [30, 179].

2.7.5 Degeneracies and the Importance of Broadband Cov-
erage

While the standard afterglow model outlined above provides a simple and well-defined
framework for interpreting the broadband emission, it also comes with a well-known
limitation: parameter degeneracies. Different combinations of {Ei,n,e.,e5} can
produce virtually identical light curves at a single wavelength, making it difficult to
constrain the physical parameters from single-band observations alone.

The key to reducing these degeneracies is broad spectral and temporal coverage.
Panaitescu and Kumar [164] demonstrated the constraining power of simultaneous
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radio, optical, and X-ray observations by modelling a sample of ten well-monitored
long GRBs. For example, radio observations can constrain the self-absorption
frequency and the overall normalization of the synchrotron spectrum, the optical
band often probes the vicinity of v,,, and the X-ray band can provide constraints on
v, and the electron spectral index p. However, broadband coverage does not by itself
make the inference problem deterministic. The standard afterglow model relies on a
chain of simplifying assumptions concerning the shock dynamics, the magnetic field,
the electron acceleration process, and the shape of the electron distribution. These
assumptions are not all on equally firm physical ground, and a fully self-consistent
description of the microphysics is still lacking. In particular, the electron distribution
at low Lorentz factors, which strongly affects the radio and self-absorption regime,
is not robustly established from first principles. Consequently, different modelling
assumptions or implementations can lead to different inferred values of the physical
parameters even for well-sampled broadband afterglows. Moreover, convergence of a
fit does not guarantee that the solution is unique or that the assumed model provides
an unbiased description of the data. Broadband observations should therefore be
regarded as essential for constraining afterglow physics, but the resulting parameter
estimates remain intrinsically model-dependent.

For the case of GW170817, the afterglow was monitored in the X-ray (Chandra),
optical (HST) and radio (VLA) bands for ~ 940 days. Over this whole time and
frequency range, however, the emission is consistent with a single power-law spectral
segment, v, < v < V., with p & 2.17 [57, 111]: the slope fixes p, but, since no spectral
break is observed, only a combination of the remaining parameters is constrained. As
a result, the parameter constraints remain broad: the strong degeneracies between n,
£g, and the jet structure mean that different combinations of these parameters can
fit the data comparably well, and the inferred viewing angle carries uncertainties of
several degrees depending on the assumed jet model [e.g. 68, 136].

2.8 Beyond the Standard Afterglow Model

The framework described so far, a single shell with a given kinetic energy at each
angle, decelerating in a uniform medium, is adequate as a zeroth-order description of
on-axis afterglows at late times. It fails, however, to capture several physical effects
that become especially important for structured jets observed off-axis.

The most significant of these effects is velocity stratification: a realistic outflow
does not carry all its energy in a single, coherent shell moving at a single Lorentz
factor. Instead, energy is distributed over a broad range of four-velocities u = I'3,
reflecting the layered structure that emerges from the jet—cocoon interaction and the
conversion of internal and magnetic energy into kinetic energy over the duration of
the propagation. Slower shells, which lag behind the fast-moving core, eventually
catch up with the decelerating forward shock and inject additional energy into the
blast wave: a process known as refreshed shocks [184, 194].

The observational consequence of refreshed shocks is a modification of the after-
glow light curve, particularly at early times and for off-axis observers. Instead of the
sharp rise expected from a simple shell model, the light curve evolves more gradually,
as successive shells contribute at progressively later times.
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In the context of this thesis, velocity stratification is not a free parameter but a
direct output of the RMHD simulations: the distribution of energy over four-velocities
at each angle is extracted from the simulation data and fed into the afterglow model.
The ability to propagate this information to observable quantities is one of the
key advances of the model described in this Section, and its consequences for the
afterglow light curves are discussed in detail in Chapters 5 and 6.

2.8.1 The Code

The standard afterglow model outlined in Sections 2.7.2-2.7.4 is built on two implicit
simplifying assumptions: the outflow is a single, uniform shell at each angle, and
it is axially symmetric. Both assumptions become problematic when the goal is to
model structured jets observed at significant off-axis angles.

The semi-analytical framework developed by Salafia et al. [193] addresses this
by computing the afterglow emission from a jet with an arbitrary angular structure,
defined as the distribution of isotropic-equivalent energy Fis,(©) and Lorentz factor
['(©) as functions of the polar angle from the jet axis. The blast wave at each
angular coordinate (O, ®) is evolved independently, however neglecting lateral energy
transport between neighbouring angles, an approximation well-justified at early times
[78].

The dynamics at each angle are governed by energy conservation. For a single
ejecta shell with isotropic-equivalent kinetic energy FEjs, expanding into a uniform
ISM of number density n, the swept-up mass within radius r is mg, (r) = 47r®nm,,/3.
In the ultra-relativistic, adiabatic limit, the total energy of the system is [23]

A
-3
where the factor I'? arises from the Lorentz transformation of the rest-mass energy

and the kinetic energy of the shocked material into the lab frame. Solving for I
immediately gives

Eio = Ir? msw(r) 02 r? T3 nmy C2, (225)

3Eliso 12
L(r) = () 32 32, (2.26)

4 nm,, c?
To convert to observer time, we note that a photon emitted at radius r on-axis
(0, =0, § ~ 1) arrives at the observer at
T
22’

so that r ~ 2cI?t.s. Substituting back into Eq. (2.26) and solving for T" gives the
standard Blandford-McKee temporal scaling [23]:

tobs ~ tlab (1 - ﬁ) (227)

T (tops) ox £, (2.28)

This power-law deceleration governs the afterglow dynamics at each independent
angle ©, with the normalisation set by FEis(0).

The resulting synchrotron emissivity at each point on the blast wave is computed
following the spectral model of Section 2.7.4. The total flux at the observer is
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obtained by integrating this emissivity over the equal-arrival-time surface (EATS)
— the locus of emission points that contribute to the same observer-frame time tg
— accounting for Doppler boosting and light-travel-time effects [192, 193]. For an
off-axis observer (6, > 0), the EATS geometry couples contributions from different
angles and radii, producing the characteristic rising light curve that precedes the
afterglow peak.

Extension I: Radial Velocity Stratification

In the version of the model employed in this thesis [developed by O. S. Salafia
and described in 46], the baseline framework of Salafia et al. [193] is extended in
two important aspects that are directly motivated by the structure of the outflows
emerging from the 3D RMHD simulations.

The first extension concerns the radial distribution of energy within the ejecta.
The extended model incorporates velocity stratification by replacing the single-
Lorentz-factor prescription with the full distribution dEis,/du (O, ®) extracted di-
rectly from the simulation output at te,q. The blast-wave dynamics are then governed
by an energy-conservation equation that accounts for the cumulative contribution of
all ejecta faster than a given four-velocity u = I'.

Defining the isotropic-equivalent energy in ejecta with four-velocity greater than
u,

Eio(>u :/ 2 (u) dud, 2.29
Guw= [ 2w (2:29)
and the corresponding isotropic-equivalent rest mass,

[e.9]

1 dFis,
u 21 +u? du
conservation of energy per unit solid angle when the blast-wave downstream four-
velocity is u gives [Appendix B of D26]

(u') du, (2.30)

Mej iso ( > U) -

Eigo (> 1) + migo (u) ¢ = [ [mejiso (> ©) + Migo(w)] A+ Teg[(T — 1) migo(u)] 2, (2.31)

where mjso(u) = 47r?(u) nm,/3 is the swept-up ISM mass, I' = /1 + u?, and the

effective Lorentz factor I'eg accounts for the post-shock internal energy in the lab

frame [151, 171]:

Fff: ’A}/adFQ_’Ayad"i_l
€ F )

with 4,q the adiabatic index of the blast-wave downstream. Equation (2.31) has the

analytic solution

(2.32)

Eiso(> u)/c* = T'(u) mejiso(> 1)
[T'(u) = 1 [Ler(u) + 1] ’

which, combined with mjs, = 47r®nm,,/3, gives a one-to-one mapping between shock
radius 7 and downstream four-velocity u without requiring numerical time-integration.
In the single-shell limit, dFi,/du — Fis, 0(u — ug), this reduces to the standard
Blandford—McKee dynamics; the full distribution generalises this to a continuous
family of shells, each contributing to the blast-wave energy at the epoch when the
forward shock decelerates to their velocity.

Miso(u) = (2.33)
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Extension II: Full 3D Geometry

The second extension relaxes the assumption of axial symmetry that is otherwise
universal in semi-analytical afterglow models.

For standard afterglow calculations, the code can take as input the azimuthally
averaged profiles Fis,(0©) and I'(©), treating the outflow as rotationally symmetric
around the jet axis. This is a natural starting point for comparing with 2D simulations,
where axisymmetry is imposed by construction, and with 3D simulations with
idealised, uniform environments. However, for jets that have propagated through
the anisotropic, non-uniform ejecta of a BNS merger, where the three-dimensional
structure of the environment leaves a clear imprint on the angular and azimuthal
distribution of energy in the outflow (see Section 2.5.4), this is a limitation.

In the extended version of the code, the EATS integration is performed directly
over the full three-dimensional distributions Fis,(©, ®) and dEi,/du (O, ), preserv-
ing all azimuthal information. Light curves are then computed as a function of both
the polar viewing angle 6, and the azimuthal viewing angle ¢,,.

This has an important observational consequence: two observers at the same
polar angle 6, but different ¢, will, in general, see different afterglow light curves.
The differences are most pronounced at early times and for 0, 2 a few degrees, when
the observer’s line of sight does not intersect the jet core directly and the received
flux is dominated by the asymmetric wings. In D26, this is quantified explicitly: at
0, = 24°, close to the inferred viewing angle of GW170817, the flux density at early
times varies by up to an order of magnitude depending on ¢, (see Fig. 11 therein).

This result has a broader implication: any afterglow fit performed under the
assumption of axisymmetry implicitly fixes the azimuthal structure of the jet. Allow-
ing for azimuthal asymmetry introduces an additional degree of freedom that can
affect the interpretation of the data and the inferred jet structure. Quantifying the
impact of this additional degree of freedom is one of the central results of D26 and is
discussed further in Chapter 6.

Current Limitations

For completeness, we note the main approximation that remains in the current
implementation: the model does not include lateral expansion of the blast wave. For
a smooth jet, lateral spreading becomes important once I' < 9;1, i.e. around the
jet break, after which the independent-angle approximation breaks down. The same
criterion, however, applies locally: a region of angular size 66 is smoothed out once
its shocked material has had time to expand sideways over that scale at the local
speed of sound, when I' < (66)~!. The jet structures extracted from our simulations
show fluctuations in energy and Lorentz factor on angular scales much smaller than
6;, in both the polar and azimuthal directions (Section 6.1.1). Fluctuations could
therefore be smeared out once before the jet break, driving the blast wave towards
a smoother configuration. Local smoothing is, however, likely less efficient in the
presence of a broad velocity profile. The downstream sound speed decreases as the
shock decelerates, so the anisotropy introduced by late energy injection from slower
shells can be preserved to a larger extent [191]. This can affect the shape of the light
curve, as discussed in Appendix D, where we address the separate impact of the
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velocity profile and of a standard treatment of lateral expansion on the afterglow
emission of the fiducial model. A joint implementation is left to future work.
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Chapter 3

Theoretical and Numerical
Framework

Modelling the propagation of a relativistic magnetised jet through a post-merger
environment requires a theoretical framework that can simultaneously accommodate
three physical ingredients: bulk velocities approaching the speed of light, dynamically
significant magnetic fields, and strong discontinuities such as shocks and contact
surfaces. The most suitable framework under these conditions is special-relativistic
ideal magnetohydrodynamics (RMHD), and it is the one adopted in this thesis.
Throughout this Chapter we adopt Heaviside-Lorentz units with ¢ = 1; factors of ¢
and 47 are absorbed into the definitions of the electromagnetic fields.

This chapter is organised in two parts. The first presents the RMHD equations
in covariant form and discusses the divergence-free constraint on the magnetic field.
The second part describes the PLUTO code [131], its modular architecture, and
the Godunov-type numerical framework through which the RMHD equations are
solved, the strategy used to enforce the divergence free constraint numerically, and
introduces the equation of state adopted for the simulations. The chapter closes
with the general simulation setup that is common to all the models presented in
Chapters 4-6.

3.1 Relativistic Magneto—Hydrodynamics

The dynamics of a relativistic magnetised plasma, in the regime relevant to GRB
jets, is governed by three sets of equations: the conservation of baryon number, the
conservation of energy and momentum, and Maxwell’s equations for the electromag-
netic field. In this section, we derive the conservative form of these equations as
solved by PLUTO, following the treatment of Anile [12], Bucciantini [28] and the
formulation of Mignone and Bodo [127].

3.1.1 Conservation Laws in Covariant Form

In a flat Minkowski spacetime with signature (—, +, +, +), the fundamental equations
governing a magnetised ideal fluid are baryon number conservation,

ON" =0, (3.1)
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energy-momentum conservation,

0, =0, (3.2)
and the homogeneous Maxwell equations,

0 F™ =0, (3.3)

where N# = pu* is the baryon number 4-current, T"" is the total stress-energy tensor,
F** is the dual of the electromagnetic field tensor, p is the rest-mass density, and
u* is the fluid 4-velocity normalised as u,u* = —1.
The stress-energy tensor receives contributions from both the fluid and the
electromagnetic field:
T = The + Th . (3.4)

For a perfect fluid with isotropic pressure P, the matter contribution takes the
standard form
They = phutu” + P g™, (3.5)

where h = 1 + € + P/p is the specific enthalpy, p is the rest-mass density, € is the
specific internal energy, i.e., the internal energy per unit rest mass, and g*” is the
metric tensor.

To express the electromagnetic contribution in a form useful for MHD, we
introduce the magnetic field 4-vector as measured in the comoving frame of the fluid,
b* = u, F**. Tts spatial components give the proper magnetic field, while its time
component satisfies 0° = I'(v - B), where I' = (1 — |[v|?)~%/2 is the Lorentz factor and
B is the magnetic field measured in the laboratory frame. The comoving magnetic
energy density is b?/2 = $b,,b".

A key simplification comes from the ideal MHD condition: in a highly conducting
astrophysical plasma, resistive effects operate on scales far below the grid resolution,
and the electric field vanishes in the fluid rest frame. Formally, this condition reads

u, " =0. (3.6)

Under this assumption, the electromagnetic stress-energy tensor simplifies to

b2
TH = b*ufu” — bHb” + ) . (3.7)

Combining Eqgs. (3.5) and (3.7), the total stress-energy tensor becomes
b2

T = (ph + bZ> utu” — bHb” + <P + 2) g (3.8)
The magnetic field enters the dynamics through two channels: it contributes an
isotropic magnetic pressure b%/2 (analogous to thermal pressure) and an anisotropic
tension —b*b” that acts to straighten field lines. It is convenient to define a total
enthalpy w; = ph + b* and a total pressure P, = P + b%/2, in terms of which the
stress-energy tensor takes the compact form

™" = wuru” — v + Pgh . (3.9)
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To arrive at a system suitable for numerical integration, the covariant equations
are projected onto the laboratory frame through a standard 3+1 decomposition. The
result is a set of conservation laws in the form

aaltj +V.-T(U) =S(U), (3.10)
where U is the vector of conserved variables, T(U) is the flux tensor, and S(U)
contains source terms arising from curvilinear coordinates or from external forces. In
Cartesian coordinates and in the absence of external forces, S = 0 and the equations
take a conservative form.

The conserved variables and their relation to the primitive variables V =
(p,v, P,B)T are

D
m
u=|31- (3.11)
E
with
D = Tp, (3.12)
m = (phI”+|B])v—(v-B)B, (3.13)
B2 2B2_ _B2
g — parz—py BE MIBE=(v-B) (3.14)

2 I

where D is the laboratory-frame mass density, m is the total (fluid plus electromag-
netic) momentum density, F is the total energy density. The magnetic field B is
evolved through the induction equation, which is the spatial projection of Eq. (3.3):

8—B—VX(VXB):O. (3.15)
ot
The induction equation preserves the solenoidal constraint V - B = 0 analytically.
Numerical discretisation, however, introduces truncation errors that violate this
constraint and can corrupt the field topology; the strategy adopted in this thesis
to control such errors is described in Section 3.2.3, in the context of the PLUTO
framework. An important computational aspect of the RMHD system, absent in
Newtonian hydrodynamics, is that the mapping from conserved to primitive variables,
U — V| cannot be inverted analytically. Recovery of the primitive variables at each
cell and each time-step requires a numerical root-finding procedure, which adds a
non-trivial computational cost to every update cycle. The algorithm implemented in
PLUTO for this inversion is described in Mignone et al. [131].

3.2 The PLUTO code

The numerical code used for all simulations presented in this thesis, PLUTO [131], is
a freely available, modular code designed for the numerical integration of conservation
laws in astrophysical fluid dynamics. PLUTO is written in C and supports parallel
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execution through MPI, making it well suited for large-scale three-dimensional
computations on distributed-memory clusters. In the following subsections we
describe the code architecture, the Godunov-type numerical framework at the core
of the solver, and the specific algorithmic choices adopted for the simulations in this
thesis.

3.2.1 Code Architecture and Available Modules

PLUTO is built around a modular design in which the choice of physics, numerical
algorithms, and coordinate geometry can be combined independently. The physics
modules currently available cover four regimes of increasing complexity: classical
hydrodynamics (HD), classical magnetohydrodynamics (MHD, ideal or resistive),
special-relativistic hydrodynamics (RHD), and special-relativistic magnetohydrody-
namics (RMHD). Each module defines the corresponding set of conserved variables,
fluxes, and source terms, while the numerical infrastructure (reconstruction, Riemann
solver, time stepping) is shared across modules and can be selected by the user at
configuration time.

All simulations in this thesis use the RMHD module, which solves the system of
equations presented in Section 3.1. The code supports Cartesian, cylindrical, and
spherical coordinate systems, handling the curvilinear geometric source terms auto-
matically. This flexibility is exploited in the present work, where the jet propagation
through the post-merger environment is followed on a spherical grid for the first
three seconds of evolution and subsequently remapped to a Cartesian grid for the
extension to the ballistic regime (see Chapter 5).

3.2.2 The Godunov Framework

At the core of PLUTO lies a Godunov-type finite-volume method (see Figure 3.1
for a schematic representation). The computational domain is partitioned into cells,
and the solution is represented by cell-averaged values of the conserved variables.
The fundamental update equation advances the solution from time level t" to ¢t"*!
by accounting for the net flux of conserved quantities through each cell interface. In
one spatial dimension, this reads
Uit =Up + ii 12— ;'K+1/2} ; (3.16)

where F7,, , are the numerical fluxes at the cell interfaces and Az is the cell width.
This is a discrete treatment of exact conservation: the change in the total amount of
any conserved quantity within a cell equals the net flux entering or leaving through
its boundaries. The extension to multiple dimensions in the unsplit formulation
adopted by PLUTO applies the flux contributions from all directions simultaneously,
avoiding the directional bias introduced by dimensional splitting.

The computation of the numerical fluxes at each interface proceeds through a
three-step cycle that repeats at every time-step.

Reconstruction. The first step converts cell-averaged conserved variables into
primitive variables and reconstructs left and right states at each cell interface. The
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reconstruction is performed on the primitive variables V instead of the conserved
variables U, which produces more robust results. The accuracy of the reconstruction
depends on the order of the interpolating polynomial: a piecewise constant recon-
struction yields first-order accuracy but is excessively diffusive, a piecewise linear
reconstruction (PLM) achieves second-order accuracy, and the piecewise parabolic
method [PPM; 36] reaches third-order accuracy in smooth regions. To prevent
spurious oscillations near discontinuities, the reconstruction is combined with slope
limiters that enforce monotonicity. All simulations in this thesis adopt the PPM
reconstruction, which provides a good balance between accuracy in smooth flows
and sharpness at shocks.

Riemann solver. Given the left and right states at each interface, the numerical
flux is obtained by solving (approximately) the Riemann problem that arises from
the discontinuous initial data. The exact Riemann problem in RMHD involves
seven characteristic waves and is computationally expensive to solve. Approximate
solvers replace the exact solution with a simplified wave structure. The RMHD
module of PLUTO implements several such solvers, spanning a range of numerical
dissipation and computational complexity. The HLL solver [82] retains only the
fastest leftward and rightward waves and collapses the intermediate wave structure
into a single averaged state, providing a robust and inexpensive but relatively
dissipative flux. HLLC [127] restores the contact discontinuity as an additional wave,
capturing shear structures more sharply; HLLD [132] further restores the Alfvén
discontinuities, resolving five of the seven RMHD waves explicitly, at the price of
a more elaborate primitive-variable inversion that can become fragile in strongly
magnetised intermediate states. A different strategy is followed by the GFORCE
centred scheme [214, 215], which builds the intercell flux as a convex combination
of fluxes with a weight tied to the local Courant number; it is more diffusive than
the upwind HLL-family solvers of comparable order but does not require an eigen-
decomposition of the RMHD Jacobian and remains robust across degenerate wave
configurations in which characteristic speeds coincide. The signal speed estimates
required by these solvers are computed from the eigenvalues of the RMHD Jacobian
matrix as implemented in PLUTO.

Time integration. The spatial discretisation described above reduces the system
of partial differential equations to a system of ordinary differential equations (ODEs)
in time, following the method of lines. The time integration is then performed using
a strong-stability-preserving (SSP) Runge-Kutta scheme. The third-order SSP-RK3
scheme, adopted here, advances the solution through three stages:

U* = U+ AL, (3.17)
1

U™ = 2 BU" +U" + At L], (3.18)
1

Uttt = 3 [U" +2U* + 2At L], (3.19)

where £ denotes the spatial discretisation operator (obtained from the right-hand
side of Eq. 3.10 after isolating the time derivative), and £, £*, £L** are evaluated on
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U”, U*, U** respectively. Each stage requires the evaluation of the spatial operator,
meaning that three sets of reconstruction and Riemann solves are performed per
time-step. This additional cost is offset by the higher accuracy and the SSP property,
which guarantees that the total variation of the solution does not increase across the
time-step, a desirable property in the presence of shocks.

The time-step At is constrained by the Courant-Friedrichs-Lewy (CFL) condition,

Al;inin
I ), (3.20)

max |

At = CCFL mdin (

d. s the smallest cell dimension along direction d, |A? | is the maximum
signal speed in that direction, and Ccpy, is the Courant number (< 1 for stability).
A typical value of Ccpr, = 0.3 is used in the simulations presented in this thesis.

where Al%

next timestep
At

Ul (cell-averaged state) |«

\
Reconstruction
U —V — V* at cell interfaces
(e.g., Linear / PPM)

Y
Riemann solver
F* = R(VHL V+R)
(e.g., HLL / GFORCE)

Y

Time update

At
n+1 n * *
urtt =up + = |F, 1/2—Fi+1/2}

i—

(e.g., RK2 / RK3)

Y

n+1
Ui

Figure 3.1: Schematic of PLUTQO’s algorithmic cycle.

3.2.3 The Divergence-Free Constraint and Hyperbolic Di-
vergence Cleaning

The magnetic field must satisfy the solenoidal constraint
V-B=0 (3.21)

at all times. This condition, which expresses the absence of magnetic monopoles, acts
as an initial constraint: if it is satisfied at t = 0 and the induction equation (Eq. 3.15)
is integrated exactly, it remains satisfied for all subsequent times. In practice, however,
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finite-difference and finite-volume discretisations introduce truncation errors that can
generate non-zero V - B. Even small violations of the constraint produce unphysical
monopole source terms in the momentum equation, leading to spurious forces parallel
to B that can corrupt the field topology and, in magnetised relativistic flows, trigger
numerical instabilities.

Several strategies have been developed to control this problem. Constrained
transport methods [52] employ a staggered grid arrangement that preserves V-B = (
to machine precision, but require a fundamentally different data layout from a
cell-centred scheme. Projection methods solve a Poisson equation at each time-step
to subtract the divergent component, but this global elliptic solve can be expensive
in three dimensions. The approach adopted in this thesis is hyperbolic divergence
cleaning [42], as implemented in PLUTO by Mignone et al. [133].

The idea is to couple the induction equation to a scalar field 1) that absorbs and
transports divergence errors. The modified system replaces Eq. (3.15) with

%?—Vx(va)—i—Vlbzo, (3.22)

and introduces the evolution equation

()w 2 C}%
I * B - — = .

where ¢, is the propagation speed of divergence errors and ¢, controls the damping
rate. In the implementation of Mignone et al. [133], ¢, is set to the maximum signal
speed allowed by the CFL condition, ¢, = Ccpr, X Al /At™, while ¢, = /Al cn/
with « a free parameter for which optimal values lie in the range 0.05 < a < 0.3 and
At the time step at the n” snapshot.

Any V - B # 0 generated during a time-step propagates away at speed ¢j, and is
simultaneously damped exponentially. The scheme preserves the cell-centred variable
arrangement, keeps the system in conservative form, and integrates seamlessly into
the Godunov framework described in Section 3.2.2.

3.2.4 Equation of State

The system of conservation laws presented above must be closed by an equation of
state (EoS) relating pressure, density, and internal energy.

The closure is selected at configuration time in PLUTO, independently of the
physics module and of the numerical algorithms. For the classical HD and MHD
modules several options are available: an isothermal law, an ideal law with constant
adiabatic index, and a temperature-dependent law that accounts for the chemical
composition. In the relativistic modules only two of these are implemented, namely
the ideal constant-4 law and the Taub—Matthews law described below. The ideal law
is the direct relativistic generalisation of the familiar polytropic gas, and prescribes
the specific enthalpy as

A

h=1+4_——T, T
-1

SRl

, (3.24)
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where 7T is the dimensionless temperature and the unit term accounts for the rest-mass
contribution.

The choice of EoS is not trivial in the context of relativistic jet simulations,
because the plasma spans a wide range of thermodynamic regimes within the same
computational domain. In the ultra-relativistic jet core, where the thermal energy per
particle greatly exceeds the rest-mass energy, the effective adiabatic index approaches
4 — 4/3. In the cold, non-relativistic post-merger ejecta and cocoon wings, the
appropriate value is 4 — 5/3. Using a constant-§ EoS forces the entire domain
into a single thermodynamic regime and systematically misrepresents the other:
4 = 5/3 overestimates the pressure support in the hot jet spine, while 4 = 4/3
underestimates it in the surrounding cold material. The exact closure for a single-
species relativistic perfect gas in thermal equilibrium is the Synge EoS [208], in
which the specific enthalpy is expressed through ratios of modified Bessel functions
of the temperature. This form transitions smoothly and correctly between the two
limits, but its evaluation at every cell and every stage of the time integration makes
it impractical in production runs.

An accurate and computationally inexpensive alternative is the Taub—Matthews
(TM) equation of state [128, 130], which provides an analytic approximation to the
Synge gas and departs from it by less than a few parts in a thousand across the
whole temperature range. The TM EoS follows from the relativistic Taub inequality

(h—=T)(h—4T)>1, (3.25)

which any physically consistent relativistic perfect gas must satisfy, by adopting the
equality case. Solving Eq. (3.25) for h then gives

O 2
h_27+ 4T +1, (3.26)

The correct asymptotic behaviour is recovered in both limits: h — 1 + %’T, that
is 4 =5/3, for T < 1; and h — 4T, that is 4 = 4/3, for T > 1. The transition
between the two regimes is smooth, which is particularly important for the cocoon
region where relativistic and non-relativistic material are in direct contact across the
jet boundary, and where a fixed index would introduce a systematic error on one
side of that boundary regardless of the value chosen.

For these reasons the TM equation of state is adopted for all the simulations in
binary neutron star merger environments presented in Chapters 4-6. The preliminary
simulations in the magnetorotational supernova environment of Chapter 7 adopt
instead an ideal law with 4 = 4/3, for reasons of consistency with the thermodynamic
closure of the core-collapse simulation that provides the initial data; the matching
procedure and the tests supporting this choice are described in Section 7.4.6.

3.2.5 The Simulation Setup

The simulations in the context of BNS mergers presented in this thesis (Chapters
4-6) share a common set of algorithmic choices, summarised here for reference.
The RMHD module of PLUTO is employed in all cases, with piecewise parabolic
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reconstruction (PPM), third-order Runge-Kutta time stepping (SSP-RK3), and a
Riemann solver that differs between the two evolution phases: the GFORCE centred
scheme [214] for the spherical phase, and the HLL solver [82] for the Cartesian phase.
HLL is a more diffusive choice, adopted to accommodate the steeper primitive-
variable gradients produced by the increased effective resolution and by the new
outer boundary condition of the Cartesian grid; we consider this acceptable given
that the ballistic evolution amounts essentially to free expansion of the outflow, with
no remaining jet-environment interaction to resolve accurately. The divergence-free
condition on the magnetic field is maintained through the hyperbolic divergence
cleaning technique described in Section 3.2.3. Thermodynamic closure is provided by
the Taub-Matthews equation of state (Section 3.2.4). Newtonian gravity from the
central remnant (mass M = 2.596 M) is included as a source term in the momentum
and energy equations.

Two distinct computational grids are used across the simulations, corresponding
to two phases of the jet evolution. In the first phase, covering the jet propagation
through the post-merger environment and breakout (¢ < 3 s), the evolution is carried
out on a three-dimensional spherical grid (r, 6, ¢). The geometry, resolution, and
boundary conditions of this grid are described in Section 4.1.2. In the second phase,
a grid-remapping technique transfers the solution to a three-dimensional Cartesian
grid, enabling the evolution to continue to ¢ ~ 9.5 s without loss of resolution in the
expanding outflow (Section 5.2).

The specific choices of grid dimensions, resolution, boundary conditions, and the
jet injection prescription differ across the models investigated in this thesis and are
detailed in the chapters where each model is introduced. Reconstruction and time
integration are kept identical across all simulations, so that differences in the results
can be attributed to the physical parameters being varied rather than to changes in
the numerical treatment.
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Chapter 4

Jet Evolution in Realistic Binary
Merger Environments

As outlined in Section 2.5, immediately after its launch the relativistic jet must
propagate through the dense environment produced by the BNS merger. This chapter
describes the setup and main results of the reference simulations following the early-
time evolution of the jet through this environment, together with a systematic
parameter study investigating how variations in the jet injection conditions influence
the resulting dynamics. These simulations were performed prior to and independently
of the present work and provide the starting point for the investigations presented in
this thesis. They adopt a realistic post-merger environment obtained from a GRMHD
BNS merger simulation [34, 35], following the approach originally developed by Pavan
et al. [165] and extended to include magnetic fields in [P23]. The results presented
in Sec. 4.2 constitute new analysis carried out as part of the present work, whereas
the remainder of the chapter presents the reference simulations and their original
analysis.

4.1 Simulation Setup

What follows is a brief description of the numerical and physical setup developed by
Pavan et al. [165] and [P23], which is relevant for interpreting the results presented
in this thesis. The reader is referred to the cited works for the full description.

4.1.1 The Post-Merger Environment
Reference merger simulation

The post-merger environment is drawn from the GRMHD simulation of Ciolfi [34],
which models a merging BNS system with chirp mass matching the inferred value for
GW170817 and a mass ratio ¢ ~ 0.9. The neutron star matter is described using a
piecewise-polytropic approximation of the APR4 equation of state [5]. The two stars
are initialised with a purely poloidal magnetic field reaching up to 5 x 10'° G, a value
higher than typical isolated neutron stars, but necessary in global simulations to
compensate for unresolved small-scale amplification mechanisms [e.g., 92]. Overall,
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in BNS mergers, different mechanisms amplify the magnetic fields, including the
Kelvin-Helmholtz instability, magnetorotational instability, and magnetic winding.
Together, these mechanisms can increase the total magnetic energy up to Fpag ~ 10°!
erg [35].

The outcome of the merger is a highly magnetised and differentially rotating neu-
tron star of mass M =~ 2.596 M, surrounded by a complex, asymmetric distribution
of dynamical ejecta and post-merger winds. A notable result of the simulation is
the spontaneous formation of a magnetically driven, mildly collimated outflow along
the remnant spin axis [34], powered by the differential rotation of the remnant itself.
However, this outflow is still heavily baryonic, with Lorentz factors I' ~ 1.05, too
low for a canonical sSGRB jet. This is consistent with the baryon loading problem
discussed in Section 2.3.4: a canonical relativistic jet requires a cleaner polar region
which can likely emerge only after a black hole and accretion disk have formed.
This is however still debated: whether a long-lived, differentially rotating magnetar
remnant could instead sustain the required Lorentz factor before eventual collapse
depends on the competition between its rotational support and the neutrino-driven
baryon pollution of the polar funnel [113, 125].

Since the collapse to a black hole does not occur within the ~ 255 ms temporal
window covered by the reference merger simulation, in the setup of P23 the collapse
time is treated as a free parameter. Specifically, using an appropriate extrapolation
procedure (see below), a collapse time of ¢, = 355 ms after merger is adopted, with
a further delay of 30 ms between the collapse and the onset of jet injection, giving
tiet = 385 ms. The physical reasoning is that the formation of the accretion disk, the
re-organisation of the magnetic field, and the clearing of the polar region all require
a finite time after the collapse itself.

Importing the environment into PLUTO

The merger simulation data in terms of the rest-mass density p, pressure P, velocity
v, and magnetic field B are imported into the PLUTO code [131], constituting what
we refer to as the initial conditions for our jet simulations. Specifically, the import
involves four key steps:

i) The merger data, lying on a hierarchical 3D Cartesian grid, are first remapped
onto a uniform Cartesian grid with resolution the same as the original grid at 380 km
radial distance, and then interpolated onto a suitable 3D spherical grid (Section 4.1.2);

ii) A 90° rotation of the coordinate system is applied to the imported data. In the
original merger simulation, the BNS orbital axis, which coincides with the remnant’s
spin axis, is aligned with the vertical z-axis of the Cartesian grid. In PLUTO,
however, the z-axis corresponds to the polar axis of the spherical coordinate system
(r,0,¢), which has coordinate singularities at = 0 and 6§ = 7. Injecting a relativistic
jet along this axis would therefore introduce numerical artefacts precisely in the
region of highest physical interest. The 90° rotation instead realigns the remnant
spin axis with the Cartesian y-axis, which is free of coordinate singularities, allowing
the jet to be injected away from the singular regions of the spherical grid;

iii) An excision radius of 7. = 380 km is applied, removing the central region
where general-relativistic corrections not implemented in PLUTO would be required.
At this distance from the remnant, the Newtonian approximation is well justified
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Figure 4.1: 3D rendering of the realistic post-merger environment imported in P23.
The mass density distribution and magnetic field lines at 155 ms after merger are
shown. Adapted from P23.

for the jet evolution we study. The excision surface then serves as the inner radial
boundary through which the jet is manually injected;

iv) The constant density floor pgoor = 6.3 x 10 g cm ™2 imposed in the merger
simulation for numerical stability, corresponding to a total atmospheric mass of
3.5 x 1073 M, within 3 x 103 km, is replaced by a more tailored prescription. Within
r < 2000 km the original floor value is retained; beyond this radius it transitions
to a profile decreasing as =57, representing a static, non-magnetised atmosphere.
This choice prevents the jet from having to sweep up an artificially large baryonic
reservoir at large radii, while remaining consistent with the inner density structure
of the merger simulation.

Figure 4.1 shows a 3D rendering of the imported environment at 155 ms after
merger, in terms of its mass density distribution and magnetic field lines.

3

Time evolution of the environment

After the import, the post-merger environment is not held fixed: it continues to
evolve in PLUTO with radial boundary conditions at the excision surface set to
reproduce the angle-averaged time evolution of all physical quantities as extrapolated
from the merger simulation data [166]. This allows the full ~ 255 ms of available
data to be used, after which the environment is evolved for a further 100 ms until
the assumed collapse time (t.). The result is a dynamically evolving medium that
retains the complex angular structure and density stratification of the actual BNS
merger aftermath. This environment, and the physical setup of the jet injection, are
the starting point for all the simulations described in the chapters that follow.
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Gravity and the collapse prescription

Two effects are included in the PLUTO simulations that are frequently omitted in
the literature, despite their non-negligible impact on the jet dynamics. The first is
the Newtonian gravitational pull of the central remnant, added to the equations of
motion as

_GMo i (4.1)

g= 2

with My = 2.596 M, the gravitational mass of the BNS merger remnant. This is a
Newtonian approximation to the full general-relativistic problem, but it captures the
dominant dynamical effects at the scales of interest here: e.g., the fallback of slow
ejecta towards the excision boundary, which affects the pressure balance at the base
of the jet. Neglecting this term leaves the surrounding material in artificial outward
expansion, which suppresses Kelvin—Helmholtz mixing and overestimates both jet
collimation and energy retention.

The second effect concerns the transition to a black hole. Since the collapse
itself does not occur within the temporal window of the reference merger simulation,
in PLUTO it is treated artificially, through an additional acceleration term that
progressively removes the radial pressure support at the excision boundary. This
reproduces the loss of pressure gradients associated with the collapse and the onset
of disc accretion, and is implemented via an effective mass parameter (coupled to
M) that decays exponentially after the collapse time ,:

Mg (t) = Mg (t,) eXp(—t _Tt) , (4.2)

where 7 combines the black hole—disc accretion timescale 7; ~ 0.3 s and the jet launch-
ing delay 7; = 30 ms (relative to the collapse). This provides a smooth and physically
motivated transition between the neutron-star-supported ejecta configuration and
the post-collapse conditions, after which the jet is injected.

What changes with a realistic environment

Pavan et al. [165] showed that the choice of environment affects the jet dynamics
not only quantitatively, but at the level of the qualitative outcome. Idealised setups
typically assume an isotropic post-merger medium, with power-law density and
pressure profiles and homologous radial expansion, which is analytically convenient
but, as described in Section 2.6.2, does not capture relevant structural features of
the actual BNS merger aftermath (see Figure 4.1). When a realistic environment
is adopted, a low density funnel offers a preferential path for jet propagation, and
the outflow breaks out! earlier and with a higher terminal Lorentz factor than in
the isotropic environment case. The resulting jet structure, both its angular energy
distribution and its degree of asymmetry, also differs qualitatively, with the realistic
case yielding a more deflected and turbulent outflow, consistent with the genuinely
three-dimensional nature of the environment.

IThe break-out is the moment in which the jet front successfully pierces the boundary of the
post-merger environment.
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The role of magnetic fields

Magnetic fields influence the jet dynamics in two complementary ways. First,
magnetic pressure gradients provide an additional outward force that accelerates the
jet. Second, the toroidal magnetic field exerts a hoop stress which, together with the
thermal pressure of the cocoon, helps confine the jet laterally. This magnetic tension
also suppresses Kelvin—Helmholtz instabilities at the jet—cocoon interface, which
would otherwise promote episodic baryon entrainment and intermittently decelerate
the jet core. The combined effect is a faster, more stable, and better collimated
relativistic jet, as will be shown in Section 4.3.2.

4.1.2 Computational Grid

Up to t —t; >~ 3 s after jet launching, the evolution is carried out over a three-
dimensional spherical grid (r,0,¢). The radial direction extends from an inner
excision radius ree = 380 km to an outer boundary rp. = 2.5 x 10° km. The polar
angle is limited to 0 € [0.1,7 — 0.1], while the azimuthal angle spans the full range
¢ € [0, 2m].

The grid resolution is 768 x 256 x 512 cells along r, 6, and ¢, respectively, with
uniform angular spacing and logarithmic radial spacing. The latter choice reflects
where the relevant small-scale physics actually occurs, close to the inner boundary
at early times. The logarithmic grid concentrates resolution there, yielding a radial
spacing of ~ 4.4 km at r.., matching the resolution of the original Cartesian GRMHD
merger data, while coarsening smoothly at larger radii to keep the total cell count
computationally tractable.

As mentioned in Section 4.1.1, user-defined radial boundary conditions are
imposed at 7. Specifically, from 155 ms after merger, the three-dimensional angular
distribution of each variable at 7. is preserved and rescaled over time according to its
angle-averaged evolution in the reference GRMHD simulation, thereby allowing the
anisotropic BNS merger environment to feed self-consistently into the computational
domain up to the adopted collapse time of 355 ms after merger. After collapse, the
same excision surface serves as the jet injection boundary, with the hydrodynamic
and magnetic field variables overwritten within the injection cone according to the
jet prescription described in Section 4.1.3.

At r = rpay, “outflow” boundary conditions are applied: all primary variables
are extrapolated with a zero radial gradient (9,X = 0), so that the expanding
environment and the eventual blast wave can exit the domain without generating
spurious reflections.

Along ¢, periodic boundary conditions are imposed. At the polar boundaries
# = 0.1 and 8 = m — 0.1, outflow boundary conditions are adopted, handling the
excluded axis consistently with the surrounding flow and avoiding any unphysical
accumulation or loss of mass and energy at the grid edges.

4.1.3 Jet Injection Prescription

The jet is injected at the inner radial boundary r = rq using a prescription similar to
that of Geng et al. [66] (see also Marti [115]), which describes an axisymmetric, mag-
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netised, and uniformly rotating jet in transverse equilibrium. Notably, axisymmetry
at the injection boundary allows the jet profiles to be specified without azimuthal de-
pendence, but is not enforced during the subsequent evolution: propagation through
the non-uniform, three-dimensional environment naturally breaks this symmetry.

We remark that the jet is injected along the y-axis, which is orthogonal to the
spherical polar axis and aligned with the remnant spin axis following the 90° rotation
described in Section 4.1.1. To avoid confusion, in the following we denote by © and
® the polar and azimuthal angles, respectively, measured with respect to the jet
injection axis. The jet profiles are then defined in terms of these angles, which differ
from the standard # and ¢ angles of the spherical coordinate system.

Eight angular functions specify the jet at injection: the comoving-frame density
p; and pressure P;, the three-velocity components v", v®, and v®, and the laboratory-
frame magnetic field components B”, B®, and B®. These functions are defined only
within the jet injection cone, characterised by a half-opening angle ©, = 10°. In
particular, the polar components of the velocity and magnetic field are taken to be
negligible compared to the radial and azimuthal components, such that v® = B® = 0.
For the remaining components, uniform radial velocity and rigid rotation are adopted,

namely
1
o= ¢, |1- =, (4.3)
\

v?(0) = Qreesin®, (4.4)

where I'; = 3 is the initial bulk Lorentz factor, and Q) is the mean angular velocity
of the surrounding environment evaluated at the jet edges (i.e. the jet is assumed
to co-rotate with its surroundings at injection).? The magnetic field structure then
follows the prescription of Geng et al. [66] (see also Marti [115]), that is

2B® (©/0.,,

Bq> ],m( / Js )’ (45)
14+ (©/0;,)?

B" = Buaio Bl , (4.6)

with B;f’m being the maximum strength of the toroidal magnetic field (which varies
across the models depending on the magnetisation level; see below), 0;,, = 0.40;,
and Biatio = 0.5. The functional form rises linearly from the injection axis, peaks at
©,m, and falls off as 1/© beyond it. The adopted prescription therefore provides a
smooth toroidal field profile that vanishes on the jet axis, as required for regularity,
reaches a maximum at a finite angular distance, and subsequently decreases towards

the jet boundary, where the surrounding environment is expected to be substantially

In a self-consistent model, conservation of angular momentum would imply that the jet co-
rotates with the central engine, e.g. the black hole-accretion disc system. Such a system is expected
to rotate substantially faster than the surrounding environment at re. = 380km. In the present
setup, however, the black hole—accretion disc system is not directly formed in the reference merger
simulation, and its rotation rate is therefore not available. Assuming co-rotation between the jet
and its surroundings at injection provides a physical prescription consistent with the information
imported into PLUTO.
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less magnetised than the jet. Moreover, from Ampere’s law, the adopted prescrip-
tion implies uniform axial current density for © < ©, ,,, while the outer region is
approximately current-free (see Marti [115]).

Finally, the comoving-frame density and pressure profiles are determined by the
transverse equilibrium condition along ©, together with the specification of the jet’s
two-sided luminosity and magnetisation level at rey. (see [P23] for the full derivation).
Specifically, the two-sided luminosity is defined as

0, r2m
L; = 2/ / T (Texe, ©, @) c12, sin ©dOA P, (4.7)
o Jo
where
Or *12 2 or B" T
T = T - T(8 - B) (- + (8- B)) (48)

is the time-radius component of the energy-momentum tensor, corresponding to
the radial energy flux, with 8 = v/c and h* being the total relativistic enthalpy
(including magnetic field contribution). Here, h* = I',/I'; where I'o = 300 is the
assumed terminal Lorentz factor of the jet. The magnetisation level is then given by?

L. — L.
R

J

(4.9)

where L;yp is the purely hydrodynamic luminosity obtained without the magnetic
field contribution, and corresponds to 8% for the simulation presented in P23.

As in the previous setup, the jet luminosity is imposed to decay exponentially
over time, L(t) = L;e "™ where 74 is the decay timescale (the same as the accretion
mechanism described in Section 4.1.1). Keeping p and v® fixed in time, the remaining
quantities evolve according to

"Ure_t/%—d
v'(t) = F]F(t)’ (4.10)
B¥(t) = B® Uj’&)et/m, (4.11)
B'(t) = B" U?"U(Tt) e~ (4.12)
P = [t -1 -2, (1.13)
where
T(t) = 1+ (Tjoret/2m)? (4.14)
* Ae*t/ZTd
e (4.15)
and )
b2:§2+(B-B)2 (4.16)

denotes the magnetic field strength squared measured in the comoving-frame.

3Note that this differs from the standard definition of magnetisation, o, being the local ratio of
electromagnetic to total hydrodynamic energy flux (see, e.g., Chapter 7).
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Table 4.1: Injection parameters of the seven jet models. L; is the initial injected
luminosity, 74 the exponential decay timescale of the luminosity, ¥, the fractional
magnetic contribution to the luminosity, and ¢; the jet launching time after merger.
The rightmost column summarises the main qualitative outcome of each model
relative to the fiducial case F, discussed in detail in Sect. 4.3.1-4.3.3.

Model Lj [erg/s] 74 [ms] X; [%] t; [ms] Outcome

F 5.37 x 10°1 300 1.20 385  Reference model

a 8.95 x 101 300 1.20 385  Faster breakout, higher I'jjax

b 5.37 x 10°1 500 1.20 385  Same L; as F| higher total energy
c
d

5.37 x 10°% 300 1.56 385  Enhanced magnetic field preservation
4.12 x 10°* 300 1.56 385  Reduced Lj, less efficient drilling

el 3.69 x 10°* 300 0.46 385  Severe jet—environment disruption

e2 3.69 x 10°1 300 0.46 185  Earlier launch, reduced disruption

4.1.4 Model Suite

To investigate how the jet’s injection properties shape its subsequent evolution, a
suite of seven models is then considered, summarised in Table 4.1. Each model
shares the same reference BNS merger simulation, import procedure, and injection
prescription as described in Sections 4.1.1-4.1.3, and differs only in the values of the
jet injection luminosity L;, decay timescale 74, magnetisation level X;, and launching
time t; relative to merger.

Model F is the reference against which all other models are compared. Using this
configuration as our baseline allows us to treat each departure from F' as a controlled
variation of the validated setup.

The remaining six models are organised in three pairs, each isolating one injection
parameter at a time relative to F: models a and b probe the effect of jet luminosity
and decay timescale (Sect. 4.3.1); models ¢ and d probe the effect of magnetisation, at
fixed and reduced luminosity respectively (Sect. 4.3.2); models el and e2 probe the
effect of the launching time, at fixed low luminosity and magnetisation (Sect. 4.3.3).
This choice allows us, in the analysis that follows, to attribute differences in jet
dynamics and final structure to different injection conditions. We remark however
that all these simulations are performed at a single resolution, which, as shown
in Appendix B, can affect the jet dynamics and the resulting structure, in some
cases also at a qualitative level. The comparisons among models presented here are
indicative of the behaviour expected from the variations in the initial conditions,
while the smallest differences between them cannot be firmly disentangled from
numerical resolution effects.
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4.2 Early Dynamics: Jet—Ejecta Interaction (0—
3s)

4.2.1 Jet Propagation and Cocoon Formation

As described in Section 2.5, immediately after injection the incipient jet propagates
preferentially through regions of lower density in the post-merger environment.
The jet front forms a shock, and a high-pressure cocoon, consisting of mixed jet—
ejecta material deflected by the jet front, builds up around the jet edges, keeping it
collimated. At this stage the jet is still accelerating, almost immediately converting
thermal and magnetic energy into kinetic form. Part of this energy, however, is
continuously lost to the environment while drilling through the ejecta (as detailed in
Section 4.2.3).

The dynamical stages of this early propagation are illustrated by the 3D renderings
in Fig. 4.2, reproduced from P23 and referring to their reference simulation. Shortly
after injection (leftmost rendering), the jet is still deeply embedded in the ejecta
and a dense shell of shocked material envelops the outflow. Near the base, this shell
collimates the jet efficiently enough to sustain acceleration up to Lorentz factors
of a few, while farther out the encounter with the inhomogeneous ejecta forces the
front to travel along paths of lower density, breaking the axisymmetry imposed
at injection and producing an irregular head morphology. Up to breakout, the
jet—cocoon interface remains remarkably stable, an outcome plausibly linked to the
presence of the toroidal magnetic field, which suppresses turbulent motions that
develop at the interface in otherwise analogous non-magnetised setups [165].

As long as it remains confined within the dense post-merger environment, the
jet stays collimated with an effective opening angle ~ 10°. The small-scale effects
due to the intrinsically anisotropic inner environment are amplified at larger scales,
ultimately shaping the final jet structure.

Across the full simulation suite, the jet is powerful enough not to be completely
choked by the environment: within a time range of 200-350 ms from launching, all
the outflows successfully break out from the environment. As further discussed in
Section 4.3, the breakout time is sensitive to the jet injection parameters, primarily
through their influence on how easily the jet traverses the environment.

Moving to model F' of the parameter study as a reference, Figure 4.3 shows the
distinction between the various elements of the system at breakout: the narrow jet
core (1), the cocoon surrounding it and keeping it collimated (2), the inner and outer
merger environment (3)—(4), composed respectively of material launched by neutron
star winds after the merger, due to the accumulation of thermal and magnetic energy;,
and stellar material expelled or stripped away during the merger itself; and the
low-density artificial atmosphere that surrogates the underlying ISM, imposed for
numerical stability (5). Once the jet emerges into the outer merger environment, the
exponential decay of the injected luminosity becomes dynamically relevant (rightmost
renderings of Fig. 4.2): the jet base gradually detaches from the surrounding shell,
while the front accelerates and expands laterally, developing a markedly asymmetric
profile that reflects the imprint of the earlier interaction with the inhomogeneous
ejecta. By the end of the spherical-grid evolution, the detachment is complete and
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Figure 4.2: 3D renderings of the system configuration at 560 ms, 735 ms and 2.385 s
after merger, in terms of rest-mass density and Lorentz factor, spatially rescaled for
comparison. Adapted from P23.

the jet has organised into a more compact, ultra-relativistic structure trailed by a
slower tail, providing the initial state for the extended evolution discussed in the
next Section.

4.2.2 The Multi-Shock Structure at Breakout

As the jet front breaks out of the dense inner environment and propagates into the
more rarefied outer region, the sharp decrease in ambient density leads to a rapid
acceleration of the outermost jet material. This acceleration in turn launches a
secondary forward shock into the surrounding medium, giving rise to a stratified,
multi-layered shock structure. At the front, a nearly spherical outer layer moves
outward into the surrounding medium, exhibiting a roughly isotropic distribution of
compressed fluid whose energy content is considerably lower than the jet itself, but
significant relative to the cocoon. The flow is thus divided into causally disconnected
regions with different density, velocity and thermodynamic properties. Figure 4.4
illustrates this feature by superimposing contours that delineate the transition of the
flow from the subsonic to the supersonic regime (white lines), thereby identifying
the locations of shock fronts, on a meridional cross-section of the energy distribution
at t — tje = 3 s. This complex structure can significantly influence the subsequent
radiative signatures, especially for off-axis observers (see Chapter 6). Notably, this
feature is present in all our jet simulations, with slightly different properties related
to the differences in jet evolution.
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Figure 4.3: Meridional view of the energy density distribution excluding rest-mass
component (left), and rest-mass density with superimposed Lorentz factor of the
elements with I' > 2 (right), at ¢ — ¢; = 275 ms, relative to model F' (Table 4.1).
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Figure 4.4: Meridional view of the energy density without rest mass component at
t —t; = 3s for model F. White contours represent shocked surfaces.
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Figure 4.5: Kinetic power computed at different radii at ¢t —t; = 4.49s for the jet
model of P23 as described in D25. The blue, red, and green dot-dashed curves
indicate 10%, 15%, and 20% of the peak dFE/dt, respectively. The solid magenta
curve represents the initial jet luminosity at injection (north side only).

4.2.3 Energy Distribution

After breakout, the back layers injected at later times catch up with the front, and
the most energetically relevant jet material gradually accumulates into a spherical-
cap-shaped region that we refer to as the jet cap.

We define this region quantitatively here, since it is used extensively in analysing
the angular distribution of the jet material, to identify a cohesive region representing
the jet ‘bulk’.

We compute the luminosity (dF/dt) crossing different radial surfaces of the
computational domain, by evaluating the energy difference above each surface between
two timesteps (i.e., for ¢/, we compute the energy at t' — dt and t' + dt, with dt
being the time between consecutive outputs). We then identify the jet cap as the
radial region where dE/dt exceeds 15% of its maximum, defined by the intersections
between the luminosity curve and the line representing the fixed threshold (see
Figure 4.5, referring to the simulation of P23 as described in D25). The Figure
also shows that the radial limits are only weakly sensitive to moderate variations in
this threshold (10%-20%). The shape of the curve reflects the behaviour of the jet
injection, with an exponential decay after the initial peak. For comparison, the line
labelled by LY represents the maximum injected luminosity.

Following breakout, the reduced confinement from the surrounding medium allows
the jet to widen significantly, reaching an aperture of 2 20°.

Figure 4.6, relative to the P23 simulation, shows how the energy contained in the
jet cap is distributed among outflow components with different velocities. Specifically,
we plot the cumulative energy,

Esum(> Br)v
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defined as the energy (kinetic 4+ thermal 4+ magnetic, without rest mass component,
FEsum) associated with fluid elements having SI" greater than a given threshold, as
a function of that threshold. The calculation is performed by considering only the
material enclosed within different angular distances from the jet injection axis. We
compare four values of the half-opening angle, namely 10°, 20°, 30°, and 40°.

The profiles obtained for 10° and 20° differ by approximately 30%, whereas the
discrepancy between the 20° and 30° cases is roughly one order of magnitude smaller.
The profiles corresponding to 30° and 40° differ by less than 1%. These results
indicate that nearly all of the jet energy is confined within 20° of the injection axis.

Most of the energy is carried by fluid elements with SI" 2 3. In addition, the
fastest component is entirely contained within a half-opening angle smaller than 10°,
as indicated by the convergence of all profiles for gI" 2 10.

Finally, we note that the Lorentz factor of the energetically dominant portion of
the jet does not exceed I' ~ 20 in this simulation, substantially below the terminal
value imposed at injection, I'\c = 300. The latter, however, refers to the terminal
value for an individual fluid element, corresponding to the maximum I" attainable
if the element were to expand freely into vacuum and convert all of the initial
internal energy into kinetic energy. It is therefore not directly comparable to the
Lorentz factor characterising the jet as a whole during its propagation through the
surrounding medium. The relatively low Lorentz factors reached by the energetically
dominant jet material instead reflect the substantial interaction with, and energy
dissipation within, the surrounding medium.

Another way of assessing the impact of this interaction is to compare the energy
left in the jet cap after breakout with the total injected energy, giving an indication
of how much energy has been transferred to the cocoon. For the reference simulation
of P23, we find that at 3 s after launch, the jet cap contains Ee., =~ 2.6 x 10°° erg
of total energy without rest—mass component, roughly 56% of the total injected
energy (Eiy; ~ 4.6 x 10° erg). A further upper limit to the energy transferred
during the early drilling stage is obtained by computing the energy contained within
an aperture angle of 30°, which safely encloses all the jet—cocoon material, and
comparing it with the injected jet energy. This comparison is only indicative, since
the outflow after breakout is composed of a mixture of jet and environment material,
and the gravitational attraction from the inner boundary also contributes to the
energy budget. This value is found to be roughly 20% lower than the injected energy,
providing additional evidence that, in this simulation, a significant fraction of the jet
energy is transferred to the surroundings.

As mentioned in the previous section, part of the injected energy is also transferred
to the outer shell. In section 6.1.3 we analyse the angular and radial distribution of
energy for all our simulation suite and discuss the contribution of this element.

4.3 Parameter Study: Impact of Injection Condi-
tions

Prescribing the jet at injection is less realistic than launching it self-consistently, but
it allows us to vary the injection parameters one at a time and study their effect on
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Figure 4.6: Energy Eg,m,(without rest-mass energy contribution) of the fluid elements
of the jet cap with SI" larger than a threshold, as a function of the threshold. Analysis
referred to the model of P23 as presented in D25.

the jet dynamics, stability, acceleration and final structure.*

As described in Section 4.1.4, model F' is the reference configuration against
which the variations of the other models are defined. It describes a jet injected at
t; = 385 ms after merger with an initial two-sided luminosity L; = 5.37 x 10°! ergs™!,
decaying exponentially on a timescale 73 = 300 ms, and a magnetic contribution to
the injected luminosity of ¥; = 1.2%. Under these conditions the jet drills through the
post-merger ejecta and breaks out of the merger environment at ¢t —¢; >~ 275 ms, after

which it expands into the low-density outer atmosphere and continues to accelerate.

4.3.1 Luminosity and Decay Timescale

The jet luminosity L; and the injection decay timescale 74 are the two parameters
most directly connected to the central engine: L; reflects the instantaneous power
extracted by the Blandford—Znajek mechanism, while 7,4 is the timescale over which
the accretion disc loses mass; in our case they are both fixed. These two quantities
affect the jet evolution through physically distinct channels. From the jet head
velocity analysis of Bromberg et al. [26], the drilling efficiency depends on the
instantaneous thrust, which scales with L; through L o L;/(pac®0?r?). Increasing
L; at fixed 74 therefore accelerates breakout, while increasing 74 at fixed L; extends
the energy injection without changing significantly the pre-breakout dynamics.

4We refer to Appendix B for a discussion on the dependence on numerical resolution. We further
note that the seven models considered probe only a restricted region of the injection-parameter
space in the vicinity of the fiducial configuration, and that a comprehensive exploration of the full
parameter space is beyond the scope of the present study.
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Models a and b are designed to test exactly this distinction while keeping the
total injected energy approximately equal. Model @ increases L; to ~ 170% of
the fiducial value at fixed 7, = 300 ms; model b extends 74 to 500 ms at the same
fiducial luminosity, reaching a comparable total energy budget over the full simulation
duration. The contrast between their early-time evolutions is instructive. Model a
achieves breakout at tgo ~ 200 ms, roughly 75 ms earlier than the reference model
F, driven by the enhanced drilling efficiency. Model b, sharing the fiducial luminosity
profile in the early phase, follows a nearly identical initial trajectory and reaches
breakout at a comparable time to the reference model. After breakout, however,
both models retain a significantly larger fraction (= 60%) of the injected energy in
the jet cap compared to F, and reach higher local Lorentz factors, I' . ~ 85 and
102 for models a and b respectively, at t —t; = 3 s, vs. [pax & 56 for model F”.

The practical consequence for the angular structure of the jet, and therefore for
the afterglow predictions of Chapter 6, is that both higher luminosity and longer
injection duration produce a more energetic, better accelerated outflow, but for
different reasons: model a benefits from a more efficient drilling phase, while model
b accumulates more energy at late times when the environment is less dense.

4.3.2 Magnetisation

The magnetic field influences jet propagation in two main ways. First, as part of
the Poynting flux, it transports energy along the jet axis. As a tension force, it
resists the lateral perturbations that seed Kelvin—Helmholtz (KH) instabilities at
the shear layer between the fast jet spine and the slower cocoon. The expectation
from ideal RMHD is therefore that a higher magnetic field contribution XJ; stabilises
the jet—cocoon interface while marginally modifying the overall energy budget.

Models ¢ and d both adopt £; = 1.56%, compared to ¥; = 1.20% of F'; model d
additionally reduces L; to ~ 75% of the fiducial value to assess whether the stabilising
effect of higher magnetisation persists even when the driving power is lower. In both
models the increased XJ; is associated with a better-preserved toroidal field structure
throughout propagation, consistent with the suppression of KH mixing at the jet
boundary: the jet—cocoon interface remains sharper, and less baryonic material is
entrained into the relativistic core. Despite this more stable interface, the global
dynamics and energetics of models ¢ and F' are nearly indistinguishable in terms
of breakout time and energy partitioning. The reduced luminosity in model d does
result in a moderately delayed breakout (tgo ~ 300 ms) and marginally more energy
deposited into the surroundings, effects attributable to the lower drilling efficiency
rather than to the magnetisation itself.

The key result from this subset of models is that, over the range ¥; ~ 1.2%-1.56%
explored here, magnetisation is a secondary parameter for the success or failure of
jet breakout, which remains controlled by L;. Its primary observable consequence is
on the fine angular structure and on the stability of the jet—cocoon boundary, which
have implications for the off-axis afterglow morphology discussed in Chapter 6.

5This quantity is distinguished from the radial and angular average over a broader region (the
jet cap) reported in Table 4.2, which is lower by construction.
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4.3.3 Launch Time

The jet launch time ¢; (defined with respect to the BNS merger) is qualitatively
different from the other injection parameters: it does not modify the jet itself but
changes the environment the jet encounters. The post-merger ejecta expand with
time, so a later-launched jet faces a medium that is both more massive and more
spatially extended. The additional mass reflects the continued baryonic loading
from magnetically-driven winds off the remnant and its accretion disk during the
interval between merger and jet launch [173], while the radial expansion reflects the
free coasting of the previously ejected material. Although the mean density of the
ejecta actually decreases with time, the total column of baryons the jet must sweep
grows: the jet has both a longer path to traverse and more inertia. Since the ejecta
expand on a timescale comparable to t; itself, even a few hundred milliseconds can
substantially change the outcome.

This is demonstrated by models el and e2, which share identical injection
properties, lower L; and lower X; than F, and differ only in their launch time:
t; = 385 ms for model el and t; = 185 ms for model e2. At the earlier launch time,
the surrounding medium is approximately half as massive and extends roughly four
times less far in radius, providing a substantially easier path to breakout. Model
e2 achieves a successful, collimated breakout with a well-defined ultra-relativistic
core and relatively modest energy losses to the environment. Model el, by contrast,
undergoes severe disruption: more than half of the total injected energy is deposited
into the ambient medium, and the resulting angular structure at ¢ —¢; = 3 s lacks a
coherent energetic core.’

For the injection parameters of models el and e2, a difference of just 200 ms
separates a successful from an almost disrupted outflow, and both launch times
are plausible given the current theoretical uncertainties on the timescales for BH
formation, magnetic field organisation, and baryon-wind clearing in the immediate
post-merger phase. This sensitivity connects the observable sGRB properties di-
rectly to the poorly constrained physics of the earliest post-merger evolution, a link
that motivates the afterglow modelling of Chapter 6 and the discussion of model
degeneracies therein.

4.4 Jet State at t =3 s: A Comparative Overview

At t —t; = 3 s after launch, all jet models have left the inner merger environment and
entered the low-density outer atmosphere, but their configurations differ significantly
as a result of the injection parameter choices explored in the previous sections.
Table 4.2 compares the key dynamical properties of each model at this stage.

The jet cap boundaries 7;, and 7.y are identified as outlined in Section 4.2.3: within
this radial range, the energy-weighted radially averaged Lorentz factor as a function

6See, however, Appendix B.
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Table 4.2: Jet cap properties at t — ¢; = 3s for all models (north side). Eis max 18
the maximum isotropic-equivalent energy; I'nax is the maximum radially averaged
Lorentz factor; Egm/Ei; is the fraction of injected energy retained in the outflow;
Flin/ Esum is the kinetic energy fraction; ©Oso is the effective half-opening angle

containing 50% of Eg.,. Data from P25.

Model Eiso,max [1053 el"g] fmax Esum/Einj Ekin/Esum O50 [0]
F (reference) 1.52 37.2 0.50 0.92 5.81
a (L 1) 4.50 62.2 0.60 0.90 5.34
b(rq1) 4.13 75.6 0.59 0.86 4.92
c(X;1) 1.82 40.8 0.51 0.89 5.80
d(E;1, L)) 1.19 50.6 0.48 0.89 5.28
el (X;1,L;1) 1.10 27.8 0.44 0.90 6.58
e2 (X1, Li |, t; 1) 2.27 70.6  0.61 0.92 4.41

of angular position is

/rout L(r,0,P) equm(r, ©, P) r2 dr
e Tout ’ (417>
/ Coum (T, O, ®) % dr

in

T(0,d) =

where eg., is the energy density excluding the rest-mass contribution, and the
weighting by e, reflects the energy actually available for conversion into radiation.
The corresponding isotropic-equivalent energy per unit solid angle is

dEgum Tout
Fieo(©, ®) = drr :m/ 72 oum(r, O, ®) dr . (4.18)

dQ in

Iax and Eigo max, reported in Table 4.2, are the maxima of Egs. (4.17) and (4.18)
over (O, ®). We recall that the jet injection axis in our simulation coincides with
the Cartesian y-axis; the angles ©,® are therefore measured from the y-axis, as
opposed to the standard polar coordinate 8, ¢ measured from the z-axis. The effective
half-opening angle Osy is defined as the aperture of a cone subtending the same
solid angle €250 as the smallest angular contour that encloses 50% of the total energy
Esum and thus provides an estimate of the angular size of the jet’s energetic core.
Finally, Egum/Ei; is the ratio between the total-without-rest-mass energy contained
in the jet cap at the given time and the total energy injected up to that time, while
Exin/ Esum is the fraction of Fg.p, in kinetic form; together they quantify, respectively,
how much of the injected energy survives the interaction with the environment and
how successful the conversion into kinetic form is.

At t —t; = 3 s, the distribution of outflowing material is stratified and non-
uniform for all models, reflecting the turbulent interaction history of each jet with the
surrounding medium. A few clear trends emerge from the comparison. Models with
higher injected energy (either through increased luminosity, model a, or extended
injection duration, model b) retain a larger fraction of that energy in the outflow
(Esum/ Einj = 0.59-0.60, vs. 0.50 for model F'), reach higher maximum Lorentz factors,
and produce a jet with a slightly more collimated energy distribution (lower Oj).
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An earlier launch time (model e2) has a similarly strong effect: despite the same low
luminosity and magnetisation as model el, the substantially reduced ambient mass at
the time of launch allows the jet to retain &~ 61% of the injected energy and achieve
Thax & 70.6, comparable to the high-luminosity models. Models with increased
magnetisation (¢, d) closely reproduce model F in terms of global energetics, but
show deviations in the detailed angular structure. Model el, by contrast, loses more
than half of its injected energy to the environment (Egym/Ein; = 0.44), the lowest of
all models, and its broader G5y = 6.58° reflects the lack of a well-defined, collimated
energetic core.

An important point shared by all models is the Ey,/Egum column: at ¢t —¢; = 3's,
the kinetic energy fraction lies in the range 0.86-0.92. While this already represents
an advanced stage of the jet evolution, it is still worth exploring whether the jet has
reached the ballistic regime, with a frozen angular structure and negligible residual
acceleration. Feeding the jet profiles extracted at this stage directly into an afterglow
code could introduce systematic errors in the predicted light curves, particularly
in the early-time rising phase, which is most sensitive to the detailed angular and
velocity structure.

This is a direct consequence of the computational constraints of 3D RMHD:
extending the evolution while maintaining the resolution required to track the detailed
angular structure is prohibitively expensive on a static spherical grid. The strategy
employed to overcome this limitation, a grid-remapping technique that transitions
the outflow to a Cartesian domain and extends the evolution to t —¢; ~ 10 s, where
Fxin/ Esum > 0.95 for all models, is the subject of the next chapter.
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Chapter 5

Towards the Ballistic Regime

In this chapter we present the first methodological contribution of this thesis: a tech-
nique to extend our simulations, without loss of resolution, until the jet acceleration

saturates and the angular structure becomes stable. This method was first presented
in D25.

5.1 Why the Ballistic Regime Matters

We refer to the jet ballistic or coasting regime as the moment when all the available
internal and magnetic energy has been converted into kinetic form, i.e. Fy,/Fsum — 1
and OI'/Or — 0, and the structure has stabilised. This is the regime in which we
consider the jet structure reliable to be extracted and used as input for the semi-
analytical afterglow model presented in Chapter 6.

In 2D simulations this regime is more easily achievable, since the lower computa-
tional cost allows evolutionary times of hundreds of seconds [101, 218, 227]. In 3D
the cost increases both because of the additional spatial dimension and because of
the longer numerical integration time needed, making it a different problem to solve.
Most published 3D simulations of GRB jets in realistic environments are therefore
stopped shortly after breakout, well before the acceleration saturates.

The simulations of P23 and P25 stop at ¢ —¢; = 3s. The analysis of the jet
configuration at this time, presented in Section 4.4, shows that while all the models
have reached an advanced stage of evolution by this point, it is still worth studying
any possible further evolution.

The technique presented in the following sections was first applied to the reference
simulation of P23 and presented in D25 (hereafter referred to as the D25 model),
and subsequently extended to the parameter study detailed in Table 4.1.

5.2 The Grid Remapping Technique

After t,e, =t —t; = 3, continuing the simulation on the original spherical grid
becomes problematic. The fastest part of the outflow, which we define as the material
with I' 2> 2, occupies a radial region of roughly constant width as the jet expands.
On a spherical grid with logarithmic radial spacing, the number of cells covering
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this shell keeps decreasing as the jet moves outward, so the resolution is lost exactly
where it matters most. A spherical grid with uniform radial spacing avoids this loss,
but introduces a different problem: the cell aspect ratio r Af/Ar grows with radius,
and the elongated cells cause numerical diffusion across the jet boundaries. Neither
choice works well beyond #yes, and resolving the angular structure properly at all
times is important, since it directly affects the rising part of the afterglow light curve
(see Chapter 6).

The solution we adopt is to remap the simulation onto a Cartesian grid with
uniform, cubic cells, so that resolution and aspect ratio are preserved at any distance
from the origin. First, at tpe., the spherical simulation data are interpolated onto
a Cartesian grid. The Cartesian domain of the simulation presented in D25 has
N, = N, = 848 and N, = 512 points, covering z,z € [—2.88,2.88] x 10°km and
y € [0.1,3.58] x 10°km, with a uniform cell size of 6800 km on all sides. This value
is an intermediate choice between the radial spacing of the original spherical grid
at the base and at the front of the fast (I' 2 2) outflow. As a result, most of the
jet is better resolved than on the original grid, and the resolution at the outer front
improves by almost a factor of two, at the cost of a small loss of resolution only
in the jet tail, the region closest to the origin that the fastest material has already
passed through. The simulation is evolved in this domain until teng =¢ —¢; = 9.55s.
For the parameter study we have explored a different grid, maintaining the same
resolution, but with a larger ymax, slightly decreasing the x, z range and overall
increasing the number of points. The aim was pushing the simulations even later in
time, up to t = 20s and assess any possible further evolution, at the cost of losing
part of the material at larger angles, exiting the grid sideways. We find no significant
differences in the jet properties after t ~ 10s, therefore for consistency between
the simulations we consider t.,q as the final time. Only the northern hemisphere
(y > 0) of the original domain is imported into the Cartesian grid. At the time of
remapping the northern and southern jets are causally disconnected, so this choice
does not introduce any error and simply reduces the computational cost by about a
factor of two. An analogous procedure could in principle be applied to the southern
hemisphere; however, this extension is not pursued in the present study. Figure 5.1
presents a schematic (not to scale) representation of the remapping procedure.

As boundary conditions in the Cartesian domain we apply standard outflow
(zero-gradient) conditions on all sides of the box except on the inner boundary in the
y direction (see below). The ynin face, however, is not placed at y = 0 but at a value
chosen to exclude most of the post-merger ejecta that, by the time of the import, no
longer affects the jet evolution, while still including all the fast (I" > 2) outflow of
interest. On this face, the outflow condition is modified: instead of copying the initial
boundary value v, o into the domain at all times, which would cause a continuous
and unphysical inflow of material, we impose an exponentially decaying velocity
vy (t) = vy 0exp(—t/7) with 7 = 50ms. This does not affect the jet dynamics, since
the jet is already far from this boundary at the time of remapping, but it allows a
much cleaner check of energy conservation. Regarding the numerical methods, we
use the HLL Riemann solver, PPM reconstruction, third-order Runge-Kutta time
stepping, and hyperbolic divergence cleaning (Chapter 3).

We assess the accuracy of the remapping using as a reference the D25 model,
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Figure 5.1: Schematic representation of the grid remapping technique (not to scale).

starting with a check on energy conservation. We find that Egum = Eiin + Fint + Emag,
computed over the whole Cartesian domain, increases by about 0.7% in the first
second after remapping, due to the spurious material still entering through the vy,
boundary before the exponential damping takes full effect. After this initial transient,
Egum is conserved to within 0.08% for the rest of the simulation, which suggests that
no significant numerical errors are introduced by the remapping or by the evolution
that follows.

A comparison of the rest-mass density profile along the y-axis before and after
remapping (see Figure 5.2 where the two profiles are shown as blue lines of different
opacity) shows almost precise agreement up to r ~ 2.25 x 10 km, corresponding
to the maximum radius of the original interpolated data. The slight difference at
larger distances is likely due to an evolution of the atmosphere close to the outer
boundary of the initial simulation, that is instead re-initialised in the extended
one following the same prescription, as described in Chapter 4. We also check the
consistency of the jet structure by comparing the angular profiles of the azimuthally
averaged Lorentz factor and isotropic-equivalent energy of the jet cap, computed as
in Section 4.4, just before and just after remapping. To compute these profiles from
the Cartesian output, the data are remapped a second time onto a spherical grid
whose resolution is at least as fine as the Cartesian cell size, so no further information
is lost in this second interpolation. We find good overall agreement, with a maximum
relative difference below 10%, consistent with the resolution change introduced by
this double-remapping procedure.
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Figure 5.2: Rest-mass density profile along the jet axis before and after the remap
to the Cartesian domain at t,eg, in different shades of blue.

5.3 Assessment of the Magnetic Field Divergence

As described in Section 3.2.3, the magnetic field must satisfy V - B = 0 at all times,
and this constraint has to be assessed for the remapping procedure as much as for
the rest of the evolution. Analytically, the coordinate change from spherical to
Cartesian preserves the divergence-free condition exactly, since it is only a change
of representation of the same physical field. In practice, however, the interpolation
of a discretely sampled field from one grid to another does not preserve V- B = 0
to machine precision: each component of B is interpolated independently, and the
discrete divergence computed on the new grid can develop a small but non-zero
value, effectively introducing spurious magnetic monopoles at the level of numerical
truncation error.

We control this residual error using the same hyperbolic divergence cleaning
scheme already employed throughout the spherical phase of the simulation (Chap-
ter 3), following the approach of Dedner et al. [42] as implemented in PLUTO [129].
This method couples an auxiliary scalar field ¢ to the induction equation, so that
any divergence error is transported and damped as a combination of an advected
and a decaying wave, rather than being left to accumulate locally.

An alternative strategy, commonly employed in RMHD codes, is to evolve the
magnetic vector potential A instead of B directly, recovering the magnetic field as
B = V x A and using a constrained-transport scheme for its update. Since the
divergence of a curl vanishes identically, this approach guarantees V- B = 0 to round-
off precision by construction [51]. In the context of our remapping procedure, however,
adopting this formulation would require first constructing a vector potential for the
magnetic field in the original domain, including a choice of gauge and appropriate
boundary conditions, followed by remapping A and reconstructing B from its curl on
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the new grid. This introduces an additional reconstruction step and, at the discrete
level, the remapping operation does not in general commute with the curl, so the
resulting magnetic field need not be identical to that obtained by directly remapping
B. We therefore retain the direct evolution and remapping of B together with
hyperbolic divergence cleaning. Since this approach already maintains V - B at a
very low level, comparable to that obtained in the original spherical simulation, we
consider it sufficient for the purposes of this work without introducing the additional
complexity associated with the vector-potential formulation.

5.4 Emnergy Conversion and Approach to Satura-
tion

5.4.1 Evolution of Energy Components

A first, direct way to check how close the jet is to the ballistic regime is to look at
how the conversion of thermal and magnetic energy into kinetic form saturates over
time. We track the energy budget over the whole computational domain from jet
launch to tenq. For the D25 model, Fym ~ 4.1 x 10°° erg throughout the extended
evolution, and at t,e; = 3s the kinetic energy fraction is Fy,/Esum ~ 94%, so some
further acceleration is still expected at later times. By tqnq, this fraction reaches
98%, and the trend is clearly saturating.

The remaining 2% could in principle still convert on much longer timescales, or
stay locked in the shocked cocoon. The polynomial extrapolation of the Fyi,/Fsum
trend for the fiducial model gives an idea of how much further evolution would be
needed to reach a full conversion. Extrapolating the trend shown in the previous
subsection, a 99.9% conversion would require more than 200s of evolution, well
beyond the timescale reachable with this setup, and consistent with the estimate of
Xie et al. [227]. Figure 5.3 shows the energetic evolution discussed here.

Assuming full conversion to kinetic energy already at t.,q introduces an error
of only about 2% on the jet kinetic energy. This translates into an underestimate
of the Lorentz factor by about 1% with respect to the saturation value, since
\/ Esum/ Exin = 1/1/0.98 ~ 1.01 (we refer to the next section for a more detailed
analysis on this topic). We consider this error acceptable and adopt this as the
practical ballistic limit throughout this thesis.

The same picture holds across the parameter study: thermal and magnetic energy
are progressively converted into kinetic form during the propagation, sustaining the
jet acceleration until it enters the ballistic regime. At ye, the kinetic energy fraction
at the jet cap is between 86% and 92% for the different models (Table 4.2). By
t —t; = 65, this fraction rises to about 95% for model a, 93% for model b, 96% for
model F, 94% for models ¢, d, and el, and 96% for model e2. By tcnq, all models
reach a saturation stage, with kinetic energy fractions between 95% and 97%. The
relative increase in kinetic energy fraction between 3 and 6s is much larger than
between 6 and 9s, which shows that the residual acceleration becomes less efficient
as the jet approaches its final configuration.

Table 5.1 shows the jet cap properties at to,q for all seven models, extending the
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Figure 5.3: Temporal evolution of the energy component of the simulation of D25.
The kinetic-to-total ratio is extrapolated at later times with a polynomial fit.
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comparison already given at ?e, in Table 4.2. The discussion on the features related
to the angular structure is left to the next chapter.

Table 5.1: Jet cap properties at to,q = 9.5s for all models. The jet cap properties
at tenq are: kinetic energy fraction Ey,/Fgsum, effective half-opening angle ©5, and
offset of the jet barycentre from the injection axis O.g. Data from D26.

Model Ekin/Esum @50 [o] @Off [o]

F 0.97 5.6 14
a 0.97 5.1 1.6
b 0.95 4.9 1.0
c 0.97 5.0 2.7
d 0.96 5.2 1.5
el 0.96 6.1 3.6
e2 0.97 4.6 0.9

Taken together, these results demonstrate that substantial changes in the jet
structure can occur well after breakout, at times extending up to nearly 10s after jet
launching. In a configuration such as the one considered here, namely a GRB jet
injected into a confined post-merger environment, this is significantly later than the
engine shut-off and corresponds to the phase of essentially free jet expansion. We
therefore conclude that, for our simulation suite, t..q represents a robust epoch at
which to extract stable jet-structure configurations to be used in afterglow modelling.

5.4.2 The Saturation of the Jet Structure

The energy budget alone does not tell us how close the jet is to its final structure,
since the same amount of residual energy can be distributed very differently across
the outflow depending on the local conditions. To look at this more directly, we
employ a saturation Lorentz factor I's: the value of Lorentz factor that a fluid element
would reach if all its remaining internal and magnetic energy were converted into
kinetic form. For a representative element of the outflow, the lab-frame kinetic
energy density is ey, = ['(T' — 1) poc?, where py is a representative comoving rest
mass density. If we substitute ey, with the available energy for conversion egy,,, and
approximate I'(I' — 1) ~ T'? in the ultra-relativistic limit, we get

Fs ~ \/ esum/ekinra (51)

so the ratio \/esum/exin tells us, at any given time, how far a fluid element still is
from its terminal velocity. We apply this analysis to the reference D25 simulation
and average over the radial extent of the jet cap at fixed (©, ®) to get the saturation
profile I',(©, ®), and its azimuthal average

_ TT,(0, 0)dd
[,(0) == (27 )d®

Comparing T'(©) to [',(0) at different times is therefore a more direct test than
the global energy fraction. The resulting profiles are shown in Figure 5.4.

(5.2)
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Figure 5.4: Angular profile of the radially and azimuthally averaged Lorentz factor,
together with its saturation value, at tyeg and tenq.

At t,es the two profiles differ by up to about 10%; at the latest time this gap
shrinks to 2-5% within © < 10°. Around the peak the difference remains visible for
both times, while being slightly reduced at 9s and remains small at larger angles, so
the jet cap is close to its terminal velocity structure over most of the angular range of
interest. It is also useful to compare the saturation profiles at the two times directly:
[5(0) at theg and at tenq agree to within about 2% near the peak, but differ by 8%
at small © and by as much as 35% in the wings. Since the afterglow signal is quite
sensitive to the input Lorentz factor profile, this residual difference means a light
curve predicted from the #p, structure and one predicted from the t.,q structure
would not agree in general, a point we quantify in Chapter 6.

For the D25 model, we compare the azimuthally averaged angular profiles of
Lorentz factor, defined as in Eq. 5.2 for its saturation value, and isotropic-equivalent
energy

T Biso(©, )d®

Pavg —
E2#(0) = o

1S0

(5.3)

at four representative times: break-out (tgo =~ 350 ms) in the original spheri-
cal domain, right after the beginning of the Cartesian evolution (t; = 3.5s), an
intermediate time (t; = 6.5s), and close to the end at t3 = 9s. The comparison,
shown in Figure 5.5, shows clear acceleration and a significant evolution of the energy
distribution following breakout. This behaviour persists beyond that point: between
t; and t5, the average Lorentz factor profile retains an approximately self-similar
shape while overall increasing in intensity, whereas the isotropic-equivalent energy
profile gradually flattens between 1° and 4° and steepens at larger angles, moving
towards a slope o« ©~* beyond about 10°. The differences between t, and t3 are
much smaller, which confirms that by the later time the angular distributions are
nearly frozen.
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Figure 5.5: Angular profiles of the azimuthally averaged jet cap Lorentz factor
(left) and isotropic equivalent energy (right) at different evolutionary times for the
simulation of D25.

5.5 Jet Dynamics

Figure 5.6 displays the Lorentz factor, rest-mass density, pressure, and magnetic field
strength on the xy-plane at three representative epochs of the Cartesian evolution,
corresponding to t —t; ~ 3, 6.5, and 9.5 s. In the Lorentz factor maps, the high-
velocity outflow appears composed of an outer front expanding radially, a short
trailing tail behind it, and a quasi-spherical shell of material accelerated during
the earlier injection phase which envelops the tail. The radial stratification of I"
across the tail traces the fading behaviour of the injected luminosity: fluid elements
launched earlier, when L; was higher, now lead the outflow, while progressively slower
material trails behind. Between 3 and 9.5 s the high-velocity region (I' 2 2) does not
spread appreciably in the radial direction, whereas its lateral extent grows steadily,
gradually approaching the geometry of a spherical-shell sector with an approximately
constant half-opening angle of ~ 30°. By this stage the jet has decoupled from the
merger environment, and its subsequent evolution across the artificial floor medium
is limited to the mild residual acceleration and some morphological adjustments
described before, with no dynamically significant back-reaction from the ambient. The
rest-mass density distribution (second column) shows the entrained environmental
material inherited from the spherical grid, only partially transferred to the Cartesian
domain, expanding slowly and preserving the low-density funnel excavated along the
y-axis during the earlier jet passage. Near the lower boundary at y = 10° km, the
exponentially decaying v, imposed to suppress further mass and energy injection
(Section 5.2) leaves a clear imprint on the density field, with analogous features
appearing in the magnetic field strength map (third column).
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Figure 5.6: Meridional view of Lorentz factor, rest-mass density and magnetic field
intensity at three representative times for the simulation of D25.
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Chapter 6

Connecting the Jet Structure to
Electromagnetic Emission Across

Models

The previous chapters established the numerical framework for propagating relativistic
jets through a realistic BNS post-merger environment and for extending the simulation
to the ballistic regime via grid remapping, and presented the main results on the
early-time dynamical interaction between the jet and the environment. We now turn
to the central analysis of this thesis: characterising the angular and velocity structure
of the resulting outflows across the jet models introduced in Sections 4.2 and 4.3,
and quantifying the imprint of this structure on synthetic afterglow light curves.

6.1 Final Angular and Radial Structure

The analysis of the angular and velocity distributions of the jet material at ¢.,q serves
as direct input for the afterglow calculations. In this section, we first examine the
two-dimensional front-view maps of isotropic-equivalent energy and average Lorentz
factor, their axisymmetised profiles, and then turn to the radial velocity profiles that
reflect the layered internal structure of the outflow.

6.1.1 Front-View Angular Distributions

The angular distribution of the jet material can be characterised, as a first diagnostic,
through the front-view maps of isotropic-equivalent energy Fis, (0, ®) and radially
averaged Lorentz factor T'(©, ®) at the jet cap (as defined in Section 4.4), evaluated
at tend'

The analysis of the simulation presented in D25, illustrated in Figure 6.1, already
reveals pronounced departures from axisymmetry. A first key result is a clear
misalignment between the actual location of the jet’s energetic core and the nominal
injection axis, evidenced by a local maximum in FEjy, that is offset by approximately
4°—6° from the centre. A second result is the presence of significant azimuthal
variations in both the energy and the Lorentz factor around the maximum of the
distribution, with fluctuations of order ~ 3, and dispersions of up to an order of
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Figure 6.1: Front-view angular distribution of isotropic equivalent energy and average
Lorentz factor of the jet cap, at tenq, for the simulation of D25.

magnitude in the wings at larger angles. A more comprehensive representation of
the structural characteristics is provided by the three-dimensional rendering of the
kinetic energy density shown in Figure 6.2, in which the same asymmetric features
can be recognised.

We extend this analysis here to the full parameter study; the resulting maps
are displayed in Figure 6.3. We note that a different colour scale is adopted with
respect to the D25 model analysis, in order to properly compare the features across
all models.

In each panel, the red contour encloses the smallest region containing 50% of
the total energy, providing a measure of the angular extent of the jet’s energetic
core. A white cross marks the energy-weighted barycentre of the distribution in
angular space. The displacement of this point from the injection axis, O.g, quantifies
the degree of asymmetry imparted by the interaction with the non-uniform merger
environment. None of the simulated jets exhibits an axisymmetric energy distribution:
the barycentre is offset from the injection axis by 0.9°-3.6° across all models (see
Table 5.1).

A clear trend emerges from the comparison. The most energetic or highly magne-
tised models (a, b, ¢, d) display a more centred, tightly collimated core, consistent
with a reduced interaction with the environment during the early propagation phase.
Model e2, despite its lower energy and magnetisation, also produces a compact,
well-centred core, a consequence of the shorter extent of the environment it traverses
owing to its earlier launch time. In contrast, model F' shows a more pronounced
imprint of the environmental interaction, while model el is the most affected: its
energy distribution is broad, displaced, and lacks a well-defined peak, consistent with
the marginal breakout discussed in Section 4.3.3.!

The effective half-opening angle O3 (already defined in Section 4.4 as the opening
angle of a cone subtending the same solid angle as the region enclosed by the red
contour) is a proxy of how much collimation the jet retains at large scales. Across
all models, O5 lies close to 5°, with model e2 producing the narrowest cone (4.6°)

1See, however, Appendix B.
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Figure 6.3: Front-view distributions of the isotropic-equivalent energy of the jet cap
for the jet models of the parameter study at t.,q. The red line shows the smallest
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and model el the widest (6.1°; see Table 5.1).

Models a and b, which carry the largest injected energies, also exhibit the highest
peak values of the isotropic-equivalent energy (see Eq. 5.3), Eiomax = 4.57 X 107
and 3.93 x 10 erg respectively, against 1.46 x 10% erg for the reference model F,
roughly a factor of three higher. The maximum of the average Lorentz factor (Eq.
5.2) follows the same trend, reaching fmax\q)avg ~ 80 for b, close to the values typically
inferred for GRB jets, and 41 for a, against 28 for F.

Model e2 shares the same behaviour despite its lower injected luminosity:
launched earlier into a less obstructed environment, it retains more of the injected
energy than F and reaches Figmax = 2.33 X 10° erg and Ty |aveg = 54. Model e1,
launched later with otherwise identical injection parameters, provides the direct con-
trast: its peak energy falls below the reference, 0.97 x 10°3 erg, with Ty |eave = 24,
consistent with its marginal breakout and with the absence of a well-defined core.

Models ¢ and d, which vary the initial magnetisation, show a milder response.
Model ¢ is within one unit of F' in the average Lorentz factor (27 against 28) while
reaching a somewhat higher peak energy (1.94 x 10°3 erg). Model d injects less energy
than F, reaches a lower Eigmax = 1.26 x 1053 erg, but ends with Ty |eave =~ 34.
Both behaviours are consistent with the conclusion of Section 4.3.2, namely that
magnetisation, over the narrow range explored here, has a limited impact on the
global energetics. The dependence of these parameters on the resolution is discussed
in Appendix B.

6.1.2 Axisymmetrised profiles

To facilitate a comparison with analytical jet profiles, we compute the azimuthally
averaged isotropic-equivalent energy Ee2*(0) (Eq. 5.3) at teq for all models.

The resulting profiles are shown in Figure 6.4. All models feature a flat energetic
core extending to O < 2°-3°, followed by wings of progressively decreasing energy.
The wing profiles are not smooth: they display multiple segments with different slopes,
reflecting the layered interaction history of the outflow with the environment. This
portion of the structure has a direct influence on the rising part of the off-axis afterglow
light curves, as discussed in Section 6.4. To allow for a direct visual comparison,
we show the profiles alongside a reference power-law decay given by FEi, o< ©7°.
Immediately outside the core aperture, the majority of models exhibit a slope of o ~ 3.
At larger angles, © > 10°, most models instead follow a steeper decay with an index
a =~ 6, while model el shows a shallower profile with o & 4, consistent with its broader
and less collimated structure. A Gaussian profile, Eis,(0) = Eiso(0) exp [—%] , with
0. = 4°, is also shown in comparison with model a. We conclude that the jet
structures produced by our simulations are complex and articulated, and do not
generally follow a simple power-law or Gaussian functional form.

The main structural parameters at t.,q for all models are summarised in Table 5.1.

6.1.3 Radial Velocity Stratification

Beyond the angular distribution, the internal velocity structure of the outflow carries
essential information for afterglow modelling. In the simplest jet models, all the
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Figure 6.4: Isotropic equivalent energy profiles of the azimuthally averaged jet cap
for all models of the parameter study at tenq.

energy at a given angle is carried by material moving at a single, well-defined Lorentz
factor. The outflows produced by our simulations are far from this idealisation: at
each angle, energy is distributed over a broad range of four-velocities, reflecting
the layered structure that develops during the jet propagation through the merger
environment.

To quantify this stratification, we extract from the simulation output at tenq
the differential energy distribution dFis,/du (©), which describes the amount of
isotropic-equivalent energy carried by fluid elements with four-velocity u = I'§ (in
units of the speed of light) at each polar angle ©. The profiles are computed from the
azimuthally averaged total energy distribution (including the rest-mass contribution),
binning the simulation cells in (O, u) space and summing the energy content in each
bin.

Physically, dFs,/du gives the energy carried by shells of different speed. A narrow
profile concentrated around a single value of u would correspond to the standard
single-shell approximation used in most afterglow models. A broad profile, on the
other hand, implies that slower shells carry a non-negligible fraction of the energy and
will progressively catch up with the decelerating forward shock, injecting additional
energy at later observer times, following the mechanism discussed in Section 2.8.
The velocity profiles therefore constitute the key input for the extended afterglow
model of Section 2.8.1.

Figure 6.5 shows the differential velocity profiles dEi,/dlog(u), which allows
for a better understanding of the energy distribution in the u range, at several
representative polar angles © for the reference model F' at t..q.

The jet core (© < 5°) carries the highest energies, concentrated in a relatively
narrow range of u ~ 20-60. A component with energy comparable to the cocoon at
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Figure 6.5: Velocity profile of model F. The colorbar indicates different polar angles.

larger angles, carried by slower elements in the range u ~ 1 — 10, is present also for
small angles from the injection axis. This broad distribution arises directly from the
jet’s complex interaction history: internal shocks, mixing at the jet—cocoon boundary,
and the progressive conversion of magnetic energy into kinetic form all contribute to
spreading the energy over a range of velocities.

At intermediate angles (© ~ 5°-15°), the profiles shift to lower values of u and the
total energy per unit four-velocity decreases by several orders of magnitude. However,
a high-velocity tail persists: material with v > 10 is present even at © ~ 15°, despite
carrying a small fraction of the total energy. This fast component outside the core is
associated with the multi-shock structure described in Section 4.2.2 and, as discussed
in Section 6.4.1, can produce observable signatures for off-axis observers.

At large angles (© = 20°), the profiles become dominated by sub-relativistic
material (u < 1), corresponding to the cocoon. The energy content at these angles is
comparatively small, but it is not negligible in the context of afterglow modelling at
large viewing angles.

To compare the velocity structure across all models simultaneously, we construct
the joint energy distribution in the ©—u plane. For each polar angle, we compute
the percentiles of the energy distribution as a function of u from the cumulative
azimuthally averaged velocity profiles. The results are presented in Figure 6.6: the
dark shaded region corresponds to the interquartile range (25th—75th percentile),
and the lighter region extends between the 5th and 95th percentiles. We denote the
n-th percentile of the four-velocity as u,,.

This representation captures at a glance both the characteristic speed at each
angle and the range of speeds present. At small angles (© < 4°), several models show
relatively flat profiles or mild peaks around © = 2°, likely reflecting the misalignment
between the jet axis and the line of sight to the energy-weighted barycentre. The
median four-velocity in this angular range typically lies between 30 and 60, confirming
the ultra-relativistic nature of the core. The substantial width of the interquartile
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Figure 6.6: Jet energy distribution in the u — © plane. The dark blue shaded region
identifies the interquartile range (25th-75th percentiles) while the range between the
5th and 95th percentiles is presented in light blue.

range, however, reinforces what was already visible in the differential profiles: even
the fastest part of the outflow is not a homogeneous shell but a stratified structure
with a broad spread in Lorentz factor. Consistently with the previous discussion,
we observe that for © ~ 4° and beyond, the median and upper percentile curves
decrease gradually. The upper limit of the 95th percentile ug; remains above 10 out
to © =~ 15°, indicating that a small fraction of rapidly moving material persists at
relatively large angular offsets from the jet axis. At large angles (© 2 20°), the
outflow is predominantly sub-relativistic (u < 1) and the velocity distribution is
concentrated at low values, though some faster components survive carrying a minor
fraction of the total energy budget.

These results demonstrate that our simulated jets exhibit strong angular and
velocity stratification, with a fast, narrowly collimated core surrounded by slower,
less energetic wings. The transition between these regions is smooth rather than
abrupt, in contrast with the predictions of top-hat or two-component jet models. The
broad velocity distributions at every angle imply a sustained energy injection into
the external shock over an extended period, as progressively slower shells catch up
with the decelerating blast wave. This highlights the need for afterglow models that
incorporate the full distribution dFis,/du rather than a single representative Lorentz
factor at each angle, which is precisely what the extended model of Section 2.8.1
provides.

Both the angular asymmetry and the radial stratification are persistent features
that arise in all models regardless of the injection parameters, and represent a robust
prediction of our 3D RMHD jet simulations in realistic BNS environments. As
discussed before and as shown in the resolution study of Appendix B, the simulations
presented here have not yet reached full numerical convergence, and the fine details
of the jet structure retain some dependence on the grid resolution. The qualitative
features described in this section are, however, robust and hold across all models.
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6.2 From Simulation to Observable: the Modelling
Pipeline

Given the three-dimensional jet structures extracted in the previous section, the
next step is to determine what an observer at a given viewing angle would see. This
section describes the pipeline connecting the RMHD simulation output to synthetic
multi-wavelength afterglow light curves, and establishes the reference framework for
the analysis that follows.

The afterglow emission is computed using the semi-analytical model of Salafia et al.
[193], with the two extensions developed by O.S. Salafia and described in Section 2.8:
(i) the inclusion of the full radial velocity profile dEi,/du (©,®) extracted from
the simulation at te,q, and (ii) the relaxation of the assumption of axial symmetry,
allowing the computation of light curves from the full 3D energy and velocity
distributions including azimuthal variations. A key feature of this pipeline is that the
angular and velocity structures entering the afterglow calculation are not parametric
assumptions but direct outputs of the RMHD simulations. This distinguishes our
approach from many previous structured-jet afterglow studies that relied on analytical
profiles.

The input to the afterglow code is the total energy distribution Ei,(©, ®,u),
including the rest-mass component, at t.,q. The free parameters of the model are the
electron energy fraction €., the magnetic energy fraction ep, the electron power-law
index p, the ISM number density n, the luminosity distance dj,, the redshift z, and
the viewing angles (6, ¢,). The output is the flux density F,(t) at a chosen observing
frequency v and viewing angle.

To isolate the effects of different structural features gradually, we perform most
of the analysis using the azimuthally averaged profiles. The full 3D structure is
employed when studying the impact of azimuthal asymmetries and when performing
the extended parameter estimation described in Section 6.4.3.

As a first illustration, Figure 6.7 presents the light curves for model F' in the
optical, radio, and X-ray bands, for both an on-axis and an off-axis observer. The
purpose of this comparison is to show that the structural features discussed in this
chapter leave qualitatively similar signatures across all wavelengths. Given the
superior data coverage in the radio band, all subsequent analysis is presented at
3 GHz frequency for clarity. We note that the MCMC fitting procedure described in
Section 6.3.1 takes into account the full multi-wavelength dataset.

6.3 Application to GW170817

6.3.1 Dataset and Fitting Procedure

A central element of the approach presented in this thesis is the direct comparison
with observational data, which also determines the reference afterglow parameters
adopted throughout the following analysis. We perform this comparison by fitting
synthetic light curves to the multi-wavelength afterglow data of GRB 170817A, the
short GRB associated with the gravitational wave event GW170817.
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Figure 6.7: Multi-wavelength afterglow light curves for model F, at viewing angles
0, = 0°,32°.

We employ the observational dataset compiled by Makhathini et al. [111], which
includes radio, optical, and X-ray data spanning the interval from 0.5 to 940 days
post-merger. The radio flux densities are drawn from the compilation of Mooley et al.
[138] and references therein. The optical detections (HST/F606W) are from Fong
et al. [57]. The radio data further include reprocessed observations originally reported
by Resmi et al. [185], Margutti et al. [114], and Alexander et al. [7], and the X-ray
and additional optical (HST/F814W) data have been reanalysed by Makhathini et al.
[111] to ensure a consistent flux determination across all bands.

The fitting is performed through a Markov Chain Monte Carlo technique using
the emcee Python package [58]. The source is placed at the redshift z = 0.0096 and
luminosity distance dj, = 40 Mpc [32]. We fix the electron energy fraction to €, = 0.1,
based on theoretical expectations from particle-in-cell simulations of relativistic
shocks [204], and the electron power-law index to p = 2.166, as constrained by
multi-wavelength spectral observations of the GW170817 synchrotron emission [57].
This leaves three free parameters for the axisymmetrised fits: n, g, and 6,; or four
when the azimuthal angle is included in the analysis (n, g, 0,, ¢,).

We adopt the following priors. The ISM density is assigned a log-uniform prior in
the range n € (107°,107!) cm ™3, where the lower limit reflects the smallest densities
expected in galactic outskirts [56] and the upper limit is motivated by observational
constraints on the GW170817 environment [80]. The magnetic energy fraction has a
log-uniform prior in eg € (1078,107!), bounded below by a loose requirement that
the post-shock magnetic field exceeds typical intergalactic values and above by PIC
simulation expectations [204]. The viewing angle prior is isotropic, i.e. uniform in
cos B, between 0 and 1.

The MCMC chains are evolved for 5000 iterations. This number was determined
by progressively increasing the chain length up to 10000 iterations and verifying
that the posterior distributions had already stabilised at 5000 steps, thus providing
a good balance between accuracy and computational cost.
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Table 6.1: Results of the MCMC fitting of each model to GW170817 afterglow data.
All fits use the axisymmetrised jet structure at t.,q. Values are the median and 90%

credible interval of the marginalised posterior. Fixed parameters: ¢, = 0.1, p = 2.166,
z = 0.0096, d;, = 40 Mpc.

Model log(n/cm~3) logep 0, [deg]

F ~1.99%93  —3.49+0.12 32,0733
“ —1.537930  —4.25+0.12 32.9731
b ~1.69709%  —4.24%013 309138
c ~205+0.39 —3.537012 31 3+33
d —2.41+0.35 —3.16+0.12 28.7+%)
el ~1.69%057  —3.057055 384757
e2 —2.467030  —3.33+£0.12 270733

6.3.2 Best-Fit Results and Parameter Constraints

We first present the results of the MCMC fits performed using the axisymmetrised jet
structures of all seven models. The posterior probability distributions are summarised
in Table 6.1, and the corresponding corner plots are shown in Figures 6.8 and 6.9.

A general trend emerges across the parameter space: the fits favour values of
logep ~ [—4, —3,] combined with relatively high ISM densities (some models show
n > 0.01cm™?). This combination is in some tension with observational indications
of a low-density environment around GW170817 [80]. The best-fit viewing angles fall
in the range 27°-33°, for most models, with the exception of model e, which yields
0, ~ 38°, reflecting the qualitatively different angular structure of this marginal jet.

We note that a more refined estimate of #, should also account for the constraint
provided by the apparent superluminal motion of the afterglow centroid, as measured
with radio very long baseline interferometry [68, 69, 77, 138, 139, 145]. For GW170817,
the viewing-angle range found here is generally inconsistent with the centroid-
motion constraints (~ 19°-25°). In the context of a comprehensive parameter study,
modelling the centroid displacement alongside the light curve could change these
results, potentially ruling out some jet structures that would otherwise reproduce
the observed emission.

An important limitation of the current analysis is the well-known degeneracy
between afterglow parameters. In particular, n and g can be strongly correlated,
as the peak flux depends on the combination n'/ 25}3/2: increasing n, and hence the
number of emitting electrons, can therefore be partially compensated by decreasing
£g, which reduces the magnetic-field strength, and vice versa. The electron energy
fraction e, can likewise be correlated with other model parameters through its effect
on the characteristic synchrotron frequency, while p is primarily constrained by the
observed spectral slope. We therefore fix €, and p using independent observational
and theoretical constraints. These degeneracies allow all jet structures produced by
our simulations to fit the GW170817 afterglow data within the current uncertainties
and priors used. Therefore, afterglow fitting alone cannot readily distinguish between
the different injection models studied here.
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Figure 6.8: Corner plots of MCMC fit results for models F, a, and b to the
GW170817 data. Each panel shows marginalized one-dimensional histograms and
two-dimensional contour posteriors of the afterglow jet-model parameters (F: top; a:
bottom left; b: bottom right). Vertical black dashed lines mark the 5th and 95th
percentiles, and red solid lines mark the medians.
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Figure 6.10: Afterglow light curves at 3GHz for model F (left) with or without
including the velocity profile, and for model b (right) at tpe, and towards tenq, for
different observing angles.

6.4 Observational Signatures of the 3D Structure

6.4.1 Impact of Velocity Stratification

We begin by assessing the effect of including the radial velocity profile on the predicted
afterglow emission. The left panel of Figure 6.10 shows the comparison, for the
reference model F, between light curves computed with and without the velocity
stratification described in Section 2.8.1. The comparison is shown for both an on-axis
(0, = 0°) and an off-axis observer at the GW170817 best-fit viewing angle, adopting
the reference values of the microphysical parameters obtained from the MCMC fit
to GW170817 data (Table 6.1, Section 6.3.2). This choice provides a physically
motivated reference for a consistent comparison across models and viewing angles.

The light curves without the velocity profile correspond to a single-shell approxi-
mation, where all the outflow material at a given angle is assigned a single, average
Lorentz factor computed from the total energy of the outflow.

The most prominent difference between the two prescriptions appears in the early,
rising phase of the off-axis light curve. In the single-shell case, the flux rises steeply
as the relativistic beaming cone of the decelerating blast wave opens towards the
observer. When the full velocity distribution is included, the rise is significantly
more gradual. The physical interpretation is that the energy is distributed over a
range of four-velocities at every angle. Slower inner shells, which lag behind the
fastest material, progressively catch up with the decelerating forward shock and
deposit additional energy into it. This produces a contribution to the emission that
is received at distinct observer times, such that the measured flux increases as a
superposition of contributions arriving over an extended interval.

Differences also appear in the on-axis light curve, although they are smaller.
Even within the jet core, the ©—u distributions (Section 6.1.3) show a non-negligible
amount of energy carried by slower material (I"' ~ 3-10). The presence of these inner,
slower shells arriving at the forward shock at progressively later times produces a
smoother and more extended rise also for the on-axis case.
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For the off-axis observer, an additional feature becomes visible: a faint, early
peak preceding the main afterglow maximum. This emission originates from the
quasi-spherical outer shell described in Section 4.2.2, which propagates at mildly
relativistic velocities. Along the jet axis, this component is entirely outshone by the
core emission. For viewing angles 6, 2 0;, where the observer has no direct line of
sight to the ultra-relativistic core, the emission from the outer shell provides the
leading contribution at very early times. This precursor peak is present in all models
and its presence is confirmed by the resolution study of Appendix B, however a
detailed characterisation of its structure and energy content would require complete
numerical convergence.

While its low flux and early occurrence make this component challenging to
observe, it represents an interesting prediction of structured jet models that may be-
come accessible with future observatories operating at higher sensitivity. Appendix C
is dedicated to a discussion on the detectability of this feature.

At late times (f > fpeax), the two prescriptions converge: all shells have con-
tributed to the blast wave by then, and the asymptotic decay is governed by the
standard Blandford-McKee dynamics regardless of the initial velocity distribution.

6.4.2 Impact of Residual Evolution

As discussed in Chapter 5, the evolution between tye, and tenq is characterised by
a progressive approach to the ballistic regime, during which the remaining thermo-
magnetic energy is converted into kinetic form and the angular structure stabilises.
By tena, the kinetic energy fraction has reached 95%-97% in all models, and the core
structure is largely frozen. The residual changes during this evolution are mostly
related to the redistribution of material at large polar angles (© 2 10°), where the
outer shell and cocoon interface are still settling, and to the remaining acceleration
process in the slowest-converging models.

To verify the impact of these residual modifications on the predicted afterglow,
we compare light curves computed from the axisymmetrised profile of model b at tyeq
and at fenq at different viewing angles (right panel of Figure 6.10). We choose model
b because it is the slowest in approaching the ballistic regime, owing to its longer
injection decay timescale 74, and therefore provides a conservative upper bound on
the expected differences within our model suite.

The post-peak decay is effectively identical between the two snapshots, being
insensitive to the details of the input structure. The early rising phase, instead,
shows visible differences for off-axis observers. As stated before, the rising part
of an off-axis light curve is shaped by the energy distribution at the angles that
first enter the observer’s beaming cone as the blast wave decelerates. These are
precisely the intermediate-to-large angles (© 2 10°) where the outflow structure
is still evolving between fpes and fenq, as the cocoon material and the outer shell
continue to rearrange. The jet core, by contrast, is already mostly stable at tyeg,
which is why the on-axis curve is much less affected.

The magnitude of this effect is moderate: the differences are smaller than those
produced by, for example, the inclusion of velocity stratification or the choice
of azimuthal viewing angle (a dedicated analysis is present in the next Section).
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Figure 6.11: On-axis, slightly off-axis and off-axis (left to right) afterglow light curves

at 3GHz for model F, for different polar and azimuthal observing angles.

Nevertheless, this comparison confirms that extracting the jet structure shortly after
break-out can affect the predicted rising phase.

6.4.3 Impact of Azimuthal Asymmetries

We now turn to the observational consequences of the azimuthal asymmetries docu-
mented in Section 6.1.1, using model F as the reference case.

For an on-axis observer (6, = 0°), the comparison between the axisymmetrised
(AS) and non-axisymmetrised (NAS) light curves shows negligible differences (left
panel of Figure 6.11). An on-axis observer initially receives emission primarily from
the nearly uniform jet core, where the angular energy distribution is approximately flat
and symmetric. As the blast wave decelerates, the relativistic beaming cone widens
and progressively includes emission from the more asymmetric wings. Although these
outer regions progressively contribute, their effect on the total flux is typically modest
and at later times it is increasingly governed by the overall blast-wave dynamics
rather than the detailed angular structure.

For a slightly off-axis observer (6, = 3°), the situation changes substantially. The
middle panel in Figure 6.11 compares the AS and NAS light curves at four azimuthal
viewing angles ¢, = 0,7/2, 7,37 /2. Order-of-magnitude differences appear in the
rising phase, reducing towards the peak flux. This reflects the strongly non-uniform
azimuthal distribution of energy already at these intermediate angles.

At a larger viewing angle of 8, = 32°, corresponding to the best-fit value for model
F with respect to GW170817 data, the azimuthal dependence remains significant
(right panel of Figure 6.11). The early-time precursor peak associated with the outer
shell (Section 6.4.1) undergoes substantial variations with ¢,, demonstrating that
while this component is quasi-spherical in morphology, its energy distribution retains
considerable azimuthal structure.

Figure 6.12 extends this comparison to all models, confirming that the different
structural features produced by the various injection parameters leave distinct
imprints on the light curves at different azimuthal angles. The level of asymmetry
and the energy content of the outer shell vary across the parameter space, translating
into model-dependent azimuthal variations in the predicted emission. A model-
by-model comparison, at the chosen numerical resolution, is presented in the next
section.

As a further quantification of the impact of asymmetries on parameter estimation,
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we performed MCMC fits to the GW170817 data using the full 3D (NAS) structure
of model F at three azimuthal viewing angles (¢, = 0,7/2,7). The setup follows
the procedure described in Section 6.3.1. The resulting posterior distributions for
the viewing angle are 0, ~ 41.6° 4= 3°,26.3° £ 3°,23.9° 4= 3° for the three values of ¢,,
respectively (Figure 6.13). All are incompatible at the 90% credibility level with the
value obtained from the axisymmetrised fit (6, ~ 32° 4 3°). Similar shifts appear in
the estimates of eg and n. The NAS fits yield systematically larger values of logepg
(ranging from —2.94 + 0.12 to —2.41 + 0.17, compared to —3.49 &+ 0.12 in the AS
case) and comparable or smaller values of logn (as low as —3.36 £ 0.50).

We emphasise that the intrinsic asymmetry described here is a robust feature
that appears across the tested models and resolutions. We conclude that azimuthal
asymmetry is a commonly under-explored feature that introduces an additional
degree of freedom in the interpretation of afterglow data from structured jets.

6.4.4 Impact of Injection Parameters

Figure 6.14 presents the comparison of the afterglow emission across all jet models.
To limit the number of simultaneous degrees of freedom, this comparison is based
on the axisymmetrised jet structures; the additional variations arising from the full
3D structure were presented in the previous section. Both on-axis and off-axis light
curves are shown, computed with a fixed set of afterglow parameters corresponding
to the best-fit values of model F' (Table 6.1), to enable a direct comparison of the
structural effects.

The on-axis light curves show that more successful models (b, a, e2) produce
a brighter peak at a later time with respect to the others. This scaling is a direct
consequence of the dependence of the characteristic peak time on the jet energy
through the Sedov length Rg, which sets the fundamental length scale of the blast
wave dynamics [23]:

Ry lE<@=0>] " (6.1)

tpeak X c X -
A larger Rg corresponds to a greater deceleration radius, meaning that the forward
shock sweeps up more ambient material before reaching the deceleration point,
resulting in both a later and a brighter peak.

Jet structures with steeper energy decay outside the core produce a correspond-
ingly steeper rise of the light curve, as more energy enters the observer’s line of sight
when the decelerating outflow widens its beaming cone. The multi-segment structure
of the azimuthally averaged energy profiles (Figure 6.4), characterised by different
power-law slopes at different angular ranges, translates directly into changes of slope
and breaks in the rising part of the light curves.

Models ¢ and d differ very little from the reference case F| consistently with the
minor variations in the injection parameters. The differences are most visible in the
properties of the outer shell emission, indicating that the initial magnetisation, over
the range explored here, has a limited impact on the overall afterglow morphology
while still influencing the details of the outermost shock structure.

Models el and e2 provide an informative contrast. Both feature lower-luminosity
jets, but differ in their launch time. Model e2, launched earlier, traverses a less
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parameter study, for the fixed set of afterglow parameters corresponding to the
best-fit of model F.

extended ejecta environment and achieves a more complete breakout. The resulting
afterglow is comparable to those of models a and b, with a well-defined peak and
a standard evolution. Model el, launched later and experiencing a much stronger
interaction with the environment, lacks a well-defined energetic core and shows a
qualitatively different rising phase: an extended, dimmer plateau replaces the typical
peak, reflecting the broad and shallow angular energy distribution?.

We conclude that the qualitative trends described above are consistent with the
physical expectations for the chosen parameter variations, and the overall comparison
across models provides useful insight into the sensitivity of the afterglow emission to
the jet initial conditions.

2See, however, Appendix B.
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Chapter 7

Gamma-ray Burst Jets in
Core-collapse Supernova
Environments

7.1 Introduction and Scientific Context

The core collapse of a massive star is another progenitor channel for GRB jets,
introduced in Section 2.2.1 and mostly linked to long-duration bursts. In the collapsar
scenario, the iron core of the progenitor can collapse to a black hole surrounded by
an accretion disc, and the same central-engine physics discussed in Section 2.3 for the
merger case, namely high angular momentum and strong magnetic fields powering a
jet through the Blandford-Znajek mechanism or neutrino annihilation, applies here
as well. The jet must then drill through the remaining stellar envelope before it can
break out and produce the prompt y-ray emission at large radii, following the same
breakout physics introduced in Section 2.5.

The propagation of relativistic jets through stellar envelopes has been studied
numerically by many authors, starting from the pioneering hydrodynamic simulations
of MacFadyen and Woosley [109] and Aloy et al. [8], and extended over the years to
magnetised jets and to the dynamical ejecta of binary neutron star mergers in the
short GRB context [e.g. 66, 166]. Almost all of these simulations share a common
simplification: the stellar environment is taken either directly from a one-dimensional
pre-collapse stellar model in hydrostatic equilibrium, or from simple analytic density
profiles. The role of the accompanying supernova has subsequently been addressed
in a few studies. For example, De Colle et al. [41] used 2D axisymmetric relativistic
hydrodynamic simulations in which a parametrised supernova, injected using a piston
model, is followed by a relativistic jet. They showed that the outcome depends on
the ordering of the cocoon breakout time, the supernova breakout time, and the
time required for the cocoon to engulf the star. Urrutia et al. [219] extended this
study to 3D, finding that a jet launched 1 s after the supernova initially propagates
through the low-density cavity produced by the expanding supernova ejecta, before
encountering the supernova shock front and being strongly decelerated. In both
studies, the simulations are purely hydrodynamic and the supernova is injected
parametrically into a pre-existing stellar progenitor profile. However, if the central
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engine forms after a successful (or partially successful) magnetorotational explosion,
the jet is launched into a medium that has already been profoundly reshaped by
the supernova shock. The innermost envelope has been partially unbound and
accelerated, strong anisotropies have developed along the rotation axis, and the
density and pressure profiles can differ substantially from hydrostatic ones. This is
the same conceptual gap identified for the merger channel in Chapter 1: idealised
environments miss the asymmetries that a realistic progenitor imposes on the jet, and
the same three-dimensional treatment developed throughout this thesis is applied
here to a different progenitor.

Here, we assume that after the collapse of the proto-neutron star to a black hole,
the accreting black hole launches a relativistic jet that is evolved within the three-
dimensional post-explosion environment produced by a neutrino-magnetohydrodynamic
core-collapse simulation, until (possible) breakout from the stellar envelope. The
work presented here is still in a preliminary stage. The relativistic jet simulation, and
its jet-off counterpart for comparison, should be considered as first working tests in
this context. They are not yet performed in numerical convergence regime, and the jet
simulation is subject to some numerical errors internally handled by the code, which
will be tackled in future, more resolved, productions. The results presented should
therefore be taken as indicative behaviours, more than fully reliable diagnostics.
Future developments also include an exploration of the impact of different injection
parameters, from canonical powerful jets to choked ones, with different possible
interactions between the jet and the supernova shock. Moreover, the afterglow
emission will eventually be predicted from the simulation output, following the same
philosophy of the semi-analytical framework used in Chapter 6. The novelty of this
study consists in having a GRB jet that evolves in a stellar environment that is
being actively crossed by a supernova shock, in full 3D, allowing us to assess the
relative effect on the supernova shock evolution, and on the jet dynamics, of their
interaction.

This chapter presents the physical and numerical setup and the main results ob-
tained: the progenitor and the core-collapse simulation that provide the environment
(Sections 7.2-7.3), the analysis of the initial data (Section 7.4), the remapping into
the PLUTO code and the preliminary simulations (Section 7.5). We caution that no
publication describes the specific snapshot used here as initial data at the moment.
The characterisation presented here is part of the work of this thesis, and a detailed
analysis performed by the authors of the core-collapse simulation is in preparation
at the time of writing.

7.2 Progenitor Model

The progenitor considered is a 26 M rapidly rotating Wolf-Rayet star from the
grid of Aguilera-Dena et al. [4]. In the reference paper, the initial stellar models
begin with uniform chemical composition and evolve quasi-chemically homogeneously
throughout core hydrogen burning. Upon transition to core helium burning, they
contract and experience significant rotationally enhanced mass loss. At the pre-
supernova stage, hydrogen is essentially absent across all models, regardless of stellar
mass. This depletion results from the combined effects of efficient internal mixing,
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which transports most of the hydrogen into the core, and rotationally driven mass
loss, which removes the remaining hydrogen from the surface.

For the series to which our progenitor belongs, the stars retain very little helium
(less than about 0.06 M) regardless of their initial mass. The helium remains well
mixed during helium burning, and the models never develop a distinct core-envelope
structure or significant helium shell burning. Following core hydrogen exhaustion, all
models undergo overall contraction. In standard massive-star evolution, a hydrogen-
burning shell develops around the helium core at this stage and drives the envelope to
expand into a supergiant. Here, the rapidly rotating, chemically homogeneous models
retain essentially no hydrogen in the envelope by the time core H burning ends, so no
strong hydrogen-shell energy source can develop and no envelope expansion follows.
The absence of a hydrogen envelope drives continued contraction on a neutrino-
mediated Kelvin-Helmholtz timescale, leading to spin-up and substantial centrifugal
mass loss in the final evolutionary stages. The resulting pre-supernova progenitors
are rapidly rotating, nearly pure carbon-oxygen stars, in line with previous studies
of homogeneous evolution, and are plausible progenitors of Type Ic superluminous
supernovae, broad-lined Type Ic supernovae, and long gamma-ray bursts [4].

This progenitor was evolved with the one-dimensional stellar evolution code
MESA [168-170], which assumes hydrostatic equilibrium. The calculation is stopped
just before the final collapse phase, when the hydrostatic assumption becomes
inapplicable.

7.3 Core-collapse Simulation and Initial Data

The model is then evolved through core bounce and the launching of a magne-
torotational explosion by a dedicated core-collapse simulation. The methodological
framework and code closures follow those of Obergaulinger and Aloy [157], applied
to the AguileraDena+2018 progenitor with parameters within the range explored
in that series and its follow-ups [155, 156, 158]. The reference papers contain the
detailed physics of core collapse in rapidly rotating, magnetised progenitors of this
class; what follows is limited to the elements needed to interpret the snapshot we
import into PLUTO, together with the numerical values we read directly from the
snapshot files provided by the authors.

The simulation is performed with the AENUS-ALCAR code [88, 155], which
solves the equations of special relativistic magnetohydrodynamics coupled to a
spectral two-moment (M1) neutrino transport scheme. Gravity is included through
an effective relativistic potential of the type described by Marek et al. [112]. The
equation of state combines the hybrid EoS at low densities with a tabulated nuclear
EoS at high densities (see Section 7.4.6). The pre-collapse model carries a large-scale
poloidal magnetic field of the strength and geometry discussed in the reference
paper, subsequently amplified during collapse and by MRI-driven turbulence in the
post-bounce phase.

The magnetorotational explosion mechanism relies on a specific pre-collapse
configuration, and the progenitor series adopted here meets its requirements in
a coherent way. Pre-collapse differential rotation is not strictly demanded for
post-collapse magnetic-field amplification, since collapse itself generates differential
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rotation even from an initially rigid profile. It is, however, needed if the field is
already strong by the time of collapse: sustained differential rotation through the late
evolutionary stages is what allows magnetic-field amplification, through winding and
through the magnetorotational instability, to act before bounce rather than only after
it. Chemical homogeneity has a consequence on the magnetic field: efficient mixing
suppresses the strong internal shear layers that would otherwise act as dynamo
sites during the main-sequence and post-main-sequence phases, limiting how much
the field can grow before collapse. The pre-collapse model therefore arrives at core
collapse with sustained fast rotation and a magnetic field that is present but not yet
saturated, both of which are needed for the MR mechanism to become effective in
the post-bounce phase.

After bounce, the magnetic field is compressed and wrapped around the newly
formed proto-neutron star, and is further amplified by MRI-driven turbulence and
by neutrino-driven convection. The amplified field builds an ordered, funnel-shaped
topology anchored on the PNS, which channels post-shock material towards the
rotation axis and delivers energy to the stalled shock preferentially in that direction.
Neutrino heating, magnetic stresses and centrifugal support therefore act construc-
tively to revive the shock, with the last two enhanced by the fast rotation inherited
from the progenitor. The resulting explosion is intrinsically anisotropic: the compact
remnant is oblate rather than spherical, and the ejecta come out in a wide but far
from isotropic cone, typically extending 30-35° around the rotation axis. Once the
field grows strong enough to enforce approximate rigid rotation in the affected shells,
further amplification through winding saturates.

For the specific run adopted here, magnetic stresses dominate the momentum
budget of the explosion, but neutrino heating is important throughout the pre-
explosion phase and remains non-negligible during shock revival. The stalled shock
is revived approximately 400 ms after core bounce and expands slowly outward. The
explosion energy at the time of black hole formation is ~ 0.9 x 10! erg. This value
is not the asymptotic explosion energy that would be reached in a run without black
hole formation: the collapse of the proto-neutron star truncates the accretion power
available to sustain the outflow, and an uninterrupted evolution would accumulate
somewhat more energy.

The reference simulation is followed for approximately 1.7 s from core bounce,
at which point the snapshot used as initial condition for PLUTO is extracted, a
few milliseconds before black hole formation. Immediately after the central engine
has switched from proto-neutron star to black hole plus (potential) accretion disc,
the stellar envelope has not yet had time to react to the switch. This is the physical
moment at which the assumption of a newly launched relativistic jet, imposed as
an inner boundary condition in the following simulations, is best justified. The
subsequent evolution of the stellar envelope, with and without an injected jet, is
followed in PLUTO as described in the following sections.

7.4 Analysis of the Initial Data

We first characterise the environment through its density (Section 7.4.1), its velocity
and rotation (Section 7.4.2), and its magnetic field configuration (Section 7.4.3); we
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then identify the supernova shock (Section 7.4.4) and use these results to define the
excision radius and the properties of the central engine that will be imposed at the
inner boundary of the PLUTO runs (Section 7.4.5).

7.4.1 Mass and Density Distribution

Figure 7.1 shows the logarithmic mass density on the equatorial and meridional
planes, at different spatial scales. The distribution at radii smaller than 1.2 x 10°
cm is strongly anisotropic: the equatorial region is filled by material still bound
to the proto-compact object, while along the polar direction the low-density, high-
entropy channel opened by the magnetorotational explosion is clearly visible. The
equatorial-to-polar density contrast at r ~ 10° cm exceeds one order of magnitude.
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Figure 7.1: Slices of the logarithmic mass density from the AENUS-ALCAR snapshot
used as initial condition, on the meridional and equatorial planes, at different levels
of zoom.

Complementing the 2D visualisation, the left panel in Figure 7.2 shows the radial
density profile along the z axis across the full radial extent of the AENUS-ALCAR
simulation. A flat plateau at small radii (r < 10° cm) corresponds to the proto-
neutron star, whose interior is not modelled in the RMHD approximation adopted
here. Outside this plateau, the profile steepens and traces the envelope material
relevant for the jet-propagation problem. To avoid contamination by the PNS interior,
all radial profiles shown in the following are truncated at rpi, = 10% cm, and the
same lower bound is applied consistently throughout the analysis.

The cumulative mass enclosed within radius r,

7’ ™ 2
M, = M(< 1) = / 2 dr’/ sinddd [ do p(r',0, ), (7.1)
min 0 0

r

gives a first estimate of the mass enclosed by any future excision boundary. The
middle panel of Figure 7.2 shows that M, increases smoothly and monotonically
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Figure 7.2: Left: Radial mass density profile along the polar axis. The flat inner
plateau at 7 < 10° cm corresponds to the proto-neutron star, which is not part of the
physical problem addressed here. Centre: cumulative mass profile M, as a function
of radius. Right: Cumulative angular momentum J,. as a function of radius.

between r ~ 10° and 10'° c¢m, so the enclosed mass is a well-defined function of the
excision choice in this range.

7.4.2 Angular Momentum and Rotation

The velocity field is visually quantified by the distribution of the radial velocity of
the shocked ejecta, shown in the middle panel of Figure 7.4. It shows that the outer
polar layers are already expanding, while a large equatorial region is still infalling
and feeds the central object.

To quantify the angular-momentum content we compute the cumulative axial
angular momentum enclosed within radius r (aligned with the rotation axis),

T T 27
Jor=J(<r) = / r’? dr’/ sin@d@/ dé pugr'siné. (7.2)
Tmin 0 0

The right panel of Figure 7.2 shows the cumulative angular-momentum profile, which
follows the behaviour of the cumulative mass.

The dimensionless spin parameter of the material enclosed within r, evaluated
using the axial component of the angular momentum (aligned with the assumed
rotation axis of the eventual black hole),

¢

a*<7,.) - GMza (73)

stays close to 0.4 throughout the stellar interior. Evaluating Eq. (7.3) at r = ryy, =
10% c¢m, near the surface of the proto-neutron star, gives a, ~ 0.36; at r = 10® cm
the value has risen to a, ~ 0.4, and it remains close to this value out to r ~ 10? cm.
Equation (7.3) is a proxy for the spin of the enclosed material, however not a precise
prediction of the final black-hole spin: only a fraction of that material will actually
be accreted (part is expected to remain in a disc or to be ejected by disc winds
during the launching phase), and angular momentum can be redistributed during
accretion. Under the simplifying assumption that the material within r.,. is accreted
with its angular momentum conserved, and given the near-constancy of a,(r) across
the stellar interior, we adopt a, ~ 0.4 as an indicative spin estimate for the central
engine in Section 7.4.5.
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7.4.3 Magnetic Field Configuration

Figure 7.3 shows a two-dimensional slice of the magnetic field intensity together
with a 3D rendering of the field streamlines close to the PNS. The field intensity is
enhanced along the rotation axis and in the equatorial belt, the two regions where
winding and magnetorotational amplification are most efficient. The ratio pmag/Pth
stays below unity throughout the domain of interest: the environment is thermally
supported and the field is dynamically subdominant in the bulk of the ejecta, though
magnetic effects on the jet-medium interaction near the jet boundary will not be
negligible. The 3D streamlines show a large-scale helicoidal component coexisting
with a substantial toroidal wind-up in the equatorial belt.
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Figure 7.3: Two-dimensional slice in the y—z plane of the magnetic field intensity
(left), and 3D rendering of magnetic field streamlines around the PNS (right).

For a divergence-free field, the signed integral of B-n over a closed sphere vanishes
identically, so the appropriate quantity for a Blandford-Znajek estimate is the flux
through a single hemisphere. We compute the radial magnetic flux threading the
northern hemisphere of a spherical surface of radius r as

O(r) = / B.(r,0,6) r*sin 0 d do, (7.4)
0<m/2

which matches the convention of the BZ formula recalled below. Given the black-hole

spin estimate of the previous section, the associated Blandford-Znajek luminosity

can be written as [212]

K ay C
Lpg~ ——3%Q%,  Qy=-—
BZ Are H> H

STt (7.5)

where ri = (GM/c?) [1 + /1 — a?| is the horizon radius and x ~ 0.04 is a numerical
constant that depends on the field geometry. This form refines the original Blandford

109



and Znajek [24] split-monopole scaling, and is valid for moderate values of the
dimensionless spin. The value of ®(r) measured on a sphere well outside the excised
volume is only a rough diagnostic of the flux that will eventually thread the horizon:
near the black hole the flux can accumulate through MRI-driven amplification, but
it can also reconnect, escape or fail to be accreted altogether. We therefore treat
the value we obtain from Eq. (7.4) at re, and the corresponding Lgy, as illustrative
estimates of the engine power that is not resolved in these simulations. Numerical
values of ® and Lgy at the excision radius, together with the alternative luminosity
estimate used to fix the fiducial jet power, are given in Section 7.4.5.

7.4.4 Shock Finding

The supernova shock is the dominant feature of the post-explosion environment.We
identify it on the discretised grid by combining five proxies applied along every
angular direction, each sensitive to a physical signature of a shock: entropy dropping
steeply with radius, a non-negligible radial velocity, a compressive sign of its radial
derivative, a steep radial drop of the pressure, and a decrease of the radial velocity
across a spatial window wider than a single-cell finite difference. In terms of the
dimensionless logarithmic slopes dIn X/dIn r, after smoothing the radial profiles over
a few cells, the conditions read

dln S dIn v, dlnp
dlnr <02, dlnr <Th dlnr <-1 (7.6)
v-(i —3) > v.(i + 3), (7.7)

where ¢ is the radial cell index. The four logarithmic-slope thresholds are chosen
operatively, at values consistent with the choices adopted in previous works using
the same code. A cell is flagged as shocked when all conditions are simultaneously
satisfied, and the supernova shock is defined as the outermost flagged cell along
each angular direction. This multi-criterion definition rejects the numerous weaker
features present at smaller radii and returns a well-defined supernova-shock surface
even where the shock is oblique.

Extending the procedure to three dimensions confirms that the shock is highly
anisotropic, spanning radii from 7 ~ 6 x 10® cm along the equatorial direction, to
r 2 10° cm in the polar one (see the right panel of Figure 7.4). This asymmetry is
a signature of the magnetorotational explosion, which propagates more efficiently
along the polar direction where magnetic stresses and neutrino heating are strongest.

7.4.5 Excision Radius and Central-engine Parameters

To follow the jet evolution for orders of magnitude in space by maintaining a sufficient
resolution and a reasonable computational cost, as well as to exclude the effects of
general relativity that are involved in the remnant collapse, but not included in the
PLUTO code, we need to define an internal excision radius.

The diagnostics collected in the previous subsections bracket the excision radius
from above and from below. The upper limit follows from the requirement that
most of the supernova-shocked structure lies inside the computational domain, so
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that the jet-shock interaction can be followed self-consistently; this bounds ey
at < 6 x 10® cm, the innermost point of the anisotropic shock front identified in
Section 7.4.4. The lower limit follows from the region likely to be accreted onto the
central compact object on a dynamical timescale, identified by the joint conditions
on the sign and magnitude of the infall velocity discussed below.

Figure 7.4 combines three complementary diagnostics on the meridional plane:
the shock indicator applied to the pressure distribution (right), the radial velocity in
units of ¢ (centre) identifying regions with negative velocity, and the sonic condition
|v.|/cs > 1 (left). Where the infall is supersonic (|v,|/cs > 1), pressure gradients
cannot decelerate the flow before it reaches the compact object, and the material is
effectively accreted. Where the infall is subsonic (|v,|/cs < 1), the flow is redirected
outward by pressure and advection rather than reaching the centre. The sonic
condition therefore selects the region of the post-explosion environment that will
contribute to the mass and angular momentum of the central object, as opposed to
the region that will be advected outward with the ejecta. In the meridional plane this
supersonically infalling region extends out to r ~ 2-3 x 10® cm along the equator,
and defines the lower bound on 7.

vr/cs B, log(P) [dyne/cm?]

3
00 05 10 15 20 010 005 000 005 010 20 2 2% 2
[ e

010
005
g
g
2000 ¥
= I
N .
%
-0.05
|’
-0.10
010 005 000 005 0.0 010 005 000 005 010 010 005 000 005 0.0
¥ [10'° cm] y[10° em] y 110" cm]

Figure 7.4: Diagnostics used to bracket the excision radius on the meridional plane.
Left: sonic condition |v,|/cs > 1, tracing material likely to be accreted onto the central
compact object. Centre: radial velocity v, /c. Right: shock indicator overplotted on
the pressure distribution.

We adopt Texe = 3% 10% cm. This value sits inside the upper limit by a comfortable
margin, includes the equatorial region likely to accrete onto the central object (which
we replace by an inner boundary carrying the mass of the enclosed material, see
below), and excludes only material that is either bound to the proto-compact object
or dominated by physics not captured by RMHD, in particular the innermost strongly
gravitating region.

Central-engine parameters at r.... The material enclosed within the excision
boundary carries the mass, angular momentum and magnetic flux that will end
up (partly) in the newly formed black hole and its accretion disc. Its properties
determine both the mass and spin of the central engine and, together with the
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magnetic flux available at that radius, an estimate of the Blandford-Znajek power.
Evaluating Eq. (7.1) at re gives an enclosed mass M. ~ 2.3 M, adopted as the
mass of the central point source used to set the Newtonian gravitational potential in
the PLUTO runs (Section 7.5.1), and as the mass of the newly formed black hole for
the purposes of the horizon-radius estimate!. From Section 7.4.2 we take a, ~ 0.4
as an indicative spin estimate for the material likely to be accreted (see the caveats
there), well within the physical range and large enough to support a Blandford-
Znajek engine. Evaluating Eq. (7.4) at the same radius gives ®(rec) ~ 10%° G cm?;
substituting into Eq. (7.5) yields Lpz ~ 10*"ergs™!. This value of luminosity is
a lower-bound diagnostic rather than a prediction: since Lpz o< @3y, closing the
gap with a canonical engine luminosity L; ~ 10 ergs™" requires only a factor
~ 30 of amplification in the magnetic flux between 7. and the horizon, plausibly
achieved through the combination of geometric concentration in the polar funnel,
flux advection, and MRI-driven amplification at the disc scale, none of which is
resolved by this setup.

Threshold luminosity and adopted jet power. Rather than deriving L; from
Lgy, we set the target jet luminosity through an independent physical constraint.
Following Aloy et al. [10], a jet injected into an ambient medium must exceed a
characteristic luminosity in order for its head to propagate supersonically with respect
to the surrounding material. For a jet of half-opening angle 6; injected at radius ¢y,
this threshold can be written, up to factors of order unity, as

Linresn ~ 712 .07 (p)c2c, (7.8)

exc”’j

that is, the product of an effective jet cross-section Wrzxﬁ?-, an envelope enthalpy-
density scale (p)c?, and the speed of light. Physically, it is the jet power at which
the ram pressure delivered by the jet at its working surface matches the thermal
pressure of the surrounding envelope. (p) and c¢s characterize the ambient medium
at the injection location. We therefore use Lipn.esn to set the characteristic initial jet
luminosity.

It is important, however, that exceeding this luminosity does not by itself guaran-
tee successful breakout. The engine must also remain active for a time comparable
to or longer than the jet propagation time through the envelope. Thus, a successful
breakout requires both

Lj z Lthresh and teng Z tb, (79)

where t,, is the jet breakout time, which itself depends on the jet luminosity and
the density structure of the surrounding envelope. Consequently, Linesn Specifies

IThis is a rough estimate, providing mostly an upper limit. Integrating the rest-mass density over
the volume gives the baryonic mass Mp, while the gravitational mass M, that sets the Newtonian
potential and horizon radius is smaller by the fraction of rest-mass energy lost to gravitational
binding. Part of this energy is lost during collapse to a black hole. In addition, not all the material
enclosed in the selected radius is necessarily accreted. We expect however this discrepancy to be
smaller than other uncertainties in the central engine, such as the accretion history inside the
excised region and the magnetic flux at the horizon.
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the minimum instantaneous power for supersonic propagation, while t.,, determines
whether this power is sustained for long enough for the jet to break out.

Evaluating Eq. (7.8) on the snapshot analysed here, with §; = 10° as adopted
for the jet-injection setup (Section 7.5.3) and (p) computed as the angle-averaged
density at the shock radius, we obtain Lipwesn ~ 10°°ergs™t. We adopt this value
as the fiducial jet luminosity for the production run, so that the run probes the
marginal-breakout regime. A study around this threshold, exploring the range
L; € [10*®,10°" ] ergs™! and its consequences for jet propagation, breakout and
structure at large radii, is left as future work.

7.4.6 Equation-of-state Matching

The equation of state used in AENUS-ALCAR is hybrid, in the sense of combining
two density regimes on separate tables [181]: the SFHo nuclear equation of state
[83, 206] at high densities, and a low-density treatment accounting for baryonic,
electronic and photonic pressure components. In PLUTO the immediately available
options are the Taub-Matthews EoS [128] or an ideal gas with constant adiabatic
index 4. Some mismatch between the thermodynamic variables of the two codes is
unavoidable, and needs to be characterised and minimised before the environment
can be evolved on the PLUTO grid.

A first attempt with the Taub-Matthews EoS, initialised directly from the original
primitive variables, produces an effective adiabatic index distribution centred around
4 =~ 5/3 rather than the ~ 4/3 of the input data. The two closures are therefore
not consistent on the original primitive variables. An attempted workaround is to
solve for the pressure that conserves energy and momentum between the two codes,
keeping p, I' and B fixed, by inverting

5 P 9/ P\
Eup = p’T?h(P) — P hP)==-— S 1 1
= pPTH(P) P, h(P) 2p62+¢4(p62)+, (7.10

where h(P) is the Taub-Matthews specific enthalpy. This procedure raises the
pressure but leaves the effective adiabatic index still concentrated around 5/3, and is
therefore not able to reproduce the radiation-dominated regime of the input data.

A more direct alternative adopts an ideal-gas EoS with fixed 4 = 4/3 and solves
the analogous energy-conservation inversion,

Eup = pc’T?h(P) — P h(P) =1+ v £ (7.11)
’ 4 —=1pc* '

The recovered pressure distribution matches the original one over the spatial region
of interest. Visible differences appear only at radii excluded from the PLUTO
domain, plausibly where the original data switch between EoS regimes and where
the ideal-gas assumption breaks down. Moreover, imposing the same ideal-gas
closure everywhere without applying any energy-momentum matching leaves the
specific-enthalpy and total-energy-density differences with respect to the original
data confined to r < 10 km, well inside the excised zone and outside the PLUTO
domain. We therefore adopt an ideal-gas EoS with 4 = 4/3 for all subsequent runs,
using the original primitive variables directly.
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7.5 PLUTO simulations

7.5.1 Grid Remapping and Setup

The collapsed star and the supernova environment are imported into the PLUTO
code [131] after excising the central region at 7e. = 3 X 10® cm (Section 7.4.5). Only
the northern hemisphere (z > 0) is imported, and the data are rotated by 90° so that
the jet is injected along the Cartesian y-axis rather than along the polar axis of the
spherical grid, which is a coordinate singularity; the same strategy was adopted for
the merger environment (Section 4.1.1). A gravitational potential from a central point
mass of My = 2.3 My (Section 7.4.5) is imposed as a source term in the momentum
and energy equations. The radial extent of the grid spans r € [3 x 10,5 x 10'?] cm,
discretised with 364 logarithmically spaced cells, and the two angular directions use
216 uniformly spaced cells each, the latter covering slightly less than 7 from the
injection axis. The radial range is smaller than the extent of the original data, but
it still contains all the stellar material of interest, and preserves resolution in the
region where the jet-shock interaction will occur without inflating the total number
of points beyond what is affordable given the timestep constraint. We perform two
separate simulations, one including the injection of a relativistic jet as detailed in
the next section, and a jet-off evolution of the stellar material only, as a control.
The target injection time is 20 s, however the jet simulation was terminated shortly
after t ~ 10 s due to a numerical failure affecting the reconstruction of the primitive
variables along the jet axis in the current setup, while the jet-off case was able to
evolve smoothly for the full simulation time. Any comparison between the two is
therefore restricted to their common evolution interval, and no conclusion about the
asymptotic outcome of the jet is drawn from either simulation. Future work will
extend this framework to track the subsequent expansion phase, possibly employing
a configuration analogous to the grid-remapping technique developed for the merger
scenario discussed in Chapter 5.

The rotation used to bring the jet axis onto the Cartesian y direction is a 90°
rotation about the x axis. In Cartesian components, the new coordinates (2',y/', 2’)
are related to the original ones (x,y, z) by

(@9, 2) = (z, 2, —y), (7.12)

and the analogous transformation is applied cell by cell to any vector field, in
particular the fluid velocity and the magnetic field:

(V" VY V) = (V1 V), (7.13)

Interpolation onto the target spherical grid then follows in the new coordinate system.

The magnetic field is the only remap ingredient for which cell-by-cell interpolation
is not automatically consistent, because there is no guarantee that the discrete
divergence of the interpolated field vanishes on the new grid. Two remap strategies
are in principle available: a direct interpolation of the Cartesian components of
B (faster, but subject to the introduction of monopoles during the remap), and a
reconstruction based on a vector potential A such that B =V x A on the target
grid (solenoidal by construction, but computationally heavier and sensitive to the
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interpolation of A itself). The runs presented here use the direct method. The
residual divergence introduced by the interpolation is controlled during the subsequent
evolution by PLUTO’s hyperbolic divergence-cleaning scheme [42], which extends
the induction equation by including a scalar potential ¢ that is transported and
damped on the fluid timescale, propagating any V - B error out of the domain at the
fastest local signal speed.

The status of the magnetic divergence is monitored throughout the run. A small
number of cells with strongly monopolar signatures are present already at the first
output and persist during the evolution, mainly along the outer boundary and, more
sparsely, in the ambient region outside the jet cone; these are the expected artefacts
of the boundary treatment and of the initial direct interpolation on a discrete grid.
The hyperbolic cleaning approach keeps the error under control and monitored, but
its dynamical insignificance has not been demonstrated yet.

The details of the numerical setup are mostly identical to those used in the
previous simulations (Chapter 4). Outside the jet nozzle at the excision boundary
(a > 6;; see Section 7.5.3 for the definition of «), and over the entire boundary of
the jet-off reference run of Section 7.5.2; the ghost zones use a diode-type condition:
outflowing material (v, > 0) is damped exponentially,

Up(t) = vy, €77, 7=0.1s, (7.14)

modelling the post-explosion rarefaction of the boundary and preventing it from
indefinitely including outward-moving material into the domain, while infalling
material (v, < 0) is left free to cross the boundary, in order to allow accretion onto
the compact remnant. Density and pressure in the ghost zones are floored at 2%
of their own angular average at t = 0, which keeps the boundary from rarefying
into a numerical vacuum without fighting the physical decline during accretion, and
the ghost-zone magnetisation is additionally capped, p > B2 /O max With o, = 100,
to keep the primitive-variable inversion well conditioned where the field locally
dominates.

To handle the steep initial gradients, the first few radial cells are evolved with a
diffusive setup, i.e., linear reconstruction with a MINMOD limiter, which smooths
the initial data without dissipating the physical structure at larger radii. At larger
scales the run continues with the less diffusive parabolic reconstruction.

7.5.2 Jet-off Evolution

Before injecting any jet, the initial data are evolved under the boundary conditions
of Section 7.5.1 with no jet source: the whole inner boundary is treated as diode
ambient, at the same resolution and with the same numerics as the jetted run
described in Section 7.5.3. This jet-off run provides a reference against which any
jet-induced structure can later be measured.

7.5.3 Jet Evolution

The jet builds on the same framework used for the merger case described in Chapter 4
[66, 115].
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Given the coordinate change, it is convenient to introduce a second set of spherical
coordinates (7, a, ), obtained from the original coordinates (7,0, ¢) by the rigid
rotation that maps 2 onto ¢, with

cosa = é,-7 = sinf sin g, (7.15)

so that « is the polar angle measured from the jet axis and § the azimuth around
it. We impose transverse pressure balance through the jet edge, and derive the jet
pressure profile as follows. The equilibrium problem can be posed directly in «,
which is the frame in which the injected outflow is axisymmetric (03 = 0).

At the injection surface we assume a stationary, axisymmetric and purely radial
flow, v = v"é,, threaded by a poloidal and a toroidal field component, B = B"é, +
BPég. With b = {F(V-B), BT + F(V-B)Ui], the field component parallel to the
flow is boost invariant while the perpendicular one is reduced by the Lorentz factor,

bp=B', b=, P =Y, =0+ 02, (7.16)

Following Geng et al. [66], and unlike the single parameter ¥, adopted in Chapter 4,
the poloidal and toroidal contributions are prescribed independently through two
magnetisation parameters,

_ %
phg’

h*
) hgzia
p hg 1+o0,+o0,

(7.17)

Oy

where by, , is the peak comoving toroidal field over the aperture and hy is the reference
gas enthalpy consistent with the prescribed total specific energy h* (defined below).
The poloidal field is uniform across the aperture, while the toroidal component
follows the angular profile of Geng et al. [66, their Eq. 6],

2B, m
BP(a) = =202 * T =

e b = 0.40;, (7.18)

!
O’
which vanishes linearly on the axis, peaks at o = 6, with B® = B,,, = Y bgm,
and decreases outwards to the jet edge. For the run described here o, = 0.1 and
o, = 0.4, for a nominal total magnetisation o, + o, = 0.5 at o = 0,,,. This is a free
parameter, following a motivated choice: the magneto-rotational engine invoked for
this progenitor (Section 7.3) extracts rotational energy through a strongly wound-up
toroidal field, and a weakly magnetised jet would not be representative of that
mechanism.

We impose transverse pressure balance through the jet edge, and derive the jet
pressure profile as follows. The spatial part of the ideal - RMHD stress tensor reads

TY = Wi, T20"07 — bW + pyot 07, Wiot = ph + v, Dot = P + %sz (7.19)
and its o component in the orthonormal jet-aligned basis is

. 1 cot «
— Ou(sinaTyy) + ——— 05T 30 —
rsin o rsin o r

7413& (TSTM> + Tps = 0. (7.20)
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For the assumed configuration T,, = T, = 0 and dz = 0, while T, = pi,x and
Tpp = wiotI*vF + proy — b7 The isotropic contributions cancel identically and the
radial dependence factors out, leaving the transverse balance in the general form

d b 2\ 12,2 12
da(p—}-2>:cota{<ph+b>rvﬂ—bw], (7.21)
which is the condition adopted by Marti [115] and Geng et al. [66]. Since the injected
outflow is non-rotating (vg = 0) and the poloidal field is uniform across the aperture,
Eq. (7.21) reduces to the ordinary differential equation actually solved at injection,

dp 9 1db2,
— = ——— 22
q b, () cot 5d (7.22)

The two terms on the right-hand side are the hoop stress of the closed toroidal field
lines and the gradient of the toroidal magnetic pressure, respectively. The profile
(7.18) guarantees that the equation is regular everywhere: since b, o< a as &« — 0, the
cot v source vanishes linearly on the axis and no numerical regularisation is required.

Following Geng et al. [66], we prescribe top-hat profiles for the density and the
radial fields, and let the gas pressure be the quantity that adjusts to enforce the
balance: Eq. (7.22) is integrated inwards from the jet edge to the axis on a fixed
table in a, with the boundary value at oo = 6, fixed by the equation of state of the
injected plasma. Here we adopt an ideal gas with adiabatic index 4 = 4/3, so that
h = 1+ 4p/p and, denoting by h* = (ph + b*)/p the total specific energy of the
injected material,

_p(hr=1) = b%(0))
p(0;) = 1 ,

W (0)) = ~2. (7.23)

It should be stressed that, with p held uniform across the aperture, the condition
h* =T« /7; can be imposed at the edge only. The same equilibrium that determines
p(a) also fixes the run of the total specific energy,

dh* dp db2
=4
p do do T da

— |4b cot o + —2 dby (7.24)
cot & da .

which is manifestly non-zero, so that the injected outflow is intrinsically structured
in terminal Lorentz factor. Consistently, the density normalisation is obtained by
equating the injected energy flux to the nominal engine power using the aperture-
averaged value (h*) rather than its edge value,

L= or2 ()~ g, gy = B )smade g oy
fo sin v da

with A; = 27R2 (1 — cosf;). By the same token, the magnetisations defined in
Eq. (7.17) are attained only approximately. The alternative closure, in which A*
is held uniform and the density absorbs the equilibrium through p(a) = [4p(«a) +
b*(a)]/(h* — 1), removes both effects at the cost of a non-uniform injected density; it
will be tested against the present setup in a forthcoming set of runs.
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Because both the source term of Eq. (7.22) and the boundary condition (7.23) are
linear in the density normalisation, the solution p(«a) scales exactly linearly with p.
This property is used to ramp the engine on and off without ever leaving transverse
equilibrium.

Kinematically, we adopt the same terminal Lorentz factor, initial Lorentz factor
and half-opening angle used throughout the BNS model suite, I'; = 3, I'.c = 300
(h* =100 at the jet edge), §; = 10°. Given L;, I's, I';, 0, and o, the jet density
follows directly from the luminosity integral (7.25).

The engine timing also differs from the merger case. Rather than the exponentially
decaying luminosity L(t) = L; e/ used for the BNS models, the engine here is
switched on smoothly over t,, = 50 ms after a delay fgelny = 0.3 s, and held at
constant luminosity for a plateau of tengine = 20 s (however the current run has only
reached 10 s of simulation time). The delay is set to match the free-fall time at the
excision radius for the enclosed mass,

[ w23
te — exe  ~ (). D)
ff 8GM€XC O 33 S, (7 6)

so it represents, approximately, the time needed for the innermost material to fall
in and settle into a disc able to power the jet, a process this setup does not resolve
directly.

7.5.4 Diagnostics and Results

What follows is a first look at the jet run and its jet-off control, evolved to t = 10 s.
This is a single pair of simulations at one resolution, and the setup still has a few
numerical aspects under refinement. The radial grid is logarithmically spaced, so it
resolves the region close to injection well, but the same cell count covers a much larger
physical extent once the flow reaches large radii; resolution is therefore comfortably
adequate only over the smaller-scale part of the domain. The results below are
meant as a first, qualitative test of the pipeline developed for the merger channel
now applied to a core-collapse environment; a resolution study and the remaining
numerical refinements are left for a follow-up.

Morphology and dynamics. Figures 7.5-7.7 show meridional slices of the mass
density, radial velocity and magnetic field intensity, for the jet run and the jet-off
control, at t =0 s,t =5 s and ¢t = 10 s. The jet-off simulation shows the expansion
of the SN shock, that with time acquires a more spherical morphology (see below),
rarefies and remains at mild velocities. The jet simulation instead presents an
outflow that is initially well collimated and considerably faster than the rest of the
environment, but at later times appears to be disrupted, with strong mixing taking
place away from the injection nozzle, and the fluid remaining at non-relativistic
velocities. At the current resolution and up to the last reliable output, the jet
decelerates and mixes strongly, showing behaviour consistent with a jet that may
ultimately be choked, rather than with a successful outflow of the type usually
associated with observed GRBs. This conclusion however cannot be considered final,
since the engine was intended to operate for 20 s, a fact that is expected to influence
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the following dynamics. The presence of the jet nevertheless affects the environment,
by inducing strong turbulence and modifying the propagation of the shock. Given
the resolution caveat above, this comparison is only qualitative.
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Figure 7.5: Meridional slices of the logarithmic rest-mass density for the jet-off
control (top) and the jet run (bottom), at t = 0's (left), ¢ = 5 s (middle) and ¢t = 10 s
(right).
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Figure 7.6: Meridional slices of the radial velocity for the jet-off control (top) and
the jet run (bottom), at t = 0 s (left), ¢ = 5 s (middle) and ¢ = 10 s (right).

Mass and energy budget. Analytically, the integrated injected energy over
the 10 s of jet evolution is Fi; = [3°°L;jdt ~ 9.6 x 10°° erg for the adopted
L; ~ 10°%ergs™!, assuming the luminosity is uniform across the jet cross-section.
The energy actually injected is higher, of the order of 1.2 x 10°! erg (~ 20% above
the uniform estimate). The discrepancy follows from the top-hat density profile:
transverse pressure balance (Section 7.5.3) requires the pressure, and with it the
local magnetisation and terminal Lorentz factor, to rise toward the jet axis relative
to the edge, where the injection is calibrated; locally, this amounts to nearly a
factor of three, though most of the cone’s solid angle sits far closer to the edge
value, limiting the angle-integrated excess to about 20%. Over the same 10s interval
the domain-integrated mass declines by about 6% in both runs, and this decline is
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Figure 7.7: Meridional slices of the magnetic field intensity for the jet-off control
(top) and the jet run (bottom), at t = 0's (left), ¢ = 5 s (middle) and ¢ = 10 s (right).

consistent, to a few percent, with the accretion rate estimated independently from
the mass flux through the inner boundary, obtained from the surface integral of the
mass flux Dv,? over the innermost active radial shell; together with the outward
flux from the outer boundary. In the jet run, the total energy (defined here as the
sum of the lab-frame kinetic pI'(T' — 1)c?, thermal [pI'?/(§ — 1) + p(I'> — 1)] and
magnetic [0?(I'? — 1/2) — b?] components, integrated over the domain volume and
excluding the gravitational and rest-mass contributions) grows by roughly 86% over
the same interval. This growth is comparable to Ej,; minus the estimated energy
lost through the boundaries. Almost all of the increase is stored in the kinetic and
magnetic components, while the thermal component grows modestly in the first
second and is immediately converted into kinetic form. In the jet-off run, thermal
and magnetic energy are continuously converted into kinetic energy as the ejecta
continue to expand, and the mass loss to accretion leads the total energy to diminish
by about a quarter. The accretion rate at the inner boundary is mildly enhanced
in the jet run at early times, and becomes slower than the jet-off case once the
cocoon has had time to inflate, consistent with the jet’s outward pressure eventually
suppressing infall.

Shock front. Figure 7.8 compares the shock radius, taken as the radius of steepest
pressure decline, at 0°, 45° and 70° from the jet axis between the two runs at t = 10 s.
This is intended as a quick diagnostic, less precise than the shock finding method
presented in Section 7.4.4, at a fixed azimuthal angle (¢ = 90°). In the jet-off run at
t = 10 s the ratio of the maximum to the minimum shock radius across the three
sampled angles is Ryax/Rmin =~ 1.2, indicating that the shock has evolved towards a
more spherical shape (a value of 1 would correspond to full sphericity). In the jet
run the same ratio is Rpax/Rmin =~ 2: the on-axis shock runs well ahead of the shock
at 70°, as expected, since the jet locally outruns the ambient shock along its own
direction of propagation, while away from the axis the shock continues to trace the
slower, SN-driven expansion.

Taken together, these diagnostics show the setup behaving as physically expected

2With D = I'p being the laboratory-frame mass density.
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Figure 7.8: Radius of the steepest pressure feature at 0°, 45° and 70° from the jet
axis, for the jet run and the jet-off control, at ¢ = 10 s. In the jet-off run this feature
is the supernova shock at all angles; in the jet run it is the jet-driven forward shock at
0° and the supernova shock at 45° and 70°. Vertical dashed lines mark the identified
shock radii for each angle.

in every case checked so far: comparable mass loss between the two runs, energy
growth in the jet run, an accretion response to the jet consistent with its outward
pressure, and a shock morphology that becomes markedly more anisotropic once
the jet is active. None of this should yet be read as a quantitative result; it is
a first confirmation that the collapsar extension of the pipeline produces sensible
dynamics, ahead of a resolution study and the further numerical work referenced in
Section 7.5.1.

A completed production run is expected to show a physically meaningful depar-
ture from spherical symmetry in the stellar environment, driven by the still-active
supernova shock. This evolving environment should, in turn, leave an imprint on
the jet’s own structure and propagation. Because the adopted luminosity sits at the
estimated breakout threshold (Section 7.4.5), whether the jet actually breaks out
over the full duration of the engine is itself an open question the run is designed to
address. Should breakout occur, the resulting jet properties will be characterised
and compared against what is typically inferred for long duration GRBs, then used
as input to the jet-to-afterglow framework of Chapters 5 and 6 to compute the
associated electromagnetic emission, which can in turn be compared with observed
SN-driven GRB light curves and spectra.
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Chapter 8

Conclusions and Future
Perspectives

8.1 Summary and Discussion

The main aim of this Thesis was to build a pipeline that connects a realistic progenitor
environment, the simulation of the jet propagating through it, and the prediction of
the resulting afterglow signal.

The choice of a three-dimensional and realistic progenitor is a defining feature of
the pipeline, and its consequences on the jet structure and on the observable signal,
which are commonly overlooked when analytical and axisymmetric jet structures
are assumed in the interpretation of observational data, are a central outcome of
this work. Quantifying these effects, and providing an effective connection between
progenitor physics, jet dynamics, and observations, are the two intertwined objectives
around which the results of this Thesis are organised.

The objectives set out in the introductory Section 1.3 are addressed as follows.
In the context of binary neutron star mergers, a first step in this connection was
provided by the work of Pavan et al. [165, 166], which constitutes the starting point
of the present Thesis.

Reaching a nearly ballistic regime in 3D. The first contribution presented
here is devoted to obtaining a jet structure that can be used as input for the afterglow
prediction with the required degree of confidence. Since the afterglow scales cannot
be reached directly within a three-dimensional simulation, our approach relies on a
semi-analytical prediction, and for this prediction to be meaningful the jet structure
fed into it must be as definitive as possible, in the sense of being in a stage advanced
enough that no significant residual evolution is expected. To this aim, we developed
a method that pushes the simulations inherited from P23 up to a saturating regime
that approaches the ballistic phase, by switching to a Cartesian domain at the end
of the original simulation and evolving the jet further in time while preserving the
resolution needed to resolve its small-scale structure.

We first presented the dynamical evolution of the fiducial simulation inherited
from Pavan et al. [166], and we identified features that confirmed the expected
behaviour of a relativistic jet propagating in a confining medium, and also gained
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new understanding of this interaction. Among the latter, the most impactful is the
formation of a multi-shock structure that gives rise to an outer shell of material
carrying non-negligible energy, together with the evolution of the jet material into
a section of spherical cap that displays strong angular asymmetries and radial
stratification. Both features can leave an imprint on the observable emission.

Exploring jet injection conditions and charactering three-dimensional
jet structure. These results are confirmed by an exploration of the jet injection
parameter space around the fiducial configuration, in which we vary the initial
magnetisation, luminosity, total injected energy, and launching time. The comparison
across models is carried out with the caveat that the simulations are not at full
numerical convergence, and therefore a strict one-to-one mapping between injection
conditions and the resulting jet structure is not guaranteed; the refined model-to-
model comparison should be interpreted with the corresponding caution. Nonetheless,
the qualitative trends are robust: more luminous and more energetic jets have a
more successful evolution, breaking out earlier, retaining a larger fraction of the
injected energy, and reaching higher average Lorentz factors and stronger collimation,
while weaker jets are strongly affected by their interaction with the environment
and, in the most marginal cases, fail to develop a coherent ultra-relativistic core.
The angular structure analysis quantifies the level of asymmetry and stratification
produced by the interaction with a realistic environment, which is one of the main
strengths of the initial data used in this work.

We then assessed whether the jet undergoes significant further evolution up to
the final time reached in our extended simulations, namely 10 s after jet launching.
In most cases, except for the more energetic models that reach the saturating regime
later, at 3 s after launching the jets already display an advanced evolutionary stage,
and the residual changes are moderate. We nonetheless identify some residual
rearrangement and acceleration of the jet material, which motivates the extension
of the simulation up to a clearer converging trend in the angular distribution and
Lorentz factor of the outflow. Only at that point do we consider the jet structure
sufficiently settled to be used as input for the afterglow prediction.

Predicting multi-wavelength afterglow light curves. The afterglow modelling
relies on the semi-analytical framework of Salafia et al. [193], in the extended version
developed by O. S. Salafia that admits an arbitrary, non-analytical jet structure
with azimuthal asymmetries and radial stratification. Applying this framework to
our full set of jet models, we find that: first, including the velocity profile inherited
from the radial stratification broadens the afterglow light curve, most notably in
the rising phase; second, the residual dynamical changes captured by the extended
simulation leave a visible imprint on the light curve at large viewing angles, again in
the rising phase, which is the one more sensitive to the details of the jet structure,
while the on-axis emission is dominated by the already settled symmetric core and
shows negligible differences.

The impact of the azimuthal variation is assessed by rotating the observer around
the jet symmetry axis for a single jet structure, and reveals up to order-of-magnitude
changes, mostly in the early, rising part of the light curve. The detectability analysis

124



addresses the observable counterpart of the outer shell identified in the dynamical
study, which imprints itself on the afterglow as an early bump seen off axis, preceding
the main peak of several hours. In some configurations this feature reaches flux levels
within the sensitivity range of future instruments, but the signal depends strongly
on many parameters, such as the interstellar medium density and on the viewing
angle, so we refrain from any strong quantitative claim on its detectability.

Furthermore, we performed a fit of our full set of jet models to the afterglow data
of GRB170817A with two purposes: first, to obtain physically informed parameter
values with which to compute the light curves and carry out the analysis just described;
second, to test how our jet models compare with real observational data, mainly as a
proof of concept of the pipeline. Given the number of free parameters, essentially all
of our jet structures, with the caveats presented, provide fits in agreement with the
data of this specific event. A more discriminating analysis, that could exclude some
of the structures or constrain some of the models by comparison with observations,
would require both a more computationally converged mapping between injection
conditions and final jet structure, and, from the afterglow side, tighter constraints
on the microphysical parameters to allow narrower priors in the fit. The radio
centroid motion contribution was intentionally not included, as reproducing the
specific observed event was not the scope of this work; its inclusion in future analyses
may allow some of the jet structures to be further constrained. Moreover, fitting a
specific event is not the target of this work: the application to GRB 170817A serves
as a proof of concept for the pipeline, not as a claim on the physical parameters
of that event. However, a broader statistical analysis exploiting multiple observed
events, could provide useful insights on the connection between the jet structure and
the emission pattern.

Finally, the jet structure at the end of the extended simulations, in addition to
being the input for the afterglow prediction, can provide a natural input for internal
shock models of the prompt v-ray emission. Exploring this connection is beyond
the scope of the present Thesis, but represents a further natural line of development
that would extend the reach of this framework from the afterglow signal back to the
prompt emission phase.

Extending the framework to different progenitor environments. A natural
extension of this work is the application of the same pipeline to the second progenitor
channel of gamma-ray bursts, namely the core-collapse of a rapidly rotating, strongly
magnetised massive star. The progenitor environment used in this Thesis is provided
by the magnetorotational core-collapse supernova simulations of M. A. Aloy and M.
Obergualinger.

This Thesis addresses a preliminary stage of work in this direction, in which the
output of a magnetorotational core-collapse supernova simulation is used as an input
for injecting a relativistic jet, along the same lines followed for the merger-driven
case. The goal is analogous: to build a consistent connection between the progenitor
physics and the jet structure, from a realistic intrinsically inhomogeneous progenitor
to the observable emission of a gamma-ray burst that evolves in such an environment,
as opposed to the one-dimensional homogeneous configurations typically assumed.
The results shown in Chapter 7 are preliminary, and represent the first step of a
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longer programme that will follow the same methodological line established in the
merger-driven case.

8.2 Limitations of the Current Framework and
Outlook

Several limitations of the present analysis have already been discussed in the relevant
chapters, and are summarised here.

On the simulation side, the main limitation concerns numerical resolution; this
is discussed in detail in the following subsection. On the afterglow modelling side,
the current version of the code does not allow for a fully self-consistent treatment of
a stratified velocity profile together with lateral expansion of the outflow. Lateral
expansion is expected to affect the light curves at late times, in particular for the
post-peak decline, as illustrated in Appendix D. The combined effect of including both
a velocity profile and lateral expansion is however not straightforward to anticipate,
since the velocity profile tends to broaden the light curve while lateral expansion
tends to steepen it, and the two contributions may not combine linearly. A proper
quantification of the effect of neglecting lateral expansion, together with a comparison
with existing afterglow codes, is left to future work and to a possible future version
of the code that includes lateral expansion in a self-consistent way.

The parameter study presented here is not exhaustive: a broader exploration of
the jet injection parameter space would give a more comprehensive picture of the
variety of merger-driven jets that can develop in the BNS environment and of their
afterglow signatures, and is left to future work.

The jet is imposed manually as an injection into the merger environment, and is
therefore physically decoupled from the progenitor evolution. Ongoing efforts aim at
extending the BNS simulations up to the launching of an outflow that could then be
used as a self-consistent jet input. Along the same line, the BNS simulation adopted
here does not include neutrino transport, that can modify the environment through
which the jet propagates, and whose inclusion will be addressed in future work.

8.2.1 Limitations due to resolution

The resolution study presented in Appendix B covers a factor 1.2 refinement along
each spatial direction and is best read as a resolution comparison rather than a formal
convergence test. Its coverage is uneven across the model suite. Models el and e2,
the two lowest-luminosity and lowest-magnetisation configurations, completed at the
higher resolution and provide the cleanest comparison; the remaining five models
could not be evaluated at the same resolution on equal terms. Models b, ¢ and d
failed before reaching the target simulation time in their standard high-resolution
setup. Model d was rerun with a more diffusive scheme near the injection nozzle
and completed, but with an energy budget lower than el, which is inconsistent with
its injection parameters and indicates that the patched run cannot be regarded as
reliable. Model a completed the higher-resolution run, but the early-time evolution
shows clear numerical difficulties whose imprint is visible in the final structure. This
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indicates that the current numerical configuration is not adequate to handle these
simulations at higher resolution, because of the stronger gradients involved, and that
a dedicated study of a configuration that is at the same time robust and accurate
will be required before a systematic high-resolution parameter study can be carried
out, which is left to future work.

Within these limits, two consequences for the results presented in this Thesis
should be kept in mind. First, the qualitative features on which the conclusions rest,
in particular the departure from axisymmetry, the presence of an outer shell and
the resulting early-time afterglow signature, are confirmed at the higher resolution
wherever the comparison could be reliably carried out; the corresponding statements
should be read as robust. Second, the fine-scale model-to-model differences, in
particular the separation between models within the ¢, d and F' triplet, cannot be
firmly disentangled from resolution effects at the fiducial setup, and comparisons at
that level are indicative. In the case of e1, the model closest to marginal breakout,
the higher-resolution simulation is measurably more successful, with a larger fraction
of the injected energy retained by the jet and a higher terminal Lorentz factor. Thus,
its qualitative behaviour is not an artefact of resolution; however, the exact degree
of marginality remains resolution-dependent.

127



128



Appendices

129






Appendix A

Publications Related to This Thesis

The results presented in this thesis are based on, or directly extend, the following
publications.

o E. Dreas, A. Pavan, R. Ciolfi, A. Celotti, Approaching ballistic motion in 3D
simulations of GRB jets in realistic BNS merger environments, A&A, 694,
A200 (2025). This work forms the basis of Chapter 5.

e A. Pavan, R. Ciolfi, E. Dreas, J. V. Kalinani, Role of injection parameters
in jet propagation through realistic BNS merger environments, MNRAS, 540,
1345-1362 (2025). This work forms the basis of the parameter study presented
ins4and6 .

o E. Dreas, O. S. Salafia, A. Pavan, R. Ciolfi, A. Celotti, Fvolution and afterglow
emission of gamma-ray burst jets from binary neutron star mergers, submitted
to A&A (2026). This work forms the basis of the afterglow modelling presented
in Chapter 6.

e E. Dreas, A. Pavan, R. Ciolfi, A. Celotti, Simulating the quasi-ballistic regime
of a short Gamma-Ray Burst jet, submitted to Mem. Soc. Astron. Italiana
(2026).
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Appendix B

Resolution Study

This chapter documents a resolution study performed on the simulations analysed
in Chapters 4 and 6 with the aim of assessing the impact of the resolution on the
results presented in this thesis.

B.1 Motivation and Setup

All models presented in Section 4.3 were re-run at a resolution increased by a factor
of 1.2 along each spatial direction with respect to the fiducial setup described in
Section 4.1. Due to limited computational resources, the present analysis should be
understood as a resolution comparison rather than a formal convergence study.

B.2 Owutcome Across Models

The outcome of the higher-resolution runs was strongly dependent on the injection
luminosity and magnetisation of the model considered. The least energetic and
least magnetised models, el and e2, completed successfully. Models b, ¢ and d
failed before reaching the target simulation time. Model d has been successfully
re-stabilized through the implementation of a more diffusive numerical scheme in
the vicinity of the injection zone, thereby preventing the numerical failure previously
encountered in this region around ¢ —t; ~ 2 s; while this patch allowed the simulation
to complete, its final energy budget is the lowest among all models, lower even than
that of model el, which is inconsistent with the injection parameters of the two
models and suggests that the reliability of this run remains compromised even after
the patch. Model a completed the full evolution, but inspection of the energy density
evolution reveals clear signs of numerical difficulties (and thus possible artifacts) at
early times, resulting in a final structure that is considerably more stratified, and
less energetic, than that of model F, again without a physical justification based on
the respective injection conditions.

A plausible interpretation is that the numerical scheme becomes increasingly
stressed, at higher resolution, in configurations characterised by higher injection
energy and magnetisation. Such configurations produce steeper spatial gradients
in the vicinity of the jet injection nozzle; at higher resolution these gradients are
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Table B.1: Jet cap properties of models el and e2 at the fiducial resolution (from
Table 2 of P25, north side) and at increased resolution (elygr, e2ur) at t —t; = 3s.

el el HR e2 GQHR

Eiomax [10%erg] 110 121 227 258

T o 278 407 70.6 76.2
Eum/ Eun; 044 047 061 0.63
Fiin/ Esum 090 094 092 0.92
Os0 [°] 6.58 5.89 4.41 4.06

increasingly resolved rather than smoothed by numerical diffusion, which appears
to trigger localised numerical inconsistencies that can propagate to later times and
larger scales.

B.3 Case Study: Models el and e2

As discussed in Section 4.3 (see also P25), model el is characterised by relatively
low injection luminosity and magnetisation, and its breakout is only marginally
successful: at the fiducial resolution, the jet loses more than half of its injected
energy to the surrounding environment, and the resulting angular structure lacks
the high-T" core found in all the other models. This makes e a particularly sensitive
probe of numerical effects, since small changes in how efficiently the jet drills through
the environment can have a strong impact on its final state. Directly comparable is
model e2, different only for the launching time.

Table B.1 reports the jet cap properties of model el and e2 at the fiducial
resolution (from Table 2 of P25, north side) and at the increased resolution considered
here (elygr, €2ur). All quantities point in the same direction: at higher resolution,
the jet retains a larger fraction of the injected energy (Egum/Einj: 0.44 — 0.47 (el),
0.61 — 0.63 (e2)), channels a larger (or equal) part of it into kinetic form (Eyi,/ Egum:
0.90 — 0.94 (e1), 0.92 — 0.92 (e2)), and reaches a maximum Lorentz factor higher
by 45 per cent for el and 8 per cent for €2 (Tyax: 27.8 — 40.7 (el), 70.6 — 76.2 (e2)).
The jet cap is also somewhat more collimated (O5: 6.6° — 5.9° (el), 4.41° — 4.06°
(e2)). The differences, throughout all the analysis, are considerably milder for the
case of e2.

Taken together, these changes describe a jet that is consistently more successful
at higher resolution: less energy is lost during propagation, more of what remains is
converted into directed kinetic motion, and the resulting outflow is both faster and
more collimated. This is qualitatively what one would expect if the higher resolution
allows the code to better resolve the shocks and the mixing processes responsible
for energy losses during the drilling phase, though this simulation is not yet in
convergence regime. We observe that the discrepancies between the two resolutions
in the northern hemisphere are of the same order of magnitude as the discrepancies
between the northern and southern hemispheres at the fiducial resolution. This
indicates that the detailed mapping between injection parameters and jet structure is
highly sensitive to small-scale fluctuations arising in the early stages of the dynamics.
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Figure B.1: Meridional view of the energy density without rest-mass component at
375 ms (top) and 3 s (bottom) after jet launching, for model el (left) and e2 (right)
at the two resolutions.

Figure B.1 compares meridional maps of the energy density (excluding the rest-
mass contribution) for models el and e2 at two times, t —¢; = 0.375s and t —t; = 3,
run at both the fiducial and the enhanced spatial resolutions. For model el, the
higher-resolution simulation yields a visibly more successful outflow, whereas for
model e2 the two resolutions produce nearly indistinguishable configurations. In
both cases, the presence of the outer shell and an asymmetric angular distribution
are confirmed.

The associated on-axis afterglow light curves, presented in Fig. B.2, remain
qualitatively unchanged across resolutions despite these structural modifications,
suggesting that near-axis predictions are relatively insensitive to the numerical
resolution adopted. The picture is different off-axis: for model e, the extended pre-
peak plateau that distinguishes it from the more energetic models at fiducial resolution
is substantially reduced at higher resolution, and the rising branch converges toward
those of the other models. The peak time is essentially preserved, while its flux
increases marginally. Model e2, consistently with the structural analysis, exhibits no
appreciable change.

The main features identified in our simulations that influence the light curve
(velocity and energy stratification, complex angular structure) are instead qualitatively
robust to the choice of resolution. However, the resolution-dependent variations in
the jet structure can still influence the detailed shape of the light curve, in a way
that is hard to quantify and possibly comparable to some of the differences between
models. The results presented in this thesis should be interpreted with this caveat in
mind.
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Figure B.2: Afterglow light curves at 3 GHz for model e and e2 (blue and magenta
respectively) at the original resolution (full line) and increased resolution (dashed
line), on-axis and with 6, = 32°, computed for the best-fit values of model F' for

both resolutions, for comparison.
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Appendix C

Detectability of the Outer-shell
Feature

In this appendix we assess the detectability of the observational feature associated
with the outer shell, introduced in Sect. 4.2.2 and further discussed in Sect. 6.1.3 in
the context of the afterglow light curves.

Drawing a firm conclusion on this point is not straightforward, since the flux
density of the early peak depends on several parameters at once. The source distance
has the strongest influence, but the flux also depends on the ISM density and on
the observing angle, both in the axisymmetrised case and when different azimuthal
viewing angles are considered. Different jet structures lead to considerable differences
in this feature as well (see Figures 6.11 and 6.12).

To place the predicted signal on a quantitative footing, we compare it to the
sensitivity of current and forthcoming radio interferometers at 3 GHz. The theoretical
lo rms noise of an interferometric observation is set by the radiometer equation,

SEFD

Al, = 7
nc\/npol N<N - 1) tint Av

(C.1)

where the system equivalent flux density (SEFD) encapsulates the effective sensitivity
of a single antenna including receiver noise and aperture efficiency, 7. is the correlator
efficiency, n,, the number of polarisation products (n,, = 2 for Stokes I), N
the number of antennas, t;,; the on-source integration time, and Av the observing
bandwidth. The /N (N — 1) scaling reflects the number of independent baselines
that contribute coherently to the image plane. Since Eq. (C.1) depends on the
effective (rather than nominal) values of the SEFD and bandwidth, for both facilities
considered here we adopt the sensitivity returned by the corresponding official
exposure calculators, which internally account for band edges, RFI-affected sub-
bands, and other calibration losses that reduce the usable bandwidth relative to the
nominal value.

For the Karl G. Jansky Very Large Array (VLA), the Exposure Calculator!
returns, for S-band (24 GHz), dual polarisation, natural weighting, and one hour of
on-source integration, a naturally-weighted rms of Al,,, ~ 4 puJy/beam, corresponding

https://obs.vla.nrao.edu/ect/
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to a 30 detection threshold of ~ 12 pJy. This is consistent with the early radio
non-detections of GW170817, for which upper limits of comparable magnitude were
reported over the first ~ 15 days after merger [6, 81|, and with a direct evaluation
of Eq. (C.1) using the standard VLA S-band parameters (N = 27, SEFD ~ 370 Jy,
n. = 0.93, Av = 2 GHz; Perley et al. 174).

For the next-generation VLA (ngVLA; Selina et al. 202), we adopt the sensitivity
provided by the official ngVLA Exposure Calculator® for the current reference design.
In the main+long subarray, Band 1, with dual polarisation, natural weighting, the full
instantaneous bandwidth Av = 2.30 GHz centred at 3 GHz, and one hour of on-source
integration, the calculator returns Al,, ~ 0.16 pJy/beam, corresponding to a 3¢
detection threshold of ~ 0.5 pJy. This represents more than an order-of-magnitude
improvement over the VLA.

The 30 VLA and ngVLA thresholds adopted above are overlaid on the off-axis
light curves obtained from the axisymmetrised structure of model F for a set of
viewing angles and ISM densities, in Fig. C.1. For reference, we also show the early
GW170817 upper limits and non-detections from Alexander et al. [6] and Hallinan
et al. [81], as compiled in the uniform dataset of Makhathini et al. [111]. Under
the most favourable combination of parameters explored here (lowest ISM density,
intermediate viewing angle), the peak of the shell feature approaches, and in some
cases crosses, the ngVLA detection threshold. In general, however, the predicted
signal remains well below the GW170817 upper limits, indicating that these do not
yet provide a meaningful constraint on this specific signature.

A further layer of complexity arises from azimuthal asymmetries and from differ-
ences among the various jet models. To give a qualitative sense of this additional
variability, in Figure 6.12 we overlay the same sensitivity lines on the off-axis light
curves of all models, including the spread introduced by different azimuthal viewing
angles. While several of these curves appear promising for future facilities, a more
fundamental limitation is set by time. For model F, the outer-shell peak occurs
at t ~ 1072-10"1 d after merger, i.e. between roughly a quarter of an hour and
two and a half hours. This is representative of the general behaviour: across all
models the feature peaks at comparably early times, although the precise value varies
considerably from model to model, reflecting the dependence on the jet injection
parameters. In every case, this timescale is comparable to, or shorter than, the 1 h
integration adopted to build the sensitivity curves.

Even the most rapid radio follow-up campaigns obtained to date for a BNS merger
fall short of this requirement. The electromagnetic counterpart of GW170817 was
itself identified remarkably early, within ~ 11 h of the merger [38], and the earliest
available VLA observation followed at ¢t ~ 0.57 d [6], only a few hours later. This
response, on a timescale of hours rather than days, was exceptionally fast by the
standards of the time, and yet it still trails the predicted peak of model F' by roughly
eleven hours. Reaching such early timescales would require sub-hour localisation-
to-pointing response, a capability that has continued to improve in recent years
with faster alert distribution and progressively more automated follow-up pipelines.
Moreover, even under such favourable circumstances, if the intrinsic duration of the
feature is comparable to or shorter than the required integration time, the resulting

’https://ngvla.nrao.edu/page/performance

138


https://ngvla.nrao.edu/page/performance

flux estimate would effectively average over a rapidly evolving source, further diluting
the sensitivity to this specific signature.

The detectability of the outer-shell feature is therefore limited jointly by flux
threshold and by timing. Given the number of parameters that concurrently shape
the predicted signal, we refrain from drawing strong quantitative claims on its
detectability. The feature nonetheless remains a potentially valuable diagnostic for
structured jets, one that could become more readily accessible as higher-sensitivity
facilities, faster and more precise localisation, and closer events become available.
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Figure C.1: Off-axis afterglow light curves at 3 GHz for model F' (axisymmetrised jet
structure), for a set of viewing angles 6, = 15°,20°,30° (colours) and ISM densities
n=1072,10"2,10"1 cm ™ (line styles), illustrating the dependence of the early shell-
associated peak on these parameters. Horizontal dashed and dotted grey lines mark
the 30 VLA and ngVLA sensitivities, respectively, for a fiducial 1 h integration at
3 GHz, obtained from the corresponding official exposure calculators (see text). Grey
stars with error bars and downward-pointing arrows show, respectively, GW170817
radio detections and 30 upper limits at frequencies between 1 and 10 GHz, rescaled
to 3 GHz, as compiled by Makhathini et al. [111] from Alexander et al. [6] and
Hallinan et al. [81].
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Appendix D

On the Neglect of Lateral
Expansion

A limitation of the afterglow model employed in this work is the absence of the
treatment of the lateral expansion together with the inclusion of the velocity profile.
In the current version, the two can only be included in a mutually exclusive manner.
We therefore compare their impact separately, and attempt at estimating what could
be the combined effect, and the consequent influence on the work presented.

Figure D.1 shows the on-axis and off-axis light curves for model F for the two
cases, compared with baseline of not including any of the two. As already discussed
in Section 6.1.3, the velocity profile leads to a broadening of the light curve, allowing
not only the angular structure, but also the radial stratification of the outflow to
shape the rising light curve. The inclusion of the lateral expansion instead has an
overall steepening effect, influencing also the post-peak decay, and slightly rising the
peak itself, while having a negligible impact on the rising part.

Consequently, we can expect a combination of the two to steepen the declining
phase and slightly affect the peak emission, with respect to the current prediction.
However, if the velocity profile is quite broad, the effects of the lateral expansion
can be considerably mitigated, as lateral gradients within the shock are diluted at
the speed of sound. The contribution of the velocity profiles could therefore be
preserved. We leave to a future work a detailed quantification of this effect, when a
joint implementation of the two mechanisms will be available.
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Figure D.1: Afterglow light curves at 3 GHz for model F, on-axis (solid) and off-axis,
(dashed), isolating the effect of the velocity profile (VP) and of lateral expansion
(LE) against the common baseline of neither (“no VP, no LE”, blue). Grey: VP only.
Magenta: LE only.
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